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 Cellulose nanomaterials are excellent carriers to deliver therapeutics as they are biocompatible and 
have a desirable non-spherical shape. However, these materials display low solubility in aqueous me-
dia and need to be modified with water-soluble polymers to achieve high colloidal stability. A critical 
challenge is to perform efficient surface modification without disrupting the original properties of cel-
lulose. In this study, we modified TEMPO-oxidized cellulose nanofibers bearing carboxylic acid moie-
ties (CNFs) by two different routes: nitrile imine/mediated tetrazole/carboxylic acid ligation (NICAL), 
and three-component Passerini reaction. The advantage of these reactions is the direct functionaliza-
tion of CNFs under ambient conditions in aqueous media so that additional modification or solvent 
exchange process prior to surface grafting can be avoided. The NICAL reaction was performed under 
UV irradiation at λ = 326 nm for 10 hr, resulting in the self-fluorescent polymer grafted CNFs. On the 
other hand, Passerini reaction is regarded as an effective functionalization approach, which can be car-
ried out in the presence of three components: an acid, an aldehyde and an isocyanide under mild reac-
tion conditions, with a yield of 36 % grafting efficiency within 30 min. In this thesis, reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization was employed to generate polymers with 
functional end groups. At last, the cellulose-based nanomaterials with covalently tethered functional 
polymer chains on the surface (PHEA37-Cy5-PDMAEA12)-g-CNFs were designed to bind and release im-
munostimulator/chemokines (MIP-1α). The drug carriers were non-toxic against MCF-7 cancer cell 
lines and successfully up-taken by in vitro (both 2D and 3D) cancer cell models. The physical, chemical 
and biological properties of nanoparticles were performed by a variety of characterization techniques 
including FT-IR, TGA, UV-Vis, XRD, LSCM, and flow cytometry. 
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ABSTRACT 

Cellulose nanomaterials are excellent carriers to deliver therapeutics as 

they are biocompatible and have a desirable non-spherical shape. However, these 

materials display low solubility in aqueous media and need to be modified with wa-

ter-soluble polymers to achieve high colloidal stability. A critical challenge is to per-

form efficient surface modification without disrupting the original properties of cel-

lulose. In this study, we modified TEMPO-oxidized cellulose nanofibers bearing car-

boxylic acid moieties (CNFs) by two different routes: nitrile imine/mediated te-

trazole/carboxylic acid ligation (NICAL), and three-component Passerini reaction. 

The advantage of these reactions is the direct functionalization of CNFs under ambi-

ent conditions in aqueous media so that additional modification or solvent exchange 

process prior to surface grafting can be avoided. The NICAL reaction was performed 

under UV irradiation at λ = 326 nm for 10 hr, resulting in the self-fluorescent poly-

mer grafted CNFs. On the other hand, Passerini reaction  is regarded as an effective 

functionalization approach, which can be carried out in the presence of three com-

ponents: an acid, an aldehyde and an isocyanide under mild reaction conditions, 

with a yield of 36 % grafting efficiency within 30 min. In this thesis, reversible addi-

tion-fragmentation chain transfer (RAFT) polymerization was employed to generate 

polymers with functional end groups. At last, the cellulose-based nanomaterials 

with covalently tethered functional polymer chains on the surface (PHEA37-Cy5-

PDMAEA12)-g-CNFs were designed to bind and release immunostimulator/chemo-

kines (MIP-1α). The drug carriers were non-toxic against MCF-7 cancer cell lines and 

successfully up-taken by in vitro (both 2D and 3D) cancer cell models. The physical, 

chemical and biological properties of nanoparticles were performed by a variety of 

characterization techniques including FT-IR, TGA, UV-Vis, XRD, LSCM, and flow cy-

tometry. 
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1.1. Introduction 

 Since ancient times, the medicinal products derived from natural resources 

such as plants, animals, and microorganisms have been widely used against various 

diseases including cancer, diabetes, and inflammation. The favourable reputation of 

natural products is due to their remarkable characteristics such as low toxicity and 

side effects, reasonable price, desirable chemical and biological properties.1 How-

ever, the application of large sized materials in drug delivery encounters major chal-

lenges including poor aqueous dispersion, poor bioavailability, poor absorption in 

the body and, recognition and clearance by the body immune system. Nano based 

drug delivery systems have emerged as an interesting tool in advanced medicine to 

alleviate all these critical issues.2, 3 Nanomaterials can be distinguished as materials 

with sizes ranged between 1 and 100 nm, enabling them to circulate more freely in 

the human body as compared to larger materials.2 Moreover, nanoparticles can be 

specially designed according to our needs to deliver therapeutics into targeted sites 

with enhanced efficacy and reduced toxicity compared to conventional drugs.4 

Hence, we herein are interested in the application of plant-derived natural products, 

more specifically cellulose, as a nano drug carrier. The focus of this work is to gen-

erate cellulose-based nanomaterials which are suitable for drug delivery applica-

tion. 

1.2. Objectives 

This thesis involves three main objectives: 

1. The first is to investigate the efficient surface modification techniques to cova-

lently tether the synthesized polymer chains onto cellulose nanomaterials under 

mild reaction conditions. From this study, it was expected to produce the func-

tional cellulose nanofibers with unique properties which are suitable for drug de-

livery applications. 

2. The second is to understand the chemical, physical and biological properties of 

designed polymer-grafted cellulose nanomaterials as drug delivery system. 
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3. The third is to extend the application of cellulose for cancer immunotherapy by 

designing the functional cellulose nanomaterials for the delivery of immune 

stimulators (MIP-1α). 

1.3. Outline of the Thesis 

This thesis extensively discusses the literature review, and our attempts for 

the application of cellulose nanomaterials as drug delivery system. 

1. Chapter 2 of this thesis provides context for the aims by reviewing the current 

literature on the fibrillation techniques to produce cellulose nanomaterials, fol-

lowed by the surface modification of CNFs with small molecules or polymer 

chains for their use in biomedical applications, especially in drug delivery. Subse-

quently, Reversible addition-fragmentation chain transfer (RAFT), is presented 

as it has been employed for the synthesis of all polymer chains in the thesis. 

2. Chapter 3 focuses on the synthesis of cellulose nanofibrils (CNFs) from micro-

crystalline cellulose (MCCs) via mechanically assisted TEMPO-mediated oxida-

tion and analytical techniques that were applied in the thesis were discussed. 

3. Chapter 4 describes the attempt to synthesize self-fluorescent CNFs by attaching 

synthetic polymer chains via photo-induced nitrile imine-carboxylic acid ligation 

(NICAL) reaction. The resulting fluorescence property helps to monitor the up-

take of designed nanoparticles in breast cancer cell line (MCF-7). The drug load-

ing experiment indicates that the higher drug loading is more efficient in inhibit-

ing the proliferation of cancer cells.  

4.  Chapter 5 investigates an alternative approach called Passerini reaction for teth-

ering PNIPAm onto CNFs under ambient conditions. The results indicate that this 

technique efficiently generates functional CNFs with thermo-sensitivity and col-

loidal stability without disrupting the original properties of CNFs. 

5.  Chapter 6 discusses the design of cellulose-based nanomaterials for binding and 

release of chemokines (MIP-1α) for cancer immunotherapy. The designed drug-

loaded nanoparticles possess in vitro stability, low cytotoxicity, and relatively 

high uptake into both 2D and 3D cell culture models. 

6. Chapter 7 provides the conclusion and recommendations for future works.   
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2.1. Non-Spherical Nanoparticles as Drug Carriers 

Nanoparticles are widely investigated as way to enhance the delivery 

of drugs. The success is evident by the number of nanoformulations currently 

on the market and in clinical trials.5, 6 This field is dominated by nanoparticles 

developed for the treatment of cancer, but also nanomedicines for other dis-

eases are under development.5 A large variety of different nanoparticles are 

available as drug carriers - ranging from dendrimers, micelles to liposomes 

and many others. It is noticeable though that most nanocarriers discussed in 

literature are spherical, although in recent years there is more and more in-

terest in non-spherical nanoparticles for nanomedicine as they were found to 

have superior properties.7 To understand this, it is important to look at the 

journey of drug carriers when entering the blood stream. In the body, the na-

noparticle may undergo elimination by the reticuloendothelial system (RES), 

also coined mononuclear phagocytic system (MPS), or renal clearance. Both 

will limit the circulation time of the nanoparticle before it can reach the tu-

mour. The blood circulation time is initially determined by the size of the na-

noparticle. Particles with 100 nm in diameter reported to have the lowest 

clearance and highest tumour accumulations in some studies.8 Crucial is also 

the surface chemistry as this will determine how nanoparticles interact with 

blood proteins. The resulting protein corona influences the surface structure 

and ultimately the fate of the nanoparticles.9 Elongated nanoparticles were 

found to have prolonged circulation times as they can align in the blood 

stream and alter the interaction with phagocytes.10 If nanoparticles manage 

to evade elimination in the blood, the next step is extravasation, the transition 

from the blood stream to the tumour tissue.8 This process is often enhanced 

by leaky vasculature, which coincides with the sluggish lymphatic drainage of 

the tumour. This process, coined by Maeda is enhanced permeation and re-

tention (EPR) effect,11 is often cited as the main motivation for nanomedicine. 

Extravasation is enhanced with smaller nanoparticles,8, 12 but simulations 

have shown that non-spherical nanoparticles with high aspect ratio should 

have better extravasation.13  Cylindrical nanoparticles prepared from carbon 
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nanotubes,14 iron oxide15, 16 and polymers17 displayed prolonged circulation 

and retention time compared to their spherical counterparts. These particles 

enable a greater flow through the vascular pore as the elongated nanoparticle 

can align favourably with the blood stream through the pore while not inter-

acting with the pore as such.13 Once the nanoparticles reached the tumour tis-

sue, the nanoparticles need to enter the cells to unload their drugs. Again, non-

spherical particles behave differently to spherical particles although there are 

a range of conflicting reports in regards to which shape if superior. 7, 18 Re-

duced uptake of rod-like nanoparticles compared to spherical ones was ob-

served with gold nanoparticles, 19, 20self-assembled poly(acrylic acid)-b-poly-

styrene,21 latex nanoparticles,22 polyelectrolyte-based hydrogel23 and self-as-

sembled rods24 from glycopolymers and others.25 Cylindrical bacteria such as 

E. coli use their shape to reduce uptake by phagocytosis allowing them to 

evade immune response.26-28 In contrast, other studies reported on the en-

hanced uptake of elongated shapes compared to spherical nanoparticles.15, 16, 

29-31 The difficulty to draw a clear conclusion may stem from the various fac-

tors affecting cell uptake, which ranges from properties such as size, surface 

chemistry to surface charge and the cell line chosen.25 Non-spherical nanopar-

ticles have additional parameters to consider such as the aspect ratio of the 

nanoparticles, 32 the flexibility and ability to bend.33 

The cellular uptake of non-spherical nanoparticles is influenced by the 

orientation of the rods in relation to the cell surface (Figure 2.1a). The inter-

nalization of nanoparticles was reported to be enhanced when the tangent an-

gle (Ω) (Figure 2.1a) is smaller than 45°, thus below of the value of spherical 

particles. Internalization of the particles can be inhibited at Ω > 45° because 

the nanoparticle can only spread on the cell surface but cannot be internal-

ized.34 The perpendicular entry mechanism of non-spherical nanoparticles 

suggests that hard nanoparticle that can maintain the shape in this position, 

as it would be the case with cellulose nanomaterials, would be advantageous. 

Hard non-spherical particles have indeed displayed better cellular uptake 

than soft particles.33 Non-spherical nanoparticles with targeting ligands can 
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furthermore optimize receptor-mediated endocytosis as the elongated shape 

allows large amounts of their binding sites to interact with the target cell re-

ceptors (Figure 2.1b).18 Moreover, sharp-shaped nanoparticles not only have 

high tendencies to penetrate the endosomal membrane but also localize in the 

cytoplasm limiting the chance of nanoparticles to be excreted via exocytosis.35 

 

Figure 2.1. (a) The effect of particle shape on cellular uptake,34 and (b) the interaction of 

spherical and elongated nanoparticles with cell receptors. 

Considering the prolonged circulation time and the unusual cell uptake of 

non-spherical nanoparticles, a case can be made for their use as drug carriers. Non-

spherical nanoparticles can be generated with a range of techniques. Inorganic na-

noparticles such as gold rods are easily obtained by adjusting the conditions during 

the gold nanoparticle formation. Rods based on organic materials such as polymers 

can be obtained by the self-assembly of block copolymers, the use of crystalline 

block copolymers or by the synthesis of graft polymers.36 Whoever worked with 

these approaches knows that some of them are difficult to reproduce and upscale to 

kilogram amounts. While these approaches have a lot of merits, we propose the use 

of cellulose nanomaterials as a source of a non-spherical scaffold. In the following, 

we will introduce the readers to cellulose nanomaterials and the opportunities to 

use these materials as non-spherical drug delivery carriers. This includes a detailed 

discussion on the surface functionalization, which is necessary to generate nanopar-

ticles with high stability in blood.  
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2.2. Cellulose Nanomaterials 

Significant progress has been made in recent years in the applications 

of natural polymers, including collagen, starch, alginate, gelatin, chitosan, elas-

tin, and cellulose as promising biomaterials owing to their low cost, renewa-

ble and bio-degradable characteristics.37 Among all, cellulose nanomaterials 

have attracted a great deal of scientific and technological interest owning to 

their outstanding chemical, mechanical, structural and biological properties.38  

Cellulose is a fibrous, tough and water-insoluble substance, which can 

in theory be isolated from any plant including  flax (retted), flax (unretted), 

hemp, jute, kenaf, ramie, bagasse, soft wood, hard wood, cotton, sisal, wheat, 

bamboo and coconut (coir).39-41  Plant cellulose is mainly assembled into long 

microfibrils on the inner surface of the primary cell wall, which is embedded 

in a hydrated matrix of hemicellulose, pectin, proteins, fats, waxes and miner-

als.39, 42, 43 These microfibrils (with diameter approximately 2 - 20 μm and 

length in the range of 100 - 40,000 nm depending on the origin) consist of 

approximately 36 individual cellulose molecular chains with 5 – 50 nm in di-

ameter. An individual cellulose fibril contains water-insoluble and linear pol-

ysaccharides with several hundreds to many thousands of β-1,4-anhydro- D-

glucopyranose units joined by β- D-(1 → 4) glycosidic linkages. Each unit has 

three hydroxyl groups on carbon position 2, 3, and 6 (C2, C3 and C6) with the 

primary hydroxyl group on C6 being much more reactive than the other two.44 

Cellulose chains interact with each other through inter- and intra-molecular 

hydrogen bonds, where intermolecular hydrogen bonding occurs between the 

hydrogen at the C6 position and oxygen at the C3 position as well as the hy-

drogen at the C2 position and oxygen at the C6 position. In contrast, intramo-

lecular hydrogen bonding occurs between the hydrogen at the C2 and the ad-

jacent oxygen at the C6 position as well as the OH group at the C3 position and 

the hemiacetal oxygen belonging to the adjacent glucose unit (Figure 2.2).45 

Cellulose consists of both crystalline (highly ordered) and amorphous (disor-

dered) domains in varying proportions, depending on the sources of plant 

species. The mechanical property of cellulose depends on both crystallinity 
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and type of cellulose present. Amongst several types of cellulose, type I is na-

tive cellulose and possesses better mechanical properties, whereas other 

types (II, III, IV and V) can be obtained by degeneration or alkali treatment of 

native cellulose. Nishiyama et al. expanded the understanding on the crystal-

linity of cellulose and observed that the crystalline structure of native cellu-

lose is a mixture of two crystal allomorphs: namely cellulose Iα and Iβ.46-48 

 

Figure 2.2. Illustrated diagram of cellulose production from cotton plant, and the structure 

presenting the arrangement between individual fibers.49 

The amount of these phases can vary depending on the origin of cellu-

lose.46 Iα can be found in some algae and bacterial cellulose, while Iβ can be 

found in higher plants such as cotton and wood.48 Preparation of cellulose na-

nomaterials involve the disintegration of native cellulose from a large unit 

(μm) to a small unit (nm), mainly by destroying inter- and intra-molecular hy-

drogen bonds between individual chains. Depending on the source of cellulose 

and the employed extraction conditions, cellulose nanomaterials have been 
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divided into three main categories: (a) cellulose nanocrystals (CNCs), (b) cel-

lulose nanofibrils (CNFs), which is also known as nanofibrillated cellulose, 

and (c) bacterial cellulose (BC).45  

2.2.1. Cellulose nanocrystals (CNCs)  

 When native cellulose is treated with acid, the fibres will start to break 

down into rod-like fragments. Acid hydrolysis is commonly carried out using 

predominantly sulfuric acid (H2SO4) or hydrochloric acid (HCl) under aqueous 

condition at high temperatures.50-53 This technique results in the formation of 

cellulose nanomaterials with high crystallinity as acid breaks down the amor-

phous region of the native cellulose, which is more susceptible to acidic treat-

ment than the crystalline regions.  

The general procedure of acid hydrolysis to yield individual cellulose 

involves the treatment of cellulose with acids under constant stirring at high 

temperature, followed by dilution in water to quench the reaction, centrifuga-

tion, washing with water (or) dialysis against water to remove residual acid, 

and finally mechanical treatment like homogenization or sonication.54-56 The 

obtained CNCs have a cross section of 5 - 12 nm and are usually 100 - 200 nm 

in length.54, 57 CNCs treated with HCl58 have low colloidal stability as a result 

of the abundance of hydroxyl groups on the surface.52 Hydrolysis using H2SO4 

is in contrast often preferred as it introduces a small amount of negatively 

charged sulfate groups (-SO3-) on the surface of CNCs, 59 which contributes to 

the high dispersibility in aqueous media due to the electrostatic repulsion, alt-

hough this often lowers the thermal stability. 60 Some recent strategies includ-

ing FeCl3-catalyzed formic acid hydrolysis,61 metal-salt based HCl hydroly-

sis,53 phosphotungstic acid based hydrolysis62 and pressurized heating in a 

stainless steel vessel63 were found to enhance the properties such as the mor-

phology, crystallinity, and thermal stability of the CNCs.51, 61, 64-66 Table 2.1 

summarizes CNCs from various sources and prepared via different isolation 

conditions. 
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Table 2.1. Reaction conditions of acid hydrolysis, the final properties, and the yields of produced CNCs. 

Source 
Main component for 

hydrolysis 
Reaction tem-
perature (°C) 

Reaction 
time 

Catalyst 

Size 
CIb 
(%) 

Yield 
(%) 

Ref. Diameter 
(nm) 

Length 
(nm) 

Eucalyptus 
Formic acid 
(88 wt %) 

90 12 hr FeCl3 11 141 79 24.2 61 

Cotton 
Sulfuric acid 
(64 wt %) 

45 45 min - 7 128   55 

Bamboo 
Phosphotungstic acid 
(12.5 wt %) 

90 ≈ 8 - 9 hr 

- 25 - 50 200 - 300 79.6 88 

32 - 23 ± 10 245 ± 24 89.4 85 

FeCl3 10 ± 3 168 ± 25 92.3 73 

Microcrystalline 
cellulose 

Hydrochloric acid 
(4 M) 

110 3 hr 

AlCl3 14 ± 7 190 ± 17 91.8 77 

53 CuCl2 18 ± 9 208 ± 23 91.5 78 

MnCl2 20 ± 7 221 ± 21 91.0 80 

Microcrystalline 
cellulose 

Pressurized hot wa-
ter (20.3 MPa) 

120 1 hr - 55 ± 20 242 ± 98 79.0 21.9 63 

Ferula gummosa 
Sulfuric acid 
(64 wt %) 

45 2 hr - 20 - 60 nm round shape - - 67 

Hardwood 
Sulfuric acid 
(64 wt %) 

50 50 min - 171 ± 41 14.9 ± 3.5 54.9 20 68 
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a) many acid concentrations and reaction times were tested, only one example is given here, b) crystallinity index

Source 
Main component 

for hydrolysis 

Reaction tem-

perature (°C) 

Reaction 

time 
Catalyst 

Size 
CIb 

(%) 

Yield 

(%) 
Ref. Diameter 

(nm) 

Length 

(nm) 

Softwood 
Sulfuric acid 

(64 wt %) 
50 50 min - 179 ± 43 16.9 ± 4.5 58.0 20.5 68 

Cotton 
Sulfuric acid 

(64 wt %) 
50 50 min - 278 ± 68 33.0 ± 3.38 65.1 33.4 68 

Cattail fibers 
Sulfuric acid 

(64 wt %) 
50 50 min - 249 ± 65 18.7 ± 4.5 54.1 17 68 

Red algae 
Sulfuric acid 

(64 wt %) 
50 50 min - 432 ± 87 28.6 ± 6.5 62.8 20.5 68 

Cassava roota 
Sulfuric acid 

(30 wt %) 
60 30 min - 400 ± 31 5.4 ± 1.3 56 55 69 

Rice straw 
Sulfuric acid 

(64 wt %) 
50 75 min - 130 - 650 12 - 20 66.3 64 70 

Wheat straw 
Sulfuric acid 

(64 wt %) 
50 75 min - 120 - 600 15 - 20 71.0 75 70 

Barley straw 
Sulfuric acid 

(64 wt %) 
50 75 min - 160 - 800 10 - 25 63.4 69 70 
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2.2.2. Cellulose nanofibers (CNFs) 

Cellulose nanofibers (CNFs), which contain both amorphous and crys-

talline parts, can be isolated by chemical treatment, especially by TEMPO-me-

diated oxidation, which is effective in the production of CNFs with a high sur-

face content of carboxylates. The catalytic oxidation using stable nitroxyl rad-

icals such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), assisted by so-

dium hypochlorite (NaOCl) and sodium bromide (NaBr), is highly selective for 

primary alcohols. A significant increase in the water-solubility of the oxidized 

cellulose nanomaterials was observed owing to the presence of carboxyl 

groups that imparted negative charges to the surfaces depending on the pH 

value and thus induce electrostatic stabilization.71 The advantage of TEMPO-

mediated oxidation is its green and facile process, cost-effectiveness, its selec-

tivity to primary alcohols, the high yield of the final product while maintaining 

crystallinity, morphological stability and high aqueous dispersibility.64, 72 

CNFs, which are prepared via TEMPO-mediated oxidation followed by a me-

chanical treatment, can be obtained with approximately 7 nm in diameter 

with high aqueous dispersibility and relatively high crystallinity (56 %).73-75 

Titration of the obtained CNFs revealed a carboxylate group density of ap-

proximately 1.6 mmol of groups per gram of oxidized-CNFs.73, 74 However, the 

amount of carboxylate groups, the degree of polymerization and the yield of 

CNFs are highly dependent on the concentration of NaOCl added and the 

strength of mechanical treatment.76 Visanko and co-workers proposed oxida-

tion using periodate as an alternative approach. Unlike TEMPO-oxidation, this 

reaction oxidizes the hydroxyl groups of cellulose at position 2 and 3 and 

cleaves the C2-C3 bond to form aldehyde groups.77, 78 The most notable fea-

ture of this technique is that the formation of dialdehyde cellulose is devoid of 

significant side reactions.77 The reaction is conducted using lithium chloride 

(LiCl)-assisted sodium metaperiodate (NalO4) oxidation at an elevated tem-

perature of 75 °C (Figure 2.3).  
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Figure 2.3. Schematic illustration for the preparation of CNFs via two different oxidation 

methods: TEMPO-mediated oxidation and periodate oxidation.73, 77 Both techniques were 

assisted by mechanical treatment. TEM images are reprinted with permission from (ref. 73, 

77). Copyright (2014, 2018), American Chemical Society.  
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2.2.3. Bacterial cellulose (BC) 

 Bacterial cellulose (BC), a promising natural polymer synthesized by 

bacteria, has the same molecular formula as plant-derived cellulose, but with 

better properties including higher purity and higher water retaining capacity. 

Some bacterial species that can extracellularly produce cellulose include 

Gram-positive bacteria such as Sarcina ventriculi and Gram-negative bacteria 

such as Acetobacter, Aerobacter, Gluconacetobacter xylinus, Rhizobium, Salmo-

nella, Alcaligenes, Azotobacter, Achromobacter, Agrobacterium and Pseudomo-

nas. Among the mentioned species, Gluconacetobacter, Agrobacter and 

Sarcina are the most studied sources of cellulose. The synthesis of BC can be 

effectively performed in both synthetic and non-synthetic media through oxi-

dative fermentation at a pH range of 3 – 7 within a temperature between 25 

and 30 °C, using saccharides as a carbon source. The biosynthesis of BC con-

sists of a complex process, but in general, the bacterial species firstly produce 

1,4-β-glucan chains in the body and extrude them outside the cell through tiny 

pores, allowing them to self-assemble into microfibrillar structure. The read-

ers are referred to the review article published by UI-Islam et al. for detail 

synthetic strategies for BC.79   The formed microfibrils from each synthetic site 

further aggregate to form cellulose ribbons in the growth medium. The 

formed ribbons generate a pellicle, which allows bacteria float at the air-liquid 

interface where the oxygen is readily supplied. The BC production yield can 

be affected by the several parameters including culture methods, bacterial 

strains, fermentative media, carbon sources, and growth conditions. Table 

2.2 summarises the recent investigations on main factors which can be al-

tered to achieve high yield of BC. 
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 Table 2.2. Production of BC by using different carbon sources, fermentative media, and cultivation conditions.  

Bacterial Name Carbon Sources 
Fermentative Me-

dium 

Concentration 

of carbon source 

(%, w/v) 

Cultivation 

Conditions 

Yield 

 (g L-1) 
Year Ref. 

Komagataeibacter xy-

linus K2G30 (UMCC 

2756) 

Mannitol, xylitol 

and glucose 
GY broth 

1.5 (Mannitol) 
Static, 9 days, 

28 °C 

8.77 ± 0.04 (Mannitol)  

2019 80 5 (Glucose) 6.17 ± 0.02 (Glucose) 

5 (Xylitol) 1.36 ± 0.05 (Xylitol) 

Komagataeibacter 

rhaeticus PG2 

Fructose, lactose, 

xylose, sucrose, ga-

lactose, mannitol, 

sorbitol and glyc-

erol 

Hestrin–Schramm 

(HS) liquid media 
2 

Static,  

15 days, 28 °C 

~ 6.9 (Glycerol) 

2018 81 

~ 4.05 (Glucose) 

~ 1.65 to 3.41 (Sorbitol 

and Mannitol) 

~ poor yield (others) 

Komagataeibacter xy-

linus B-12068 

Maltose, mannitol, 

sucrose, and galac-

tose 

Hestrin-Schramm 

(HS) agar medium 
2 

Static, 7 days, 

30 °C 

~ 2.2 (Glucose) 

2018 82 

~ 1.6 (Sucrose) 

~ 1.4 (Galactose) 

~ 0.1 – 0.2 (Maltose and 

Mannitol) 

Komagataeibacter 

medellinensis 

Glucose, fructose, 

and sucrose 

Standard Hestrin-

Schramm medium 
2 

Static, 8 days,  

28 °C 

2.80 (Glucose) 

2017 83 1.68 (Sucrose) 

0.38 (Fructose) 

Gluconacetobacter xy-

linus (PTCC 1734, A2 

and S) 

Glucose, fructose, 

sucrose, mannitol, 

food-grade sucrose, 

glycerol, whey and 

starch 

Hestrin-Shramm 

medium 
 

Static, 20 days,  

28 °C 
 2016 84 



CHAPTER - 2  Literature Review 

18 
 

Bacterial Name Carbon Sources 
Fermentative Me-

dium 

Concentration 

of carbon source 

(%, w/v) 

Cultivation 

Conditions 

Yield 

 (g L-1)  
Year Ref. 

Gluconacetobacter xy-

linus (PTCC 1734) 

syrup, glucose, 

mannitol, sucrose, 

and food-grade su-

crose 

Hestrin–Schramm 2 

150 rpm, 7 

days,  

28 °C 

 

~ 1.4 (Mannitol) 

~ 0.7 (Food-grade su-

crose) 

~ 1.45 (Sucrose) 

~ 1.15 (Date syrup) 

~ 0.85 (Glucose) 

2015 85 Yamanaka 5 

~ 1.05 (Mannitol) 

~ 1.1 (Food-grade su-

crose) 

~ 1.5 (Sucrose) 

~ 0.65 (Date syrup) 

~ 0.7 (Glucose) 

Zhou 4 

~ 1.85 (Mannitol) 

~ 1.15 (Food-grade su-

crose) 

~ 1.65 (Sucrose) 

~ 0.9 (Date syrup) 

~ 1 (Glucose) 
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2.3. From Cellulose Nanomaterials to Nanomedicine 

Cellulose-based nanomaterials are now widely applied for biomedical 

application86-88 such as medical implants,89 tissue engineering,90, 91 drug de-

livery,92 wound healing,93 and other medical applications. Some products 

based on cellulose nanomaterials have even made it into clinical trials.86 In 

most applications, cellulose nanomaterials are used predominantly as struc-

tural materials to enhance the physico-chemical properties of the large-scale 

bulk materials86 such as hydrogels.94 

The field of drug delivery using cellulose nanomaterials is currently 

dominated by cellulose-based nanocomposites that are processed into films, 

foams, hydrogels and large scale materials.88 Applications include wound 

healing where the high surface area of cellulose nanomaterials was seen as 

advantageous for increased drug loading together with the enhanced stiffen-

ing of the materials. For example, a nanocomposite based on cellulose nano-

materials and poly(ethyleneimine) PEI was used to deliver pDNA and curcu-

min. After electrospinning, the fibres were employed to treat burns and the 

experiments using animals showed improved wound healing.95 A related 

nanocomposite based on CNCs, gelatin, collagen and curcumin showed anti-

microbial activity, which helped prevent infections during wound healing.96 

Fischer and co-workers designed an antimicrobial dressing based on octenid-

ine by blending cellulose nanomaterials of bacterial origin with the commer-

cial polymer Poloxamer.97 Bacterial cellulose was also found to be a suitable 

support for zinc oxide (ZnO)-filled nanocomposite with antibacterial activ-

ity.98 While these materials prevented infection during wound healing, strat-

egies were explored to enhance the wound healing process. This was accom-

plished by soaking sutures made from cellulose nanomaterials with human 

adipose mesenchymal stem cells (hASC).99 Next to wound healing materials, 

other areas that benefit from cellulose nanomaterials is the treatment of can-

cer. A CNCs-xanthan hydrogel was loaded with 5-flurouracil, which was 

slowly released from the matrix.100 Long-term antibiotic release was achieved 

by preparing composite nanofibers: poly(lactic)acid 
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(PLA)/CNCs/polyethylene glycol (PEG), loaded with tetracycline hydrochlo-

ride.101 Many of these examples used plant-derived cellulose nanomaterials, 

but also drug-filled membranes and hydrogels prepared from bacterial cellu-

lose nanomaterials are frequently described.102-104  

The overview on cellulose-based drug delivery system based on large 

scale materials (fibres, hydrogels, membranes) was kept brief here. The 

reader is referred to review articles on the use of cellulose nanomaterials in a 

biomedical setting.86-88 Grassi and co-workers discussed cellulose materials 

from the viewpoint of the medical application.86 In contrast, Khademhosseini 

and co-workers focused on hydrogels, foams and films for biomedical appli-

cation in relation to the type of cellulose-based nanomaterials such as CNCs, 

BC and CNFs.88 Sotudeh- Gharebagh discussed the preparation of nanoparti-

cles, tablets, hydrogels, and aerogels for drug delivery,105 while Fischer and 

co-workers focussed specifically on BC as carrier for therapeutic drugs.106 In 

many cases, cellulose nanomaterials were not functionalized and used as pre-

pared as the existing surface functionality is sufficient to adsorb the drugs and 

to create stable composites. There is however no review available that dis-

cusses cellulose nanomaterials for i.v. applications. As this material has only 

limited water-solubility, i.v. applications require the modification of the sur-

face, often with polymers, in order to ensure high colloidal stability in the 

blood and good protein repellency.   

Many of the reported drug delivery applications are topical treat-

ments, but it is well-known that cellulose-based materials can be used for oral 

administration. Cellulose has been used for a long time to enhance the deliv-

ery of drugs. It is widely used in tablets in the form of microcrystalline cellu-

lose.107 However, the control of the rate of tablet disintegration and drug re-

lease is limited, which is the result of a relatively small surface area compared 

to the bulk of insoluble microcrystalline cellulose combined with weak drug 

adsorption and limited drug loading capacity. Cellulose nanomaterials in con-

trast have higher surface areas and can therefore adsorb higher amounts of 

drugs. Moreover, cellulose nanomaterials have mucoadhesive properties 
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making these materials ideal for oral delivery. An aerogel loaded with benda-

mustine hydrochloride was administered orally resulting in a blood concen-

tration of the drug that was superior to the marketed formulation.108 

At this point in time, it seems that cellulose nanomaterials do not 

cause any harmful effect and can most likely be used as safe drug carriers. As 

engineered fibres can potentially be toxic such as in the case of carbon nano-

tubes,109 it is understandable that there is caution around the field of nano-

materials.110, 111 112 Studies on rats that inhaled cellulose dust showed signs of 

fibrosing granulomatous pulmonary disease. When the same material was in-

cubated with blood cells, evidence of damages induced by radical formation 

was visible.113 However, the study used cellulose material on the larger scale, 

which was often observed to be cleared very slowly from the lungs. CNFs rang-

ing from approximately 3 to 23 μm were barely cleared from rat lungs within 

a time frame of 400 days.114 The toxicity and biodurability of cellulose are also 

crucial as it is the starting material for the preparation of cellulose nano-

materials and the researchers in the lab are exposed to potential dangers 

when inhaling the raw materials.115 There is enough concern about long-term 

damages to the lungs that the US Occupational Safety and Health Administra-

tion has put a maximum exposure limit on cotton dust.116 However, it needs 

to be considered that these studies use microcrystalline cellulose, but it seems 

that also inhaled cellulose nanomaterials may cause an inflammatory re-

sponse in the lungs and change in the alveolar macrophages.117 

Cellulose nanomaterials have been employed in various cytotoxicity 

studies, which explored the inhibition of cell proliferation. Various studies 

have examined the cytotoxicity of cellulose nanomaterials in vitro using dif-

ferent cell lines, a variety of incubation times (hours to days), and various as-

say methods (Table 2.3). There is an agreement that cellulose nanomaterials 

are non-toxic to cells; however, several studies have revealed that the cyto-

toxicity can be affected by several parameters including the structure, prepa-

ration procedure, surface chemistry and cell types. For instance, Alexandrescu 

et al. investigated the cytotoxicity of CNFs with thin, dense, open or porous 
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structures, respectively, and reported that none of them did induce toxic ef-

fects on the tested fibroblast cells (3T3 cells).118 Ideally, the materials should 

not only inhibit cell proliferation, but also be devoid of interfering with cell 

functions and activities. The same authors observed that cellulose-based na-

nomaterials did not change the mitochondrial activity and the DNA prolifera-

tion during direct and indirect contacts between materials and the 3T3 

cells.118 Moreover, recent studies found that cellulose nanomaterials (both 

CNCs and CNFs) extracted via different techniques such as acid hydrolysis and 

TEMPO-oxidation did not exert acute toxic effects on various cell lines includ-

ing human dermal fibroblasts,119, 120 monocyte (white blood cells),120 murine 

fibrosarcoma cells (L929),121, 122 Hela cells,122 adenocarcinomic human alveo-

lar basal epithelial cells (A549),123 immortal human keratinocyte cells (Ha-

CaT)124 and human prostatic carcinoma cells (PC-3)124 (Table 2.3). However, 

the same samples have a slight cytotoxic effect against human monocytic 

(THP-1) and breast cancer (MCF-7) cell lines even at the working concentra-

tion of 300 µg mL-1 (Table 2.3). Tibolla et al. found dose-dependent cytotoxic 

effects of cellulose nanomaterials extracted from banana peels using com-

bined chemical (sulfuric acid hydrolysis) and mechanical treatments. The 

group concluded that the fibrillated CNFs with diameter between 2.89 to 4.65 

nm did not reduce the viability of the human colon carcinoma (Caco-2) cell 

line at low concentrations (50 – 500 µg mL-1), but caused significant cell death 

at concentrations above 1000 µg mL-1 after 24 hr of incubation.125 In this case, 

the preparation process of cellulose nanomaterials such as the acid concen-

tration used and the purification procedure was evaluated. With increasing 

acid concentration, the CNCs were found to increase in toxicity, albeit not sig-

nificantly. However, cellulose nanomaterials prepared with high acid concen-

trations in the absence of any mechanical agitation was found to be non-toxic. 

In another study, cellulose nanomaterials with different amounts of carbox-

ylate groups on the surface was incubated with four different cell lines (MDCK, 

HeLa, Caco-2, J774).126 Now it is evident that a more negative surface charge 

will enhance toxicity although some cells such as MDCK are more sensitive 

than Caco-2.  
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It seems that toxicity can be influenced by many parameters such as 

the type of mechanical processing, the acid concentration during hydrolysis, 

the source of cellulose materials, end-product impurities during purification 

process and/or aspect ratio. In general, materials are considered to be safe 

when their toxicity is below the limit of 70 % as defined by ISO standard.127 

Moreover, the cytotoxicity of cellulose nanomaterials also depend on the 

tested cell types (Table 2.3), but overall there is little evidence that cellulose 

nanomaterials are cytotoxic. For example, several studies demonstrated the 

safety of BC regarding its potential use in biomedical applications. The cyto-

toxicity studies of pure BC and BC composites have been conducted with many 

other cell lines including HaCaT, L929 and HT-29, showing excellent biocom-

patibility with no sign of toxicity.128-130 The recent study evaluated the haemo-

compatibility (haemolysis and thrombogenicity) and acute and sub-chronic 

immune responses to three-dimensional (3D) BC biomaterials via ex vivo and 

in vivo analyses. The results demonstrated that 3D BC exhibited haemocom-

patible behaviour and a mild acute inflammatory response but did not elicit 

foreign body reaction and chronic inflammation.131  Moreover, the cytotoxi-

city of CNCs against nine different cell lines (HBMEC, bEnd.3, RAW 264.7, 

MCF-10A, MDA-MB-231, MDA-MB-468, KB, PC-3 and C6) was measured using 

two different assays and showed no effects at concentrations up to 50 μg mL-

1.132-134 However, there is evidence that toxicity is cell type specific as incuba-

tion of various cellulose nanomaterials with THP-1 cells displayed some cyto-

toxicity, cellular damage and inflammatory responses, while A549 cells were 

more resilient.135 

However, it needs to be considered that low cytotoxicity as measured 

with standard assays does not mean that the material is safe. More detailed 

studies that monitor the effect of the material on cell processes are necessary. 

CNCs incubated with unpolarized and polarized macrophages were readily 

taken up by the cells and showed only minimal cell proliferation inhibition.117 

However, the presence of CNCs led to a burst of cytokines and changes in the 

phagocytic activity of the macrophages. This could mean that after exposure 

to CNCs, the ability of macrophages to respond to infections is hampered. 
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An interesting observation was made when testing the cytotoxicity on 

E.coli as sonication, which led to better dispersity, enhanced the toxicity.136 

Sonication can help disaggregate CNCs and therefore makes the nanoparticles 

smaller, this potentially enhances cellular uptake. It was also observed that 

the surface charge has an effect on the toxicity, although the surface charge 

itself did not affect the membrane integrity.126 Indeed, an increased negative 

charge density, here carboxylates, was observed to lead to higher cell uptake. 

126 Enhanced accumulation of cellulose nanomaterials inside the cells may ex-

plain in parts why negative charged nanoparticles display enhanced toxicities.  

While cellulose is widely used in oral delivery and deemed to be safe, 

the small size of cellulose nanomaterials may lead to different effects. A recent 

study explored the effects of ingested CNFs (diameter ≈ 25 nm and 50 nm) 

and CNCs (diameter ≈ 25 nm and 50 nm) derived from softwood bleached 

kraft fibres on cell layer integrity, cytotoxicity and oxidative stress by using 

triculture model in transwell inserts that include enterocytes, goblet cells and 

M-cells to mimic the intestinal epithelium. The in vitro experiments, per-

formed by using trans-epithelial electrical resistance (TEER) measurements, 

lactate dehydrogenase (LDH) assay, and a fluorometric assay, show that no 

significant changes in monolayer integrity, cytotoxicity and reactive oxygen 

species (ROS) production were observed after incubating the cells with in-

gested cellulose nanomaterials at the working concentration of 0.75 and 1.5 

% w/w (Figure 2.4).  

  



CHAPTER - 2  Literature Review 

25 
 

 

Figure 2.4. (a) Triculture cell model, (b) TEER measurements used for cell integrity analy-

sis, (c) cell viability (%) analysis from LDH assay after 24 hours of exposure to test materials 

at specific concentration, (d) ROS generation (fold change from control) after 24 hr of ex-

posure to nanomaterials. Reprinted with permission from (ref.137). Copyright 2019, Royal 

Society of Chemistry. 

There is only a limited amount of biodistribution studies available. 

One study on rats using spherical cellulose nanomaterials isolated from Ferula 

gummosa found significant accumulation in the kidney, which may raise con-

cerns. 67 However, the authors used round nanoparticles with sizes of 20 - 60 

nm, which may behave differently to the typical cellulose nanomaterials with 

high aspect ratio. A biodistribution study of cellulose nanomaterials with 200 

nm in length and negative surface charges as a result of the acidic treatment 

of the cellulose with H2SO4 found that the CNCs were cleared by the liver and 

kidney within seven days.138 However, some accumulation was found in the 

spleen. Interesting here was that there was a temporal enrichment of cellulose 
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nanomaterials in the bone, which the authors thought was due to binding with 

Ca2+. Overall, the mice tolerated the CNCs treatment well.138 An in vivo study 

with non-spherical CNFs using rats could not find any indication of significant 

toxicity. Here, rats were ingested with CNFs (diameter ≈ 50 nm) during a five-

week study (Figure 2.5). The rats showed insignificant weight reduction as 

well as no differences in blood counts, including total white blood cells, neu-

trophils, lymphocytes, monocytes, eosinophils, basophils and red blood 

cells.139 Similarly, no substantial impacts on hemoglobin concentration, hem-

atocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean cor-

puscular hemoglobin concentration, platelet count or mean platelet volume 

were measured after CNFs exposure compared to the control.139 Also, the 

treated CNFs did not alter the amount of serum markers (total cholesterol, 

high density lipoprotein, low density lipoprotein, free fatty acid), markers of 

hepatic function (alanine amino transaminase, aspartate amino transaminase, 

alkaline phosphatase, total protein and albumin), markers of renal function 

(total bilirubin, creatinine) or electrolytes (sodium, potassium, chloride).139 In 

the case of white blood cell counts, these results are in contrast to the earlier 

findings by Yanamala et al.. Here, pharyngeal aspiration exposure of wood 

pulp-derived CNCs (diameter = 88.4 ± 9.8 nm, 200 μg mouse-1) caused a sig-

nificant increase in white blood cells. This might be due to the different expo-

sure route, tested animal model and the properties of cellulose nanomateri-

als.140  

These results are highly encouraging as cellulose nanomaterials 

seemed to be non-toxic against many cell lines, have low environmental 

risk141 and have limited toxicities in vivo138, 142 although it has been proposed 

that the amount of data available so far is not sufficient to draw concrete con-

clusions.142 It can so far be concluded that cellulose nanomaterials could be 

suitable carriers for drug delivery. With lengths between 100 - 500 nm, the 

size is suitable to circulate in the blood stream for an extended period of time 

and to display high cellular uptake.34, 143-146 
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Table 2.3. In vitro cytotoxic effects of cellulose nanomaterials based on sources, diameter, incubation time, concentration and so on.  

Sources  
Type of cellulose 
nanomaterials 

Diameter 
(nm) 

Cell 
type 

Assay 
Incubation 
time  
(hr) 

Concentration 
Cell viabil-
ity 

Main outcomes year Ref. 

Picea abies CNFs 
10 - 70 
(AFM) 

L929 MTT 48 1 mg mL-1 Non-toxic - 2015 147 

Wood pulp CNCs 10 - 20 
Hela, 
L929 

MTT 48 1 mg mL-1 Non-toxic - 2015 122 

Softwood 
cellulose 
pulp 

CNCs, oxidized 
with different 
COOH content 

100 (TEM) 

MDCK, 
HeLa, 
Caco-2, 
J774 

MTS, 
LDH 

24 300 μg mL-1 20 - 100% 

Toxicity de-
pends on cell 
lines and sur-
face charge 

2015 126 

Wood CNCs 20 (TEM) 

A549 
Alamar 
blue 

72 300 μg mL-1 

Non-toxic Cell viability 
depends on cell 
types 

2016 135 

THP-1 ≈ 60 % 

Wood CNFs 50 (TEM) 

A549 

Alamar 
blue 

72 300 μg mL-1 

Non-toxic 
Cell viability 
depends on cell 
types 

2016 135 

THP-1 ≈ 80 % 
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AFM: atomic force microscopy, A549: adenocarcinomic human alveolar basal epithelial cell line, Caco-2: human epithelial cell line, CNFs: cellulose nanofibers, CNCs: cellu-
lose nanocrystals, HaCaT: immortal human keratinocyte cell line ,  Hela: human cell line, , J774: mouse macrophage cell line, LDH: lactate dehydrogenase assay, L929: 
murine fibroblast cell line, MTT: (3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay, MDCK: Madin-Darby Canine kidney cell line, MTS: (3-(4, 5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay,  PC-3: human prostatic carcinoma cell line, TEM: transmission electron 
microscopy, THP-1: human leukemic cell line,  SEM: scanning electron microscopy 

 

Sources  
Type of cellulose 
nanomaterials 

Diameter 
(nm) 

Cell type Assay 
Incubation 
time (hr) 

Concentration 
Cell via-
bility 

Main outcomes year Ref. 

Soft wood CNFs 
≈ 200 
(AFM) 

HaCaT, PC-3 MTT 24 10 % v/v 
Non-
toxic 

- 2019 124 

Ferula 
gummosa 

CNCs 

20 - 60 
(SEM) 
Spherical 
shape 

A549 MTT 24 250 μg mL-1 ≈ 50 % - 2019 67 

Wood pulp CNCs 100 - 500  
Escherichia 
coli strain 
652T7 

Biolu-
mi-
nes-
cence 

3 300 μg mL-1 ≈ 90 % 

Higher concen-
tration displays 
antimicrobial 
activity 
Sonication en-
hances toxicity 

2016 136 
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Figure 2.5. In vivo cytotoxicity of cellulose nanomaterials in Wistar Han rats: (a)the exper-

imental design, (b) analysis on the weight change of rats over time, (c) changes on blood 

cell counts and hematological parameters, (d) changes in serum markers after exposure 

with nanomaterials. Reprinted with permission from (ref.137). Copyright 2019, Royal Soci-

ety of Chemistry.  

ALB: albumin, ALT: alanine aminotransferase, AST: aspartate aminotransferase, ALP: alkaline phospha-
tise, BUN: urea nitrogen, BASO: basophil count, CREAT: creatinine, CHOL: cholesterol, total, Ca: calcium, 
CNFs: cellulose nanofibers, Cl: chloride, EOSIN: eosinophil count, FFA: free fatty acid, GLU: glucose, HDL: 
cholesterol and high density lipoprotein, HGB: hemoglobin concentration, HCT: hematocrit, K: potas-
sium,  LDL: cholesterol and low density lipoprotein,  LYM: lymphocyte count, MPV: mean platelet volume, 
MCHC: mean corpuscular hemoglobin concentration, MONO: monocyte count, MCH: mean corpuscular 
haemoglobin, MCV: mean corpuscular volume, Na: sodium, PMN: neutrophil count, RBC: red blood cell 
count, PLT: platelet count, TRIG: triglycerides, TP: protein, TBIL: bilirubin, WBC: white blood cell 

Cellulose nanomaterials have the desirable non-spherical shape that 

may enhance circulation time. As discussed above, non-spherical nanoparti-

cles can be difficult to be produced on a large scale while cellulose nano-

materials can be obtained easily on a kilogram scale. Prerequisite is that 

enough cellulose raw material is available as a new supplier might lead to 

slightly different morphologies. A further advantage is that cellulose nano-

materials have high concentrations of functional groups on the surface mak-

ing it suitable to attach drugs or targeting ligands. 
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So, what are the challenges? Cellulose nanomaterials by themselves 

have low water solubility and low stability in various buffer solutions. Alt-

hough variation in pH values can help to disperse the material, scattering anal-

ysis reveals the tendency of cellulose nanomaterials to aggregate. The colloi-

dal instability can be made worse when drugs are attached, which are exposed 

on the surface, altering solubility. 

The key to a successful drug delivery system is the functionalization 

of the surface to achieve the following outcomes. 

• High colloidal stability in the blood stream: This can be achieved attaching 

either water-soluble polymers or highly charged functional groups. 

• Low protein adsorption: The key here is to carefully fine-tune polymer 

grafting density, the length of the attached polymer and the surface charge 

as this will influence the amount of proteins attached, the type of proteins 

and ultimately the fate of the nanoparticle 

• Suitable matrix for drug entrapment: The surface of cellulose nanomateri-

als may have an abundance of functional groups, but these are not suitable 

to bind hydrophobic drugs or biologics. Surface modification, most promis-

ingly with polymers, can create a matrix that binds drugs chemically or 

physically resulting in high drug loading content. 

Understanding the chemistry of surface modification of cellulose na-

nomaterials is therefore a crucial parameter. There are several review papers 

focusing on the surface functionalization of cellulose nanomaterials to tune 

the mechanical and physical properties of the material.60, 148, 149 This review in 

contrast will focus on current advances in surface modification techniques 

that can be employed to design efficient water-soluble cellulose-based nano-

vehicles for drug delivery. Surface modification is necessary not only to im-

prove the properties of cellulose nanomaterials but also to bind and release 

of drugs that cannot easily be bound to the surface, such as hydrophobic and 

non-charged drugs.  
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2.4. Surface Modification of Cellulose Nanomaterials 

In the following, various reactions are introduced that allow modifica-

tion of cellulose nanomaterials either directly by using the existing hydroxyl 

or carboxylic acid groups on the surfaces or indirectly by using techniques 

that require pre-treatment of cellulose nanomaterials to attach the appropri-

ate functionalities, which can either be controlling agents for polymers (see 

paragraph below), fluorophores,150, 151 or simply to modify the surface charge.     

2.4.1. Direct surface modification 

Reactions with hydroxyl groups 

 The abundance of hydroxyl groups can be directly used to modify the 

surface (Figure 2.6). Widely explored is esterification using acyl chloride in 

the presence of pyridine to remove the generated HCl, as the maintenance of 

a high pH value is crucial to prevent the acidic hydrolysis of cellulose.152-155 

Esters can also be generated using the highly reactive alkyl ketene dimer 

(AKD)65 or by solvent-free esterification reactions,156, 157 Other techniques in-

clude the nucleophilic reaction between epoxides and the hydroxyl groups of 

cellulose nanomaterials results in the formation of stable ether groups158 as 

well as silylation.159-164 165 Also the formation of urethanes and thiourethanes 

is possible as the surface bound hydroxyl groups react quickly with isocya-

nates.166-171 The reaction with isocyanates seems less important for drug de-

livery purposes, but conjugation of fluorescent dyes using thioisocyanates is 

commonly used to create fluorescent cellulose nanomaterials that can be 

tracked in a biological experiment such as demonstrated using Rhodamine B 

isothiocyanate.151 These reactions are often carried out in aqueous solutions 

at a controlled pH value. Finally, the reaction with dyes such as 5-(4,6-dichlo-

rotriazinyl) aminofluorescein is a popular way to label cellulose nanomateri-

als with a fluorophore as the dye is commercially available and can be directly 

reacted with the hydroxyl groups on CNCs.151, 172  
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Surface modification of cellulose nanomaterials Ref. 

 

Ester 
 

 

153, 157, 173 

156, 157, 
152-154, 155, 
65 

Ether 
 

 

 
158 

Silane 
 

 

 
159-165 

Urethane/ 
thiourethane 

 

 
151, 167-169 

Triazine deriv-
atives 
 

 

 
151, 172 

 

Amide 
 

 

174, 175, 176 

Hydrazide 
 

 

 
177 

Passerini Prod-
uct 
 

 

 
73 

 

 
178 

Figure 2.6. Summary of coupling reactions carried out directly onto CNCs, CNFs and CNCs 

with residual sulfate groups without prior modification.  
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Reactions with carboxylic acid groups 

Owing to the wealth of accessible carboxylic acid groups on TEMPO-

oxidized cellulose nanomaterials, amidation reaction is well explored to func-

tionalize the surfaces of cellulose nanomaterials (Figure 2.6). This reaction is 

typically facilitated by the addition of a coupling agents.175, 176 Amidation is 

often employed to attach fluorophores to TEMPO-oxidized cellulose nano-

materials such as in the case of the reaction with Lissamine rhodamine B eth-

ylenediamine.151 Occasionally it is deemed necessary to generate activated es-

ters as intermediate, for example in the form of N-hydroxysuccinimide 

(NHS).174, 179, 180 The nitrile imine carboxylic acid ligation (NICAL), which uses 

tetrazoles, can directly be employed to functionalize TEMPO-oxidized cellu-

lose nanomaterials without the recourse of an additional functionalization 

step.177, 181 Advantage is the formation of fluorescent benzohydrazide that can 

be used to monitor the interaction with cells. Highly efficient are multicompo-

nent reactions such as Passerini or Ugi reaction that react directly with car-

boxylic acid.182 So far, only Passerini reaction has been used to modify cellu-

lose nanomaterials with polymers, which is discussed below.73 Cellulose na-

nomaterials isolated by sulfuric acid treatment can moreover be directly re-

acted using azetidinium salt.178  

2.4.2. Indirect surface modification requiring pre-modification   

The reactions described in this part require the functionalization of 

cellulose nanomaterials first using any of the reactions described above. Rea-

sons to undergo two-step process may be the enhanced activity of the newly 

introduced functional group, which is often the case when the new function-

ality allows click reactions. Two-step processes also allow the introduction of 

a variety of functional groups allowing the conjugation of a multitude of dif-

ferent molecules such as different dyes.  

Amide. Depending on the isolation process of cellulose nanomaterials, car-

boxylate functionalities may be absent. In that case, the surface can be 
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modified with amine groups, followed by the coupling reaction between 

amines and for example activated esters such as the NHS-esters. Navarro and 

co-workers successfully synthesized fluorescently labelled CNFs by attaching 

NHS-modified rhodamine B ester (RB-NHS) on the surface of cellulose nano-

materials, which were modified with amines in a prior step (amine-CNFs) 

(Figure 2.7).183 This technique has been indeed frequently employed to at-

tach fluorescent dye onto cellulose nanomaterials. The amine was introduced 

via epoxide chemistry followed by reaction with isothiocyanates.150, 184 

Alkyne-Azide click reaction. Prerequisite is the introduction of an alkyne 

functionality on the surface. This can be accomplished by reacting 1-azido-

2,3-epoxypropane with the hydroxyl groups of CNFs at ambient tempera-

ture.185 Alternatively, propargylic groups are introduced by reacting with pro-

pargylamine (Figure 2.7),186, 187 or propargyl-modified 4,6-dichloro-1,3,5-tri-

azine188 The efficient copper-catalysed click reaction allows now the attach-

ment of various groups including gold nanoparticle carrying dendrimers186 

and β-cyclodextrin.189 This avenue was explored to react cellulose nano-

materials with poly(ε-caprolactone) PCL190 and poly(ethyl ethylene phos-

phate) (PEEP).122  

Diels-Alder cycloaddition. The attraction of Diels-Alder (DA) reactions lies 

not only in its efficiency, but also the orthogonality in the presence of other 

groups.191-193 Navarro and co-workers aimed at modifying the CNFs with ma-

leimide moiety as depicted in Figure 2.7 and 2.8, which can be further mod-

ified with functional molecules via thiol-Michael click reaction. Subsequent 

conjugation of different dyes allowed monitoring the labelled CNFs in a bio-

logical setting.153  

Photo-Thiol-Ene or -Yne reaction. These radical reactions were predomi-

nantly used to prepare surface modified cellulose nanomaterials for nano-

composites,155, 165, 194 but this reaction is barely explored to generate water-

soluble cellulose-based drug carriers.  
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Light-Driven Nitrile Imine Mediated Tetrazole-Ene Cycloaddition (NI-

TEC) reaction. The NITEC, which is related to the above discussed NICAL re-

action, is a promising light-induced ligation reaction, which involves non-ac-

tivated alkenes as reaction partners.195 One of the most attractive properties 

of the NITEC reaction is the strong fluorescence of the resulting pyrazoline 

cycloadducts with variable emissions in the region of 487 - 538 nm, depending 

on the structure of alkene.196 This allows the design of cellulose nanomaterials 

with in-build fluorescence, ready for direct monitoring of the material in a bi-

ological setting.175, 197 However, this feature has not yet been explored to gen-

erate water-soluble cellulose nanomaterials, but has been tested in the prep-

aration of fluorescent hydrogels containing cellulose nanomaterials.175, 197 

Thiol-Michael click reaction. In contrast to the radical photo-catalysed 

thiol-ene or thiol-yne reaction, the thiol-Michael reaction is a nucleophilic re-

action.198 Among all approaches, the reaction with maleimides with thiols is 

one of the most widely used pathways to functionalize biomolecules via thiol-

Michael addition. As maleimides can also be used in Diels-Alder reactions, this 

functional group can be purposed for two separate reactions. This idea was 

successfully pursued when functionalizing cellulose nanomaterials using 

Diels-Alder cycloaddition and thiol-Michael reaction at the same time to syn-

thesis multicolour fluorescent cellulose nanofibrils. The authors confirmed 

the successful attachment of two fluorescent dyes on the surface of CNFs via 

fluorescence spectroscopy, which showed the emission band at 530 nm for 

the fluorescein dye (excitation = 510 nm) and 406 nm for the coumarin dye 

(excitation =327 nm) (Figure 2.8).153 
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Surface modification of cellulose nanomaterials Ref. 

Amine-maleimide coupling reaction 

 

183 

Azide-alkyne click chemistry 

 

186, 

199 

Diel-Alder cycloaddition 

 

153, 

191 

Thiol-ene reaction under UV irradiation 

 

165 

Photo-induced thiol-yne reaction 

 

194 

Figure 2.7. Surface modifications requiring premodification of cellulose nanomaterials.  
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Figure 2.8. (a) Schematic illustration of the synthesis of CNFs modified with two fluores-

cent probes, (b) fluorescence emission spectra of modified CNFs with multicolour fluores-

cent properties, and (c) the overlay confocal scanning laser microscopy imaging of fluores-

cein/coumarin-labelled CNFs (coumarin, blue colour, excitation wavelength 405 nm and 

fluorescein, red colour, excitation 540 nm).200 The pictures are reprinted with permission 

from (ref. 200). Copyright 2015, American Chemical Society. 

2.4.3. Isotropically modified cellulose nanomaterials: Selective graft-

ing on end groups   

Polysaccharides such as cellulose, including cellulose nanomaterials, 

can be selectively modified at the end group only as the hemiacetal end func-

tionality can react with amines under ring-opening reaction or the group can 

be oxidized to the carboxylic acid (Figure 2.9).201 This approach makes it pos-

sible to bind the cylinder-shaped cellulose nanomaterials to a surface by the 

base only as it has been done with CNCs modified with thiols at the reducing 

end.201 This opened the pathway to some unusual structures as the endfunc-

tional cellulose nanomaterials can be attached to various scaffold. Villares et 
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al. attached biotin by oxidation of the reducing end functionality and subse-

quent amidation. Incubation with streptavidin that has four binding sites for 

biotin led to 4-arm star shaped cellulose nanomaterials (Figure 2.9 pic-

ture).202 The presence of aldehyde groups can also be used to react with dyes 

such as Alexa Fluor 633 hydrazide.138 The final fluorescent conjugate was 

used to measure the in vivo distribution of CNCs.     

 

Figure 2.9. Selective reaction at the reducing end to introduce functionalities for either 

binding to surfaces or to streptavidin (picture insert).202 The picture is reprinted with per-

mission from (ref. 202). Copyright 2018, American Chemical Society. 

2.4.4.  Toxicity of cellulose nanomaterials modified with small func-

tional groups 

The initial studies on unmodified cellulose nanomaterials suggest that 

there is limited toxicity exerted by the material.203, 204 However, modification 

with small molecules will now change the surface properties and thus alter 

the toxicity. 
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In general, modification of the surface with neutral molecules does so 

far not cause any toxicity issues. Coating with lignin, which has an abundance 

of phenolic hydroxyl groups, on CNCs and CNFs seems to slightly increase the 

cytotoxicity towards A549 and THP-1 cells.135 These two cell lines were cho-

sen as they are the first exposure to nanoparticles when inhaled. However, the 

effect of coating on membrane integrity and other cellular function was negli-

gible. It was noted that the type of scaffold had a larger effect as CNCs behaved 

differently to CNFs.135 

Another neutral conjugate with plenty hydroxyl groups is cyclodex-

trin. Cyclodextrin is widely used to enhance the solubility of drugs and was 

therefore attached to cellulose nanomaterials as a potential host. The pres-

ence of cyclodextrin on the surface of CNCs did not alter the cell proliferation 

of J774A.1 and MCF-7 cells.205 The material also did not noticeably increases 

the intracellular inflammatory response.206 In this study, the materials were 

exposed to a human monocyte cell line (THP-1) and a mouse macrophage-like 

cell line (J774A.1). The authors found that there is little increase in IL-1β se-

cretion or the production of reactive oxygen species and they concluded that 

the material is non-immunogenic.206  

A photoluminescent hybrid material was obtained by attaching 

amino-containing carbon quantum dots to the surfaces of TEMPO-oxidized 

cellulose nanomaterials.207 The materials were found to be non-toxic to HeLa 

cells, but displayed some toxicity when RAW 264.7 macrophage cells and con-

centrations higher than 500 μg mL-1 were used. Interestingly, TEMPO-oxi-

dized cellulose nanomaterials were slightly more toxic than the modified 

one.207 

Unlike neutral surfaces, it is feasible to think that the attachment of 

amino groups, which would form potentially toxic cationic charges, should in-

hibit cell proliferation. Indeed, there are visible toxic effects on J774A.1 and 

MCF-7 cells after the surfaces of cellulose nanomaterials were modified with 

primary amines. While there was no toxicity measured after 24 hr of incuba-

tion, even low concentrations of 10 μg mL-1 caused cell death after 48 hr.205 
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This contrasts the observation made after attaching tris(2-aminoethyl)amine 

to cellulose nanomaterials as there was no cytotoxicity against MCF-7 cells 

and limited hemolytic activity.208 In contrast, attachment of negative charged 

molecules seems to cause limited toxicity. Surface modification with phos-

phoric acid led not only to a more negative surface charge, but also to better 

cellular uptake by osteoblasts, which contrasted with the native CNCs that 

showed no uptake even after 24 hr. This study also showed how subtle 

changes to the surface can affect biological outcomes. Conjugation with fluo-

rescent dye increased the hydrophobicity, which led to aggregation and con-

sequently different biological behaviour. There was no evidence of any cyto-

toxic behaviour according to the MTT assay.209 

The limited amount of experiments carried out so far highlight that 

surface modification might not have a huge effect on toxicity, which was also 

confirmed using in vivo models. An embryonic zebrafish model was used to 

test the toxicity of various cellulose nanomaterials. CNCs, fibrillated from var-

ious sources (cotton, kraft pulp or wood pulp) with different surface proper-

ties ranging from neutral, cationic and anionic functionalities were found to 

have low toxicity independent from the surface modification.121 It appeared 

however that longer crystals displayed slightly higher toxicity.121  
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2.5. Surface Functionalization of Cellulose Nanomaterials with 

Water-Soluble Polymers 

 Surface grafting of polymer chains has been considered as the most 

effective and versatile method to achieve high stability in solution since inter-

facial properties can be tuned by the nature of the polymers.149 Polymer-mod-

ified cellulose nanomaterials are either obtained using “grafting onto” and 

“grafting from” methods.149 These techniques are well established for cellu-

lose materials, but they are now increasingly applied to graft polymers onto 

cellulose nanomaterials. 

Many reactions between polymer chains and cellulose nanomaterials 

are not for the purpose to generate soluble polymer wrapped cellulose nano-

entities, but to create nanocomposites where the purpose of the cellulose-

based nanomaterials is the reinforcement of the polymer material. Examples 

include the reaction of cellulose nanomaterials with isocyanates modified pol-

ymers,210 the Diels-Alder reaction between cellulose nanomaterials and poly-

mers modified with maleimide and furan, respectively, 192, 211 the reaction be-

tween polyethylene amine, epoxides and cellulose,212 transamidation reac-

tions with polyamides,208 or the formation of vitrimer composites by reacting 

epoxides with CNFs.213 The reader is referred to review articles on the design 

of nanocomposites of polymers and cellulose nanomaterials214-216 or cellulose 

nanomaterials in polymer hydrogels.94  

Due to the existence of anions on the surface, CNCs can be modified 

with polymers via electrostatic interaction. This approach can form strong 

physical bonds and was often used to form advanced cellulose nanomateri-

als.217 Worth mentioning here is the possibility to coat CNCs with polydopa-

mine (PDA)218, 219 with the aim to reinforce the PDA material,218, 219 but also to 

create well-dispersed nanosized cellulose materials.220 Conducting CNCs was 

formed by polymerizing pyrrole in the presence of cellulose nanomaterials 

creating a conducting layer of polypyrrole (PPy).221 Similarly, CNCs soaked in 

Fe(III) ions can initiate the polymerization of rhodamine.222 Moreover, silica 

nanorods were obtained by condensation of tetraethyl orthosilicate onto 
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CNFs.223 The focus here is the modification of cellulose nanomaterials with 

hydrophilic polymers that can assist with the solubility of the nanocarriers in 

aqueous solution.  

2.5.1. “Grafting-to” approach 

The tethering of polymer chains to a specific surface can be performed 

via chemical or physical attachment although physical attachment is not dis-

cussed here. Grafting onto permits the synthesis of well-defined polymer 

chains with a specific molecular weight and narrow polydispersity prior to the 

attachment on the surface, thus giving the opportunity to form functionalized 

cellulose nanomaterials with tailored polymer chains. However, the major 

limitation is the low grafting density of this approach. The focus of this review 

is the chemical modification of the surfaces of cellulose nanomaterials with 

water-soluble polymers to make them suitable for drug delivery purposes. 

Notable is the reaction between TEMPO-oxidized cellulose nanomaterials 

(CNFs) and amino-terminated polymers such as PEG224 or the thermo-respon-

sive statistical copolymers of ethylene oxide (EO) and propylene oxide 

(PO).225 Alternatively, PEG was attached by epoxide-ring opening polymeriza-

tion.226 The resulting PEG grafted CNCs were stable in aqueous solution, but, 

once concentrated, formed a chiral nematic phase (Figure 2.10).  

 

 

 

 

 

 

 

 

Figure 2.10. PEO-grafting strategy: (a) desulfation reaction, followed by (b) grafting with 

PEO epoxide under alkaline reaction conditions.226  
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Click reactions is the first consideration when looking for efficient 

grafting strategies to attach polymers on surfaces. This avenue was indeed ex-

plored when attaching the water-soluble poly(ethyl ethylene phosphate) 

(PEEP), that carries a propargyl end functionality, to azide modified cellulose 

nanomaterials.122 This material was subsequently used to deliver drugs. 

Modification of cellulose nanomaterials with aldehyde functionalities 

enables the reaction with polymers that carry hydrazine as the end group 

forming fluorescent bisaryl hydrazones as connection between cellulose na-

nomaterials and polymer chains.227 The aldehyde functionality was intro-

duced by reacting CNCs with epichlorohydrin and the product subsequently 

reacted with 4-formylbenzamide. Meanwhile, the water-soluble polymer de-

picted in Figure 2.11 was prepared by ring-opening polymerization and a se-

ries of end group and side-group modifications to introduce metal chelators. 

The coupling reaction can be easily monitored as the bisaryl hydrazones is 

fluorescent, which can be used to count the tethered polymers. 227 

 

Figure 2.11. Grafting of polymers onto aldehyde-modified cellulose nanomaterials by hy-

drazone formation.227 

A grafting technique that is orthogonal to many functional groups and 

can be carried out in water is the NICAL reaction. Modification of TEMPO-ox-

idized CNFs by the UV-triggered reaction between tetrazoles and carboxylic 

acids can create polymer-coated fluorescent cellulose nanoparticles, thanks to 

the formed benzohydrazide. Tetrazole-functional polymers are obtained dur-

ing RAFT polymerization in the presence of RAFT agents derivatised with te-

trazoles. This approach is suitable for the attachment of various polymers and 

can be carried out in aqueous solution but has so far only been demonstrated 

using the water-soluble poly(2-hydroxyethyl) acrylate PHEA (Figure 2.12). 
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With the occurrence of the UV-catalysed reaction, the solution turned fluores-

cent, which allowed direct monitoring of the cellulose nanomaterials after in-

cubation with cancer cells.181 

 

Figure 2.12. General synthetic routes for the synthesis of self-fluorescent PHEA-g-CNFs via 

Tetrazole-Acid click chemistry under UV irradiation at ambient temperature. 

 

Another efficient way of modifying cellulose nanomaterials with poly-

mers in aqueous solution is the Passerini reaction, an isocyanide-based mul-

ticomponent reaction (MCRs),228 in which three molecules react in one-pot 

(Figure 2.13).229, 230 As the TEMPO-oxidized CNFs are already bearing carbox-

ylic acid moieties, polymers with either aldehyde or isocyanide end function-

alities are required. Polymers with aldehyde functionality are readily availa-

ble as the design of acetal-based RAFT agents, the protected version of alde-

hydes, has already been described in literature231, 232 (Figure 2.13). In our 

opinion, we found that this reaction results in the best surface coverage dis-

playing the highest stability in serum.  

 

Figure 2.13. Synthesis of PNIPAm-grafted cellulose nanomaterials via three component 

Passerini reaction. 
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2.5.2. “Grafting from” approach 

In the graft copolymerization approach, which is a surface-initiated 

polymerization, the growth of polymer chains occurs from the immobilized 

initiator or controlling agent attached to the surface of cellulose.233 Examples 

of widely used “grafting from” technique includes (i) ring-opening polymeri-

zation and (ii) controlled radical polymerization (or) reversible deactivation 

radical polymerizations (RDRPs).234-238 The main advantage of this strategy is 

the high grafting densities as the polymers grow now often at similar rates 

from the surface, which contrasts the grafting to strategy where long poly-

mers have to be tethered on the surface, a process that is entropically less 

likely.239 Disadvantage of the grafting from strategy is often the uncertainty if 

the polymer grows in a controlled manner as analysis of molecular weight and 

molecular weight distribution is difficult.  

Ring-opening polymerization 

Ring-opening polymerization from cellulose-based materials is well 

established and the approach has been reviewed earlier.240 The attraction lies 

in the abundance of hydroxyl groups that are able to initiate the ring-opening 

process once activated by catalysts such as Tin(II) 2-ethylhexanoate 

(Sn(Oct)2) (Figure 2.14). This approach has been described to polymerize 

monomers such as ε-caprolatone (ε-CL), 241-243 lactide (LA) 244-253 or p-dioxa-

none242, 254-256, but the resulting polymer-grafted CNCs are insoluble in water. 

A notable exception is the design of poly(2-ethyl-2-oxazoline) POX that was 

obtained by cationic ring opening polymerization of 2-ethyl-2-oxazoline (Fig-

ure 2.14). CNCs were modified with tosyl chloride, which served as the initi-

ator for the subsequent polymerization. The resulting POX-g-CNCs could be 

hydrolysed in acidic conditions creating cellulose nanomaterials with grafted 

poly(ethylene imine).257 The reader is referred to a review article that details 

various polymerization conditions for ring-opening polymerization from cel-

lulose nanomaterials.258 As side reactions that may lead to crosslinking should 

be absent as long as the polymerization is well-controlled, ring-opening 
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polymerizations are suitable to generate discrete soluble nano-objects for 

drug delivery. 

 

Figure 2.14. Ring-opening polymerization of 2-ethyl-2-oxazoline from the surfaces of cel-

lulose nanomaterials. 

Surface-initiated free radical polymerization (SI-FRP) 

A simple way to graft polymers on the surface is by the surface-initi-

ated free radical polymerization of vinyl monomers. The underpinning idea is 

the formation of radicals by H-abstraction, which is triggered by a radical ini-

tiator such as potassium persulfate (Figure 2.15). The surface bound radical 

can then initiate the free radical polymerization yielding cellulose nano-

materials with grafted chains. As this technique forms free polymers in paral-

lel to surface-bound polymers and the radical termination reaction may lead 

to crosslinking, SI-FRP is not the best choice for the synthesis of dispersible 

and defined polymer-wrapped cellulose nanomaterials. However, it is possi-

ble to generate nanoparticles when the polymerization is carried out in a wa-

ter in oil emulsion system. In this scenario, cellulose nanomaterials can take 

on the role of the emulsion stabilizer259 including Pickering emulsions.260 This 

approach was however more commonly used to design hydrogels filled with 

cellulose nanomaterials261, 262 for water detection,261 as protein adsorbent,263 

or for wound dressing.264  

 

Figure 2.15. Mechanism of Surface-initiated free radical polymerization (SI-FRP) from the 

surfaces of cellulose nanomaterials. 
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Radicals can be generated on the surface by means of other techniques 

such as molybdenum hexacarbonyl-catalysed polymerization.265 A prerequi-

site is the immobilization of trichloroacetyl groups onto cellulose nanomateri-

als, which are activated by the release of carbon monoxide and the homolytic 

cleavage of the C-Cl bond. Polymerization of low bio-fouling 2-methacrylo-

yloxyethyl phosphorylcholine and stearyl methacrylate was then carried out 

in ethanol at refluxing.266  

Grafting through free radical polymerization (SI-FRP) 

The immobilization of vinyl functionalities on the surfaces of cellulose 

nanomaterials, as it can be accomplished by reaction with γ-methacryloxypro-

pyl trimethoxy silane (Figure 2.6),162, 163 is an efficient way to yield highly 

crosslinked nanocomposites, but this technique is less suitable to obtain dis-

persible products. 

Cerium-initiated radical polymerization 

Cerium (IV) ions have the ability to coordinate with the hydroxyl 

groups on cellulose material and generate radicals in the subsequent oxida-

tion step. Similar to SI-FRP, the radical can initiate the polymerization. As this 

is again a free radical process, crosslinking by bimolecular radical termination 

could theoretically occur, but the termination of the polymerization is more 

likely the result of a redox reaction with excess Ce(IV) making this technique 

more suitable to generate soluble polymer-grafted cellulose nano-objects.267-

271 272  

Surface-Initiated Controlled Radical Polymerization (SI-CRP) 

Controlled radical polymerization (CRP), also known as reversible de-

activation radical polymerizations (RDRPs), encompasses reversible addi-

tion-fragmentation chain transfer (RAFT) polymerization, atom transfer rad-

ical polymerization (ATRP), nitroxide-mediated polymerization (NMP) and 
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organometallic-mediated radical polymerization (OMRP) among others. The 

clear advantage is that the molecular weight of synthesized polymer is well-

controlled due to the equilibrium between active and dormant state, making 

SI-CRP the method of choice for polymer-grafted cellulose nanomaterials for 

drug delivery applications.  

Reversible Addition-Fragmentation Chain Transfer (RAFT)/Xanthates (MADIX) 

polymerization 

RAFT polymerization has been successfully employed to synthesize 

polymer-grafted cellulose nanomaterials. What distinguishes RAFT polymer-

ization from all other CRP methods is the capability of polymerizing a wide 

range of monomers including charged monomers (anionic, cationic and zwit-

terionic) without polluting the product with metal catalysts.273 The RAFT 

agent can be conjugated either by its radical leaving group ‘R’ or the stabilizing 

group ‘Z’, which has implications on the outcomes.274, 275 The detail mecha-

nism of RAFT polymerization is discussed in Section 2.8. Related to the RAFT 

process is the macromolecular design via the interchange of xanthates (MA-

DIX), which follows the same reaction mechanism but a different CTA (chain 

transfer agent) is employed.276 In MADIX, the stabilizing group contains a xan-

thate functionality (Figure 2.16). A range of monomers has been polymerized 

from the surfaces of cellulose nanomaterials via surface-initiated RAFT 

polymerization in the presence of free CTA (Table 2.4). The characteristics of 

grafted polymers can be determined by analysing the free polymer chains pre-

sent in the reaction. 
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Figure 2.16. Schematic illustration of CTA agent immobilization on cellulose nanomaterials 

and polymerization of vinyl acetate monomer as an example.277 

Table 2.4. Summary of RAFT polymerizations with RAFT agent tethered to the sur-

face. 

 
Type of polymeriza-

tion (CTA or initiator) 
Monomer 

Temp. 

(°C) 
Solvent 

Year 

[Ref.] 

RAFT 
R-group 

CPADB MMA 70 THF 2016278 

MADIX/RAFT 

R-group 
ECTTP VAc 60 EtOAc 2016277 

RAFT 
R-group 

DDMAT 
AA, 
NIPAm 

70 
1,4-di-

oxane 

2014279 
2018280 

RAFT 
R-group 

TBTG 
AA, 
NIPAm 

70 DMF 2017281 

AA: acrylic acid, CPADB: 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid,                          
DDMAT: S-Dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid)trithiocarbonate,                                                   
ECTTP: 2-((ethoxycarbonothioyl)thio)propanoic acid, EtOAc: ethyl acetate,                           
TBTG: S-(thiobenzoylthioglycolic) acid, DMF: N,N-dimethylformamide,                                 
NIPAm: N-isopropylacrylamide, THF: tetrahydrofuran, Temp.: Temperature, VAc: vinyl acetate, 

 

In order to generate well-defined polymer-grafted cellulose nano-

materials, it is crucial to introduce sacrificial RAFT agent (Figure 2.16).277 

Poly(acrylic acid) PAA and poly(N-isopropylacrylamide) PNIPAm were 

grafted by Zeinali et al.,279 who later cleaved the polymers from the surface for 

further analysis. They compared the free PAA and PNIPAm polymers in solu-

tion, which are the result of polymerization with the sacrificial RAFT agent, 

with the one that was recovered from the surface. The molecular weight of the 
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polymers on the surface was in good agreement with the one in solutions 

showing that the “grafting from” process is indeed well-controlled. The au-

thors dispersed the polymer-grafted CNCs in aqueous solution resulting in 

discrete soluble crystals with a hydrodynamic diameter of at least 200 nm de-

pending on the conditions. The nano-objects displayed pH and thermo-re-

sponsive behaviours.280  

RAFT polymers were also grafted on cellulose nanomaterials by a 

combination of cerium-initiated free radical polymerization and RAFT 

polymerization. Cellulose nanomaterials were mixed with water-soluble 

poly(acryl amide) macroRAFT agent and additional monomer, followed by the 

addition of cerium ammonium nitrate. This triggered the formation of radicals 

on the surface, initiating the polymerization of the monomer.282, 283  

Another variation is the attachment of radical initiator to the surface. 

The resulting surface functionalized cellulose nanoparticles were then mixed 

with S,S′-bis(α,α′-dimethyl-α″-acetic acid)-trithiocarbonate as RAFT agent 

and the monomer poly(ethylene glycol)ethyl ether methacrylate.284 This 

polymerization was combined with atom transfer radical polymerization 

(ATRP) to generate cellulose nanomaterials with two different water-soluble 

surface bound polymers, suitable to trap drugs.284  

Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization (ATRP) is another powerful 

strategy to prepare multifunctional cellulose nanoparticles with high degree 

of polymer grafting. In order to perform the ATRP polymerization from cellu-

lose nanomaterials, reactive groups (hydroxyl or carboxyl groups) present on 

the surface of CNCs are firstly modified with a well-known ATRP initiators, 

usually α-bromoisobutyryl bromide, and then polymer chains are grown di-

rectly from the surface (Figure 2.17) (Table 2.5).285-290 Importance is the ad-

dition of sacrificial initiator in the solution. Similar to the RAFT process, the 

sacrificial initiator can prevent loss of initiating site and contribute to the con-

trol of the molecular weight of the grafted chains. A convenient feature is also 
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that the free polymer can be easily analysed, and conclusion can be drawn in 

regard to the length of the grafted chains. It is widely assumed that surface 

bound polymers are similar in size to free polymers. While this may often be 

the case,291 it has been shown that surface bound polymer can have higher292 

or lower dispersity293 than the polymer in solution. This means that the anal-

ysis of free polymer in solution does not replace the analysis of surface bound 

polymer, which needs to be cleaved for further characterization. Interesting 

is that the charge of cellulose surface can influence the rate of reaction as it 

was shown using partly sulfonated surfaces. Zoppe et al. observed that elec-

trostatic interactions between the negatively charged cellulose nanomaterials 

and the catalyst can enhance the initiator efficiency.294 Although ATRP on cel-

lulose nanomaterials was initially carried out in non-polar or aprotic solvents, 

the use of water as polymerization media presented a significant step forward. 

Aqueous solution not only facilitated the dispersibility of the hydrophilic cel-

lulose nanomaterial, but the polymerization was often observed to be signifi-

cantly faster. For this process, a new mechanism was proposed in literature, 

which outlines the disproportionation of CuX into Cu0 and CuX2. The high ac-

tivity was assigned to nascent Cu0, which led to the use of copper wire as cat-

alysts while the amount of CuX could be reduced to a minimum making this 

process more biofriendly. A very convenient further development is the gen-

eration of CuX species in situ. In the AGET ATRP approach for surface grafting 

of cellulose nanoparticles, the initiator is mixed with CuX2, which is subse-

quently reduced to CuX. A further development in grafting brushes from the 

surfaces is photo-initiated ATRP, which was introduced by Hatton et al. on 

CNCs.285 Similar to traditional ATRP, α-bromoisobutyryl bromide was immo-

bilized on CNCs via esterification reaction. The polymerization proceeded un-

der UV irradiation (λmax ≈ 360 nm with an intensity of approximately 40 mW 

cm-2) at ambient temperature for 90 min under argon atmosphere (Figure 

2.17). The main benefit of this technique is the high monomer conversion of 

around 90 % within 90 min and the low copper catalyst concentration.285 The 

reader is referred to a recent summary that outlines the history of ATRP.295 
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Figure 2.17. Schematic illustration for the synthesis of polymer-grafted cellulose nano-

materials via surface-initiated atom transfer radical polymerization (ATRP).285 

Using various variations of ATRP (Table 2.5) a range of monomers could 

be grafted from the surface. Hydrophobic monomers such as styrene,296, 297 

MMA/BA,298 or MA299 the azo-monomer 6-[4-(4-methoxyphenylazo)phenoxy] hexyl 

methacrylate,300 or fatty acids derived monomers301 were grafted to generate com-

posites. 

However, most polymer-grafted CNCs that were synthesized by ATRP 

were designed to generate discrete cellulose nano-objects that are dispersible 

in aqueous conditions (Table 2.5). A range of stimuli-responsive polymers 

have been grafted from the surfaces of cellulose nanomaterials including 

thermo-responsive polymers. Leading this field is the design of PNIPAm-

grafted cellulose nanomaterials.290, 292, 293, 302, 303 The possibility to use these 

materials in a biological setting was demonstrated by Chen et al. who em-

ployed these materials as injectable embolization agent.303 The cloud point 

can be tuned by co-polymerization304, 305 or alternatively other thermo-re-

sponsive polymers can be used such as poly(N-vinylcaprolactam) (PVCL).306 
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Table 2.5. Summary of previous works on grafting polymers to the surface of cellulose na-

nomaterials by ATRP. 

Type catalyst 
Temp. 
(°C) 

Reaction 
time 
(hr) 

Monomer (solvent) 
[Year]  
Ref. 

ATRP  HMTETA: CuBr= 1: 1 110 12 Styrene (bulk) 2008296 

ATRP HMTETA: CuBr= 1: 1 90 24 
MMAZO (chloro-
benzene) 

2008300 

ATRP PMDETA: CuBr = 1: 1 100 - Styrene (anisol) 2009297 

ATRP HMTETA: CuBr= 1: 1 55 12 
DMAEMA (metha-
nol) 

2009291 

ATRP PMDETA: CuBr = 1: 1 75 - tBA (DMF) 2011307 

ATRP HMTETA: CuBr= 1: 1 70 3 
DMAEMA/ NpMA 
(DMF) 

2014308 

ATRP HMTETA: CuBr= 1: 1 70 4 DMAEMA (DMF)  2014309 

ATRP PMDETA: CuBr = 1: 1 70 - tBA (DMF) 2016310 

ATRP PMDETA: CuBr = 1: 1 70 24 Styrene (anisol) 2016288 

ATRP Me6TREN: CuBr= 1: 1 90 12 SBAM (DMF) 2016301 

ATRP PMDETA: CuBr = 1: 1 80 - MMA/ BA 2016298 

ATRP 2,2-dipyridal: CuBr= 2: 1 45 24 
DEGMA/ OEGMA 
(DMF) 

2016304 

ATRP PMDETA: CuBr = 1: 1   a.t. 8 
DEGMA/ OEGMA 

(DMF) 
2017305 

ATRP PMDETA: CuBr = 1: 1 75 12 NVCL (DMF) 2017306 

ATRP MDETA: CuCl= 1.5: 1 70 1 
DMAEMA/ 
PMDETA (DMF) 

2018311 

SET-
LRP 

PMDETA: CuBr = 1: 1/ 
PMDETA: CuBr2 = 1: 0.6 

a.t. 24 
NIPAm (water/ 
methanol) 

2010292 
2014302 
2014303 

SET-
LRP 

PMDETA: CuBr = 1: 1 a.t. 2 
METAC, 4-SS, 
NIPAm (water/ 
methanol) 

2017290 
 

SET-
LRP 

PDMDETA: CuBr= 1: 1 a.t. 24 
AEM/ AEMA 
(water/ methanol) 

2015312 

Cu(0) 
SET-
LRP 

Me6TREN: CuBr2= 2: 1 
Cu-wire 25 - MA (DMSO) 2015299 

Cu(0) 
SET-
LRP 

HMTETA: CuBr2= 110: 1/ Cu-
wire 60 24 

DMAEMA/ DE-
AEMA 
(methanol/ small 
amount of DMF) 

2017313 

AGET-
ATRP 

PMDETA: CuBr2= 2: 1 
L-ascorbic acid a.t. 8 

NIPAM/ EANI 
(water/ methanol) 2015293 

AGET-
ATRP 

PMDETA:CuCl:CuBr2=2: 0.3: 
1 a.t. - DMA (water) 2016294 
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Type catalyst 
Temp. 
(°C) 

Reaction 
time  
(hr) 

Monomer (sol-

vent) 

[Year]  

Ref. 

AGET-

ATRP 

PMDETA: CuBr2= 2: 
1 
CuBr 

60 24 DMAEMA 
 

2019314 

AGET-

ATRP 

PMDETA: CuBr2= 2: 
1 
CuBr 

60 24 DMAEMA 
 

2019314 

ARGET-

ATRP 
Bpy: CuBr2= 2: 1 
L-ascorbic acid 

30 2 MMA/ OEGMA 
(water) 

2019315 

Photo-

ATRP 

Me6TREN: CuBr2= 
1: 1 
λ= 360 nm,  
≈ 40mW cm-2 

a.t. 1.5 MA (DMSO) 2017285 

ATRP 

and 

RAFT 

BPy: CuBr= 2: 1 
 

25 - 
DMAEMA(wa-
ter/ methanol) 
 

2016284 

AEM: 2-aminoethylmethacrylate, a.t.: ambient temperature, AEMA: N-(2-aminoethylmethac-
rylamide), Bpy: 2,2′-bipyridine, DMA: N,N-dimethyl acrylamide, DMAEMA: N,N- dimethylami-
noethyl methacrylate, DEGMA: diethylene glycol mono-methyl ether methacrylate, EANI: 4-eth-
oxy-9-allyl-1,8-naphthalimide, HMTETA: 1,1,4,7,10,10-hexamethyltriethylenetetramine, MA: 
methyl acrylate, METAC: [2-(methacryloyloxy)ethyl]trimethylammonium chloride, Me6TREN: 
tris (2-(dimethylamino)ethyl) amine, MMAZO: 6-[4-(4-methoxyphenylazo)phenoxy] hexyl meth-
acrylate, NIPAm: NpMA: naphthyl methacrylate, N-isopropylacrylamide, NVCL: N-vinylcapro-
lactam, OEGMA: oligoethylene glycol mono-methyl ether methacrylate, PMDETA N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine, SBAM: soybeanamide methacrylate, 4-SS: sodium 4-vinylben-
zenesulfonate 

Cellulose nanomaterials were often used as a scaffold to grow poly-

electrolyte brushes. Poly(acrylic acid) brushes were obtained by grafting tert-

butyl acrylate (tBA), followed by deprotection.307, 310 The resulting anionic cel-

lulose-based brushes can now interlink with cationic polymers via electro-

static interaction.310 More common is however grafting of cationic polymers, 

in particular poly(N,N- dimethylaminoethyl methacrylate) (PDMAEMA),291, 

308, 309, 311, 313, 314 These polymers can be permanently quaternized and subse-

quently used to bind viruses such as the cowpea chlorotic mottle virus.309  

Nitroxide-mediated polymerization (NMP) 

To our knowledge, so far only two reports describe the use of nitrox-

ide-mediated polymerization (NMP) to graft PMA and PMMA,316 or 
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poly(dimethylaminoethyl methacrylate) (PDMAEMA), poly(diethylami-

noethyl methacrylate) (PDEAEMA) and poly(dimethylaminopropyl methac-

rylamide) (PDMAPMAm) from the surface of cellulose nanomaterials.317 

Grafting on the reactive end groups 

As it is possible to selectively functionalize the reactive end group 

only, polymers can be grafted onto or grown from the reducing end. Zoppe et 

al. have developed a water-tolerant synthetic protocol for the preparation of 

CNCs with end-tethered polymer chains. The hemiacetal end group, which is 

in equilibrium with the aldehyde functionality, was first oxidized to carboxylic 

acid, which was then modified with an ATRP initiator (Figure 2.18), followed 

by polymerization.318 Although this pathway was prone to side reactions, this 

approach opens up new opportunities to create hierarchical structures.319  

 

Figure 2.18. Modification of reducing end groups with polymers enabling self-assembly 

into large hierarchical structures.319 The picture is reprinted with permission from (ref. 319). 

Copyright 2019, American Chemical Society. 
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2.5.3. Toxicity of cellulose nanomaterials modified with polymers 

The toxicity of polymer-grafted cellulose nanomaterials was often 

studied together with the drug loaded carriers in order to identify if the tox-

icity is the result of drug loading or polymer coating, which is discussed below. 

In most cases, polymer-coated cellulose nanomaterials do not induce any cy-

totoxicity due to the biocompatibility of chosen polymers. For example, coat-

ing with poly(ethylene glycol) PEG does not induce any toxicity on the ovarian 

cancer cell line HEYA8 cells within the concentrations measured.177 Similar 

results were obtained with grafted poly(ethyl ethylene phosphate) (PEEP), 

which was non-toxic to the cervical cancer cell line (HeLa) and murine fibro-

blast cell line (L929), 122 and grafted poly(2-hydroxyethyl) acrylate (PHEA), 

which did not cause any cytotoxicity in MCF-7 cells. 181 

An important study on the toxicity of polymer-grafted cellulose nano-

materials was carried out by Ferraz et al. 120 The authors coated the cellulose 

nanomaterials with the conducting poly(polypyrrole) (PPy) and investigated 

the material in vitro and in vivo. It was found that the non-toxicity was strongly 

dependent on the purification technique as well as the age of the material. In-

tensive rinsing is required to obtain a biocompatible material. Moreover, ag-

ing had a negative effect on the toxicity. 120 

The non-toxicity of neutral polymers contrasts the results found with 

cationic polymers. Positively charged grafted poly[N-(3-aminopropyl)meth-

acrylamide] was indeed found to induce toxicity against J774A.1 and MCF-7 

after 48 hr of incubation. However, when compared to CNCs that were modi-

fied with 1,4-butylene diamine only, the polymer coated CNCs were signifi-

cantly less toxic than CNCs modified with low molecular weight amino groups 

only, which were found to be toxic at low concentrations already.205 In con-

trast, cellulose nanomaterials grafted with poly(2-aminoethylmethacrylate) 

(PAEM) or poly(N-(2-aminoethylmethacrylamide)) (PAEMA) have only lim-

ited toxicity despite a high positive surface charge.312 For comparison, grafting 

of PNIPAm in the same system did not cause any toxicity issues. 205 Cationic 

polymers are often used to condense nucleic acid drugs. The gold standard of 
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gene delivery, poly(ethylene imine) (PEI), is efficient, but it is known to cause 

toxicity. However, it was found that PEI on the surface of cellulose nano-

materials, condensed with DNA, displayed lower toxicities on L929, in fact no 

toxicity within the concentration range, compared to the free PEI-DNA com-

plex.320 It should nevertheless be assumed that coating of cationic polymers 

will erase toxicity of the normally toxic polymer. Poly(2-(dimethyla-

mino)ethyl methacrylate) (PDMAEMA) of different lengths was grafted onto 

cellulose nanomaterials by ATRP.321 The authors found that longer PDMAEMA 

displayed higher toxicity on the fibroblast-like cell line COS7 and the human 

liver carcinoma cell line HepG2, but the polymer had overall lower toxicities 

than PEI.321 The toxicity of cationic polymers can be reduced by co-grafting of 

PDMAEMA with poly(poly(ethylene glycol)ethyl ether methacrylate) 

(PPEGEEMA).284 Again, longer PDMAEMA had a negative effect on the cell vi-

ability. Reducing the concentration of cationic groups can also be beneficial on 

the biocompatibility as it was shown with cellulose nanomaterials grafted 

with poly(2-oxazoline) that carried a positive end functionality.322 The poly-

mers were found to be non-toxic to concentrations up to 25 μg mL-1, which is 

however within the low concentration range.  

Beyond the cell death, cellulose nanomaterials wrapped in cationic 

polymers can potentially display immunogenicity. Therefore, poly(ami-

noethyl methacrylate) (PAEM) was compared to poly(aminoethyl methac-

rylamide) (PAEMA) and it was found that only PAEMA induced significant IL-

1β secretion, a sign of proinflammatory response, in mouse macrophage cell 

lines (J774A.1). This was caused by the release of reactive oxygen species 

(ROS) from the mitochondria, which then triggered an increase in extracellu-

lar adenosine 5´-triphosphate (ATP).323  
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2.5.4. Cellulose nanomaterials as water soluble drug carriers 

Nano-sized drug carriers modified with small functional molecules 

Owing to the large surface areas and negative charges (in case of 

TEMPO-oxidized cellulose), large amounts of drugs can be loaded onto cellu-

lose nanomaterials. However, also other strategies are available as depicted 

in Figure 2.19 and summarized in Table 2.6.  

 
   

Figure 2.19. Drug binding onto cellulose nanomaterials via five main routes: hydrophobic 

interaction, ionic interaction, surface adsorption, host guest and chemical conjugation. 
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Table 2.6. Summary of various approaches for the delivery of drugs using cellulose nanomaterials. 

Source of cel-
lulose 

Formu-
lation 

Therapeutic 
Molecule 

Respon-
siveness 
and link-
age 

Drug Load-
ing tech-
nique 

Loading efficiency 
(DLE) 

Tested 
cell 
line 

In vitro 
Cytotoxi-
city 

Pub-
lished 
year 

Ref. 

Microcrystall-
ine cellulose 

CNCs HDQ - Adsorption 30 % - - 2015 324 

Wood CNCs Metformin - 
Electrostatic 
interaction 

Around 10 % 
B16-
F10 

IC50 = 17.6 
mg ml-1 2017 325 

L929 Non-toxic 

Wood CNCs 
DOX, 
TET 

- 
Electrostatic 
interaction 

65 % (DOX) 
48 % (TET) 

KU-7 N/A 2011 326 

Microcrystal-
line cellulose 

CNC- 
TAEA:  

MTX, 
Fe3O4 NPs 

- 
Electrostatic 
interaction 

91.2 % MCF-7 
IC50 ≈ 100 
- 150 mg 
L-1 

2017 208 

Wood 
CNCs-
CTAB 

PTX, 
DTX, 
ETOP 

- 
Hydrophobic 
interaction 

90 % (PTX) 
90 % (DTX) 
48 % (ETOP) 

KU-7 - 2011 326 

Microcrystal-
line cellulose 

TEMPO
-CNCs-
CTAC 

Curcumin - 
Hydrophobic 
interaction 

N/A - - 2018 327 

Microcrystal-
line cellulose 

CNCs-
CTMAB 

LUT, LUS - 
Hydrophobic 
interaction 

The loading content: 
12.9 ± 1.5 9 mg g−1 for LUT 
and 56.9 ± 0.9 mg g−1 for 
LUS 

- - 2016 328 

Kenaf (Hibis-
cus cannabi-
nus) bast fi-
bers 

CNCs-
CTAB 

Curcumin - 
Hydrophobic 
interaction 

80 % - 96 % - - 2017 329 
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Source of 
cellulose 

Formulation 
Therapeutic Mol-
ecule 

Responsive-
ness and link-
age 

Drug Loading 
technique 

Loading effi-
ciency 
(DLE) 

Tested 
cell line 

In vitro 
Cytotox-
icity 

Pub-
lished 
year 

Ref
. 

Oil palm 
empty fruit 
bunch 

CNCs-TA-DA Curcumin - 
Hydrophobic 
interaction 

95 % - 99 % - - 2019 330 

Filter paper CNCs 
Peptide chloro-
toxin 

Ester Esterification 
Conjugation is 
quantitative 

U87MG, 
MCF-7 

- 2018 331 

Wood  
pulp 

CNCs-oxi-
dized to alde-
hyde 

3-Aminopropylp-
hosphonic acid 
or sodium alen-
dronate 

Amide 
Schiff-base 
and reduction 

N/A 
hFOB1.19 
osteoblast 

Non-
toxic 

2017 209 

Wood  
pulp 

CNCs-MA 
Tosufloxacintosi-
late (TFLX) 

-Enzymatic 
cleavage 
-L-leucine 
linker 

Amidation 99.84 % - - 2018 332 

- CNCs-NH2 DOX.HCl 

-pH-Respon-
sive 
- cis-Aconityl-
amide linkage 

 Amidation 8 % 

HL-7702, 
NCI H 
460, 
KB, 
MCF-7 

IC50 = 
3.10 mg 
L-1 

2018 218 

Dried leaves 
of bamboo 

CNCs 
Native proteins 
(BSA (or) HSA) 

- 

Physical ad-
sorption 

40 ± 2 %,      
36 ± 1 % 

Endothe-
lial cells 
(HUVEC, 
HCAEC) 

Non-
toxic 

2017 333 

Amidation 
54 ± 2 %, 
46 ± 3 % 
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BSA: bovine serum albumin, B16-F10: metastatic mouse melanoma cell line, (β-CD): β-cyclodextrin, CIP: ciprofloxacin, CNCs: cellulose nanocrystals, CTAB: cetyl trime-
thylammonium bromide, CTAC: cetyl trimethylammonium chloride, CTMAB: cetyltrimethylammonium bromide, DTX: docetaxel, DOX: doxorubicin, DU-145: prostatic can-
cer cells, ETOP: etoposide, Fe3O4: iron(II,III) oxide, HUVEC: human umbilical vein endothelial cell, HCAEC: human coronary artery endothelial cells, , hFOB1.19: human 
bone derived osteoblasts, HL-7702: human hepatocyte cell line, HT-29: colorectal cancer cells, HCT-116: colorectal cancer cells, HDQ: hydroquinone, HSA: human serum 
albumin, IC50: the half maximal inhibitory concentration, KB: human epithelial carcinoma cell line, KU-7: bladder cancer cell line, LUT: luteolin, LUS: luteoloside,  L929: 
normal mouse fibroblasts cell line, MTX: methotrexate, MA: maleic anhydride, MCF-7: Michigan Cancer Foundation-7 (breast cancer cell line), NCI H 460: human large cell 
lung cancer cell line, NPs: nanoparticles, PTX: paclitaxel, PC-3: prostatic cancer cells, TAEA: tris(2-aminoethyl)amine, TET: tetracycline, TA-DA: tannic acid-decylamine, 
TFLX: tosufloxacintosilate, U87MG: human-derived glioblastoma cell line 

Source of 
cellulose 

Formulation 
Therapeutic Mol-
ecule 

Responsive-
ness and link-
age 

Drug Loading 
technique 

Loading effi-
ciency 
(DLE) 

Tested 
cell line 

In vitro 
Cytotox-
icity 

Pub-
lished 
year 

Ref
. 

Medical ab-
sorbent hy-
drophilic 
cotton 

CNCs-(β-CD) Curcumin 
Electrostatic 
binding of β-
CD 

Host-guest 8 % - 10 % 

PC-3 
7.5 µM  
(48 hr) 

2016 334 DU-145 
5.5 µM  
(48 hr) 

HT-29 
4.5 µM  
(48 hr) 

Cotton CNCs-(β-CD) 
Chalcones 
 

Electrostatic 
binding of β-
CD 

Host-guest 
Loading ratio 
(w/w): 23.3 
% 

HT-29 
4.5 ± 0.5 
µM 

2019 335 

HCT-116 
8.9 ± 1.0 
µM 

PC-3 
6.3 ± 1.5 
µM 

DU-145 
7.9 ± 0.4 
µM 

G. xylinus 
bacterial 
strain 
 

CNCs-(β-CD) 
CIP, 
PTX, 
DOX 

Chemical 
binding of β-
CD 

Host-guest 
~ 80 % (CIP) 
~ 50 % (PTX) 
~ 70 % (DOX) 

E.coli  2019 336 
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Surface adsorption 

The easiest way is to adsorb drugs to the surface. This was explored 

for the delivery of hydroquinone (HDQ) from CNCs to the skin in order to cure 

hyperpigmentation.324 In this experiment, the drug was adsorbed onto the 

surface by simply mixing drug molecules and sulfuric acid-hydrolysed CNCs 

in distilled water with the attachment of HDQ being confirmed by FT-IR 

peaks.324 The final product was dispersible in water and had a hydrodynamic 

diameter of Dh= 310 nm. 

Electrostatic interaction 

Charged drugs can be attached by electrostatic interactions such as 

the cationic drug metformin,325 doxorubicin (DOX), 326 and tetracycline (TET). 

326 The cellulose nanomaterials are loaded with the drugs by mixing drugs and 

carriers at set pH values until all drug is immobilized on the carrier. Jackson 

et al. compared binding of these charged drugs to other neutral drugs such as 

paclitaxel and found that non-charged drugs have only limited adsorption.326 

The drug loaded CNCs were effectively taken up by KU-7 bladder cancer cells, 

but no cytotoxicity was measured.  

In order to deliver negatively charged drugs such as methotrexate 

(MTX), it is necessary to functionalize the surface with cationic groups such as 

tris(2-aminoethyl)amine.208 After loading of Fe2O3 nanoparticles onto CNCs, 

the drug loaded carriers were incubated with MCF-7 breast cancer cells. MTX 

delivered on quaternized CNCs was found to be more efficient than free MTX. 

208 The resulting particles were soluble in water, but DLS analysis suggested 

some aggregation. Interestingly, the final structures were spherical since the 

preparation process destroyed the fibre structure of cellulose nanomaterials. 

Hydrophobic interaction 

To accommodate hydrophobic drugs that do not display high adsorp-

tion or electrostatic binding, hydrophobic pockets need to be created. This can 
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be carried out by attaching positively charged cetyl trimethylammonium bro-

mide (CTAB), a surfactant molecule, by electrostatic binding by incubating the 

cellulose nanomaterials in the presence of sodium chloride solution and 

CTAB. It was now possible to load a range of hydrophobic anti-cancer drugs 

like docetaxel and etoposide. To load the drug, the purified CTAB-CNCs were 

incubated with the drug dissolved in minimal amount of either DMSO or Me-

PEG-b-PDLLA diblock copolymer. Drug loading of up to 90 % was achieved 

with DTX, whereas the loading efficiency of ETOP was only 48 %. The drug 

loading efficiency was strongly dependent on the concentration in the stock 

solution and the authors carried out a systematic study in that regard. The 

CTAB-CNCs-fluorescein nanocomplexes were incubated with KU-7 bladder 

cancer cells and observed to translocate into cells efficiently.326  

Hydrophobic interaction approach has then been used to deliver fur-

ther drugs such as luteolin (LUT) and luteoloside (LUS). Cetyltrimethylammo-

nium bromide (CTMAB) was electrostatically bound to the surface of CNCs 

with excess sulfate groups. After loading the two hydrophobic drugs, the re-

lease was monitored showing a slightly higher release over 24 hr at pH 7.4 

than pH 6.4. This was explained by the fact that the drugs are slightly acidic 

and they will be protonated at lower pH values.328 

Curcumin was loaded at a relatively high amounts using similar drug 

carriers obtained by modifying the surface of TEMPO-oxidized cellulose na-

nomaterials with the surfactant CTAC (cetyl trimethylammonium chlo-

ride).327 Instead of carboxylated surfaces, CNCs obtained directly from the sul-

phuric acid treatment can be used as the abundances of sulfate groups can 

bind large amounts of CTAB (cetyl trimethylammonium bromide). Loading of 

curcumin was overall very high (90 %), but it was found that the drug loading 

efficiency slightly decreased at high CTAB modification. 329 It was noted that 

CTAB surface modification led to more hydrophobic surfaces which may have 

lower the drug loading efficiency. The low dispersibility can be improved by 

conjugating a mixture of tannic acid (TA) and decylamine (DA) with the aim 

to load curcumin. The final product was soluble in water and could be used as 
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drug carrier.337 The drug loading efficiency was very high, but no biological 

evaluation has been performed. 

Host-guest chemistry 

Some drugs are neither ionic, hydrophobic and they cannot be conju-

gated to the surface without losing activity. Here, indirect binding using cy-

clodextrins can help. Ntoutoume et al. immobilized cationic β-cyclodextrin (β-

CD) to the surface of CNCs via electrostatic interaction to host curcumin as 

guest. The activity of curcumin against colorectal and prostatic cancer cell 

lines was noticeably enhanced when delivered in this complex.334 This ap-

proach was also used to deliver other drugs such as chalcones. 335 Encapsula-

tion into β-CD enhanced the solubility of chalcones and subsequently led to 

increased drug activity. 

Instead of binding cyclodextrin via electrostatic interactions, the host 

can be conjugated to the surface using epichlorohydrin338 or acrylamidome-

thyl cyclodextrin339 by modifying the cyclodextrin with citric anhydride, fol-

lowed by the reaction with cellulose nanomaterials. The antibiotic ciprofloxa-

cin (CIP) and anticancer drugs doxorubicin (DOX) and paclitaxel (PTX) were 

subsequently used for loading.336 

Conjugation of drugs, fluorophores and targeting ligands 

Chemical conjugation can often be a better means of immobilizing 

drugs while ensuring slow release. The peptide chlorotoxin, which interacts 

with MMP-2 inside cells, was bound to the surface of CNCs by activating the 

peptide drug using NHS esters. The negatively charged CNCs were taken up 

by U87MG and MCF-7. As U87MG has higher MMP-2 concentrations, the 

nanocarriers were found to be more efficient.331 Another example for chemi-

cal conjugation is the reaction with 3-aminopropylphosphonic acid or sodium 

alendronate, which are bisphosphonates that are used to treat bone diseases. 

Cellulose nanomaterials initially oxidized to aldehydes using periodide, 
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followed by the reaction with the amino groups to yield negatively charged 

soluble nanoparticles that can be internalized by osteoblast.209 Finally, conju-

gation of proteins to surfaces is an established procedure that has also been 

employed to immobilize proteins such as bovine serum albumin (BSA) onto 

cellulose nanomaterials. In this case, the authors chose a combination of 

chemical conjugation and physical attachment. Slow and sustained release of 

proteins was measured with the released proteins maintaining their struc-

tural integrity. 333  These protein coated CNCs were observed to trigger a 

higher in vitro cholesterol efflux compared to free proteins. 

The advantage of chemical attachment is the ability to decide when 

the drug is released. The linker between cellulose nanomaterials and drugs 

could be responsive to the presence of certain enzymes or to acidic environ-

ments. Enzymatic cleavage of the drugs was demonstrated using a L-leucin 

linker. To couple tosufloxacin tosilate on TEMPO-oxidized cellulose nano-

materials, Tang et al., pretreated CNCs with L-leucin linkers to generate reac-

tive amino acid functionalized CNCs. After conjugating the drug tosufloxacin-

tosilate, a drug carrier for colon diseases was created in which the drug could 

be released enzymatically by lysozyme, but not by pepsin.332  

A pH-responsive linker was created with a cis-aconityl-amide linkage. 

Cellulose nanomaterials initially modified with amino groups and reacted 

with cis-aconitic acid and subsequently lined with DOX. The conjugation effi-

ciency was sufficient, but not high and it was proposed that the heterogenous 

reaction conditions play a role. In the final drug, the drug is released more 

efficiently at low pH values.218  

The multitude of functional groups on the surface of CNCs does not 

only enable the attachments of dyes, but also that of targeting ligands. This 

has been demonstrated using folic acid, which significantly enhanced the cel-

lular association of CNCs with the folic acid receptor positive cell lines DBTRG-

05MG, H4, and C6 cells340 and KB and MDA-MB-468.341 Alternatively, the pep-

tide RGD was conjugated to the surface of CNCs, which also hosts layers of PEI 
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and pDNA. An enhanced uptake by integrin overexpressing NIH3T3 cells was 

reported.342  

In all these cases, it was crucial to monitor the uptake of cellulose na-

nomaterials. This was often accomplished by attaching fluorophores onto the 

surface,153, 183, 188, 327 but similar chemistries can be employed to conjugate 

amino-functionalized carbon quantum dots to generate photoluminescent 

CNCs, which can be easily imaged during cell uptake studies.207 

Nano-sized cellulose drug carriers modified with polymers 

A variety of techniques have already been established to coat poly-

mers onto the surfaces to design polymer-wrapped cellulose nanomaterials 

that display high stability and high drug loading. However, the amount of re-

ports using polymers to enhance the stability of the cellulose-based nano drug 

carriers is rather limited. To our knowledge, the first two reports where pol-

ymer coated CNCs were used as drug carriers appeared in 2015 (Table 

2.7).122, 321  

It is noticeable that so far drugs were only bound by electrostatic in-

teractions although polymers can provide build-in functionalities that allow 

chemical conjugation of drugs. This has only been realized yet by the attach-

ment of a metal chelator.227 The protein-repellent PEG based polymers, de-

picted in Figure 2.11, which carried diethylenetriaminepentaacetic acid 

(DTPA) as chelating groups to bind metal complexes were grafted onto 

CNCs.227 The grafting process onto the aldehyde containing CNCs was moni-

tored online as the newly formed hydrazone had a UV-Vis absorbance at 354 

nm, which allowed quantifying the amounts of polymers attached to CNCs. 

The non-toxic carriers were now able to penetrate human ovarian cancer cell 

line (HEYA8) cultured in 3D spheroid models. This example shows the various 

advantages of polymers as they did not only convey colloidal stability, but they 

can bind compounds in a permanent manner preventing leaching. While this 

can be done without polymers as well, modification of cellulose nanomaterials 

alters the surface characteristics and may lead to precipitation. 
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In the following, the various cases of electrostatic binding are dis-

cussed. Positively charged drugs can be immobilized directly on the surface of 

the negatively charged cellulose nanomaterials. This is possible as polymer 

grafting is never so dense that all surface functionalities have been connected 

to a polymer (Figure 2.20a).122 Other drugs such as nucleic acid requires the 

presence of cationic polymers. This can be accomplished by introducing cati-

onic groups along the water-soluble polymers (Figure 2.20b)343, by grafting 

cationic polymers (Figure 2.20c)344 or by coating the negatively charged cel-

lulose nanomaterials with positively charged polymers creating a layer-by 

layer assembly320.   

 

Figure 2.20. Strategies to deliver drugs with polymer coated CNCs.122,343-344 
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Electrostatic binding of positively charged drugs onto cellulose nanomaterials 

In this scenario, the positively charged drugs are usually bound di-

rectly to the surfaces of cellulose nanomaterials by electrostatic interaction. 

The purpose of the attachment of polymer chains is then mainly to ensure high 

water-solubility and to control protein binding. One of the first such protein-

repellent coatings used in cellulose nanomaterials-based drug delivery was 

poly(ethyl ethylene phosphate) (PEEP), which was obtained by ring-opening 

polymerization with propargyl alcohol as the initiator and clicked onto azide 

functionalized surfaces. As the chosen CNCs still carried sulfates, excess neg-

ative charges were available to bind doxorubicin, which showed an acceler-

ated release profile at pH 5 compared to pH 7. The drug carriers were readily 

taken up by HeLa cells and the activity of the drugs inside the cell was compa-

rable to that of the free drugs, although the toxicity was slightly lower.122  

Attachment of polymer with a tetrazole end functionality to TEMPO-

oxidized cellulose nanomaterials as shown in Figure 2.12 creates CNCs-based 

fluorescent drug carriers that can be directly monitored in cell uptake studies 

with MCF-7 breast cancer cells. The drug carriers were loaded with various 

amounts of doxorubicin via electrostatic interaction resulting in drug carriers 

where the toxicity of the drug increased with increasing drug loading.181 

In both these cases, the electrostatically bound drugs would slowly de-

tach from the drug carriers, often triggered by concentration gradients or 

changes in ionic strength. To achieve better control over the drug release, Li 

et al. have reacted DOX with cis-aconitic anhydride to create now negatively 

charged drugs that are wrapped into a layer of PEI around CNCs.345 The ad-

vantage of this approach is now the triggered release of drugs at low pH values 

instead of a gradual release. Once the nanocarrier can be found inside the en-

dosomes, the cis-aconityl functionalities cleaves, reverting the drugs to their 

positively charged origins. The cationic drugs in the positively charged PEI 

matrix are then quickly pushed out. 345 In this case, the surfaces were in addi-

tion decorated with folic acid moieties to enhance cellular uptake and target-

ing. 
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Electrostatic binding of negatively charged drugs onto cellulose nanomaterials 

While positively charged drugs can be loaded easily onto the surfaces 

of the often negatively charged cellulose nanomaterials, anionic drugs can 

only be electrostatically bound by positive charges. Attachment of cationic 

polymers can now easily offer a solution as it was shown by grafting poly(2-

methyl-2-oxazoline) with a cationic end group to CNCs (Figure 2.14).322 

Poly(2-isopropenyl-2-oxazoline) was grafted by UV-induced photopolymeri-

zation and was subsequently used as initiator for the living cationic ring-open-

ing polymerization of 2-alkyl-2-oxazoline. The polymerization was termi-

nated with piperidine creating a positive charge at the end of each grafted pol-

ymer. The negatively charged indocyanine green molecules, which are used 

for NIR imaging and phototherapy, were loaded onto cellulose nanomaterials. 

The polymer-grafted cellulose nanomaterials were able to protect indocya-

nine green from photobleaching. After taken up by HeLa cells, the delivered 

indocyanine green introduced cytotoxicity, but only after laser irradiation at 

808 nm.322  

Other important negatively charged therapeutics are nucleic acid 

drugs such as small interfering RNAs (siRNAs) or plasmid DNA (pDNA), which 

also require a cationic matrix to efficiently bind the drug molecules. The neg-

atively charged DNA can be assembled with negatively charged cellulose na-

nomaterials and the positively charged polyethylene imine (PEI), which is 

widely used for DNA delivery, using a layer-by-layer approach. Cellulose na-

nomaterials were coated with either linear or branched PEI, respectively, fol-

lowed by coating with DNA. Depending on the type of PEI and the concentra-

tions of DNA, nanoparticles with hydrodynamic diameters starting from 200 

nm were created and tested with CHO-K1 cells. Branched PEI was associated 

with better DNA compaction, higher zetapotential, better transfection effi-

ciency and overall better performance compared to linear PEI.320 

Alternatively, the polymers can be grafted onto the surfaces of cellu-

lose nanomaterials in order to create more permanent linkages. Binding PEI 

via reductive amination converted the negatively charged TEMPO-oxidized 
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CNFs to stable nanocarriers with sufficient positive charges, which were able 

to complex siRNA. The resulting complex with a hydrodynamic diameter of 

280 nm was able to deliver the payload safely into C2C12 and induce apopto-

sis.346  

Covalent binding of positively charged polymers can introduce an el-

ement of control as the chemical attachment point can be designed in a way 

that it can again be cleaved. This was achieved by immobilization of an ATRP 

initiator, which was bound to the surfaces by a disulphide bridge.321 Once the 

drug carriers have been taken up by cells and are located within the reductive 

environment of the cell, the disulphide bond is reduced, the polymer is cleaved 

from the surface (Figure 2.21). 

 

Figure 2.21. Schematic diagram illustrating the preparation of CNC-graft-PDMAEMA (CNC-

SS-PD) via ATRP and the resultant gene delivery process.321 

The presence of charges on the surface can result in the quick for-

mation of a protein corona. To combat this, coating with neutral polymers 

such as PEG can significantly reduce protein binding. This was achieved by 

grafting two different polymers with a combined RAFT-ATRP approach to the 
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surfaces of cellulose nanomaterials (Figure 2.20c).284 One polymer, 

Poly(poly(ethylene glycol) ethyl ether methacrylate) (PPEGEEMA), was able 

to shield the charges while the cationic poly(2-(dimethylamino)ethyl methac-

rylate) (PDMAEMA) acted as ligand for the in-situ formation of gold nanopar-

ticles for CT-imaging and was able to bind DNA. HepG2 and HEK293 cell lines 

confirmed the successful transfection, but it was also interesting to note that 

the presence of PPEGEEMA did not have any substantial effects in vitro as the 

CNCs grafted with PDMAEMA acted in a similar way.284  
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Table 2.7. Summary of various approaches for the delivery of drugs using cellulose nanomaterials. 

Source of 
cellulose 

Formulation 
Therapeutic 
Molecule 

Responsive-
ness and link-
age 

Drug Load-
ing tech-
nique 

Drug Load-
ing effi-
ciency 
(DLE) or 
content 
(DLC) 

Tested 
cell line 

In vitro Cyto-
toxicity 

Pub-
lished 
year 

Ref. 

Cotton wool 
CNCs-
PDMAEMA 

pDNA 

-Redox-re-
sponsive 
disulfide link-
age 

Electrostatic 
interaction 

- HepG2  2015 321 

Cotton wool 
CNCs-
PPEGEEMA/ 
PDMAEMA 

pDNA, 
Au NPs 

- 
Electrostatic 
interaction 

Various 
NPs ratio 

HepG2, 
HEK293 

Transfection 
efficiency 
dependent 
on length of 
PDMAEMA 

2016 284 

Medical ab-
sorbent hy-
drophilic 
cotton 

CNCs-PEI siRNA - 
Electrostatic 
interaction 

Complete 
binding 

Murine 
C2C12 
myoblast 

Significant 
cell death af-
ter 48 hr 

2017 346 

Komagataei-
bacter xy-
linus 

BCNW-PEI pDNA - 
Electrostatic 
interaction 

- L929 Non-toxic 2018 320 

Cotton wool 
CNCs- POX 
(bottle brush) 
 

indocyanine 
green (ICG) 

- 
Electrostatic 
interaction 

DLC = 8 wt 
% 

HeLa 
≈ 23 % - ≈ 66 
% of cell 
death 

2017 322 



CHAPTER - 2  Literature Review 

73 
 

BCNW: bacterial cellulose nanowhiskers, CTAB: cetyl trimethylammonium bromide, DTPA: diethylenetriaminepentaacetic acid, DOX.HCl: doxorubicin hydrochloride, 
HepG2: human liver carcinoma cell line, HEYA8: human ovarian cancer cell line, L929: mouse fibroblasts, LbL: layer-by-layer, LYS: Lysozyme, NPs: nanoparticles, PEEP: 
poly(ethyl ethylene phosphate); PEG-PGlu: poly(ethylene)glycol-poly(glutamicacid), POX: poly( 2-alkyl-2-oxazoline), PEI: poly(ethylene imine), PPEGEEMA: poly(poly(eth-
ylene glycol) ethyl ether; PDMAEMA: poly(2-(dimethylamino)ethyl methacrylate

Source of 
cellulose 

Formulation 
Therapeutic 
Molecule 

Responsive-
ness and link-
age 

Drug Load-
ing tech-
nique 

Drug Load-
ing effi-
ciency 
(DLE) or 
content 
(DLC) 

Tested 
cell line 

In vitro Cyto-
toxicity 

Pub-
lished 
year 

Ref. 

Wood pulp CNCs-PEEP DOX.HCl - 
Electrostatic 
interaction 

27 % HeLa 
IC50 = 9.95 
mg L-1 

2015 122 

Bamboo CNFs-PHEA DOX.HCl - 
Electrostatic 
interaction 

DLE = 70 - 
90% 

MCF-7 IC50 = 36 nM 2019 181 

- 
CNCs-PEI/fo-
lic acid 

DOX.HCl 

-pH-respon-
sive 
cis-aconityl-
amide linkage 
 

Electro-
static-inter-
action-based 
LbL assem-
bly method 

19.4 % MCF-7 
IC50 = 
0.12 ± 0.10 
µmol L-1 

2019 345 

Wood pulp 
CNCs-PEG- 
PGlu 

metal-chela-
tor  
DTPA 

- 
Metal com-
plex 

- HEYA8 - 2016 227 
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2.6. Characterization of Modified Cellulose Nanomaterials to 

Understand the Physico-Chemical Properties of the Drug 

Carrier  

In this review, I discussed the feasibility and opportunities of cellulose 

nanomaterials as nano-size drug carriers, where the drug is delivered on dis-

crete nanocrystals that are stable in aqueous solution. Unmodified CNCs are 

typically not soluble in aqueous solution and TEMPO oxidation only helps the 

water dispersibility when the surface is ionized in alkaline solutions. While 

the researcher can choose from many methods to attach small molecules to 

the surface for enhanced colloidal stability, nothing improves the stability of 

cellulose nanomaterials in water like a well-defined dense polymer brush. 

Blood circulation, cell uptake and tumour extravasation are all dependent on 

the physico-chemical properties of the nanoparticles. Detailed characteriza-

tion of cellulose nanomaterials is therefore essential.  

Composition and surface grafting density 

The number of grafted polymers will not only determine the stability 

in biological media, but also affect the fate of the nanoparticles in the body. It 

is well-known that the density of polymer on the coated surface will influence 

binding of blood proteins, which can ultimately alter the fate of the material. 

It is therefore essential to quantify the amount of polymer in order to under-

stand the biological activity. Grafting polymers or low molecular weight com-

pounds is usually quickly confirmed by FT-IR analysis,73, 347, 348 but X-ray pho-

toelectron spectroscopy (XPS) 156, 349 and nuclear magnetic resonance (NMR), 

in particular solid state NMR348 can provide more quantitative information. 

Thermal analysis is usually used for nanocomposites, but it can be useful to 

determine the composition of polymer-grafted cellulose nanomaterials and 

can be used to determine the grafting density when the molecular weight of 

the grafted polymer is known.73 Occasionally, the grafting strategy itself ena-

bles direct quantification of the amount of attached functional groups as the 

occurring reaction will lead to a functional group that can be analysed by spec-

troscopy such as the product obtained from the reaction with tetrazoles175 or 
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the formation of bisaryl hydrazones.227 Moreover, the grafting density of flu-

orescent or UV-Vis active polymers can be quantified after grafting to the sur-

faces of cellulose nanomaterials.73 It is worth to note that there is also a pos-

sibility of unspecific polymer binding on cellulose nanomaterials via physical 

adsorption.73 Although the CNCs may appear intact under the microscope, it 

is possible that the crystallinity suffered. The crystallinity index (CI) of cellu-

lose nanomaterials can be analysed via solid-state 13C nuclear magnetic reso-

nance (NMR) as crystalline and amorphous carbons can be distinguished by 

their slightly different shifts.348 More common is the analysis via X-ray powder 

diffraction (XRD) revealing peaks at around 2 theta (Ɵ) 15°, 17.2° and 22.2°, 

indicating the crystal structure of cellulose nanomaterials.350  

Shape 

One of the motivations to use cellulose nanomaterials as drug carriers 

is the non-spherical shape as it was proposed by some literatures that this will 

extend circulation time. The surface-modified cellulose nanomaterials can in-

itially be characterized using microscopy techniques such as transmission 

electron microscopy (TEM),73, 351 scanning electron microscopy (SEM)351 or 

cryo-scanning electron microscopy (Cryo-SEM), and atomic force microscopy 

(AFM) 73, 351 to provide initial feedback if surface modification led to the dis-

integration of the cellulose nanomaterials compared to the unmodified prod-

uct. These techniques can be used to reveal chirality and contour length of 

cellulose nanomaterials.351 

However, the aspect ratio is also crucial as this will determine cellular 

uptake and blood circulation time. It needs to be considered that CNCs can 

have a broad size distribution with the single clusters varying in lengths. Alt-

hough microscopy analysis can provide an initial assessment of the polydis-

persity of the sample, the size distribution in solution can be assessed by field 

flow fraction-multi angle light scattering (FFF-MALS).352, 353       

Behaviour in aqueous solution: Size and stability 

For the purpose of drug delivery, the size, stability and morphology in 

aqueous solution are essential. Blood circulation, extravasation and cell 
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uptake are all dependent on the size and agglomeration of modified cellulose 

nanomaterials, limiting their uses in drug delivery applications. While cryo-

TEM can reveal the morphology in solution, dynamic light scattering (DLS) is 

a frequently applied technique to measure the hydrodynamic diameter.225, 279, 

280, 294, 309 However, due to the high aspect ratio of cellulose nanomaterials, the 

obtained numbers are somehow meaningless, but they can provide infor-

mation on colloidal stability over time and can offer some indication on 

whether discrete nano-object are present or if there is a tendency to aggre-

gate. DLS can also provide an initial assessment if proteins are bound as it will 

be able to detect the formation of large protein coronas. I recommend that 

protein coating should moreover be studied with more sophisticated tech-

niques such as QCM-D (Quartz crystal microbalance with dissipation monitor-

ing). It is possible to obtain the lengths of cellulose nanomaterials by DLS in 

reasonably good agreement with TEM analysis by elucidating rotational and 

translational diffusion coefficients from the DLS experiment.354 More infor-

mation can be obtained by small-angle neutron scattering (SANS) and small-

angle X-ray scattering (SAXS), which can provide precise information on the 

cross-section of the cellulose nanomaterials.354 A simple way of determining 

the widths of cellulose nanomaterials is from turbidity measurements using 

light scattering.355 This technique provides good estimates when compared to 

the results obtained from AFM studies. Isogai and co-workers have developed 

further techniques to understand the size of cellulose nanomaterials – length 

and diameter – in more detail.356  They found that the intrinsic viscosity [η] is 

a direct measure of the aspect ratio. CNCs with high aspect ratios was found 

to be more flexible resulting in an increase of viscosity.356 Finally, analysis of 

the surface charge is essential, which can easily be obtained by zeta potential 

measurements.357 It is proposed that cationic nanoparticles have a higher cel-

lular uptake while neutral and negatively charged polymers seemed to have 

better penetration into tumour.358 However, in recent years, researchers have 

come to the realization that it is not due to the charges on the surface, but the 

effect of this charges have on protein binding. Again, analysis of the protein 

corona is essential.  
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2.7. Future Prospects, Major Challenges and Possible Alleviation 

Strategies 

 Cellulose nanomaterials have gained increasing interest as suitable 

candidates for drug delivery applications owing to their inherent attributes: 

non-toxicity, biocompatibility, good mechanical properties, high surface area-

to-volume ratio, ideal size and shape for high cell internalization, and multi-

functionality to be compatible with the biological environment.  

 Although much progress has been made on the development of cellulose-

based nano drug delivery system in the form of cross-linked hydrogel or aer-

ogel, the application of cellulose nanomaterials as drug carriers for intravas-

cular administration is still in its infancy. To design efficient cellulose-based 

nano drug carriers for the i.v. route, the drug carrier needs to be able to ad-

dress a range of challenges known in the delivery of free drugs such as (i) the 

low solubility of drug molecules and their accumulation in undesired sites, (ii) 

the fast clearance from the blood stream by mononuclear phagocyte system 

(MPS)145, 359 and (iii) renal filtration and urinary excretion360. 

Encapsulation of therapeutics (e.g., small drug molecules, proteins, 

DNA, etc.) onto cellulose nanomaterials can overcome the first challenge by 

improving the solubility and facilitating the entry into the target cell resulting 

in the reduction of off-target effect. However, the limitation is that attaching 

small molecules directly on the surface of cellulose nanomaterials contributes 

sometimes to lower water-dispersibility; therefore, surface modification tech-

niques need to be explored to design cellulose nanocarriers with high colloi-

dal stability not only in water, but also in buffer, in cell growth media and in 

physiological conditions. Another challenge that needs to be addressed is that 

the drug encapsulated nanomaterials can be sequestrated from the blood 

stream by MPS, which is a network of immune cells located mainly in the liver, 

spleen and lymph nodes.145, 359, 361 However, the sequestration can also be the 

result of the adsorption of plasma proteins including serum albumin onto the 

surface of circulating cellulose nanoparticles once injected into the blood-

stream.362 As the majority of the proteins display negatively charges, they can 
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be repulsed by negatively charges on the surfaces of cellulose nanomaterials. 

However, at the same time, this can attract the adsorption of cationic proteins 

which leads to the formation of proteolytic enzymes. This activates the C3 pro-

tein (an important protein in the body), which can bind to the surface of na-

noparticles by transesterification. As a result, the nanoparticles coated with 

C3 proteins are quickly recognised and digested by the phagocytic cells that 

have C3 receptors on their surfaces.363 This problem can be alleviated by coat-

ing the surface with anti-fouling polymers, especially poly(ethylene glycol) 

(PEG), to reduce protein adsorption in the biological medium.145  

The drug carriers can also be eliminated from the body via renal fil-

tration and urinary excretion. As the nanoparticles smaller than 5.5 nm have 

a higher tendency to be rapidly cleared from the body, toxicity and biological 

activities of nanoparticles are minimized.360 This can be easily overcome by 

manipulating the surface chemistry of cellulose nanomaterials. The multitude 

of available reactions for surface functionalization can pave the way for cellu-

lose nanomaterials to become a promising drug carrier: longer circulation 

time in the bloodstream, minimum side effects to healthy cells, increased tox-

icity to infected cells, enhanced cellular uptake by incorporation of active tar-

geting moieties, and successful accumulation of therapeutics specifically at 

diseased sites. 

In the end, the key is the tailored surface modification of cellulose na-

nomaterials. Although cellulose nanomaterials already have high surface 

functionalities, these groups are not enough to obtain colloidal stability in wa-

ter. However, in the last few years, a multitude of surface functionalization 

techniques was explored to alter the surface structure without losing the 

structural integrity. As a result, cellulose nanomaterials that are stable against 

aggregation are now available. Moreover, polymers can enhance these effects 

while introducing stimuli-responsive features. A fully functioning synthetic 

toolset is now available to create cellulose nanomaterials with any desirable 

features including high drug loading and potentially, although not yet tested, 

low protein adsorption.  
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2.8. Polymerization Technique Used in The Thesis  

A range of polymers mentioned throughout the thesis were synthesized by 

using reversible addition-fragmentation chain transfer (RAFT) polymerization. The 

major advantage of the application of RAFT polymerization is its feasibility to intro-

duce typical functional groups at the end of polymer chains,364 which in turn can be 

employed to modify cellulose nanomaterials. The mechanistic aspect of the process 

and the selection of the appropriate RAFT agent for the monomers to be polymer-

ized are reviewed in the following section. 

2.8.1. Reversible Addition-Fragmentation Chain Transfer (RAFT) 

Polymerization 

 The RAFT process was firstly reported by Australian Commonwealth Scien-

tific and Industrial Research Organisation (CSIRO) as a versatile living or controlled 

radical polymerization in 1998.365 The living character of the polymerization is 

maintained by thiocarbonylthio compounds, the so-called RAFT agents which be-

have as chain transfer agents.366 The RAFT mechanism is generally based on the 

equilibrium between activation-deactivation process as depicted in Figure 2.22 a. 

In step I (the initiation step), the radical (I⦁) from an azo or peroxy intiator such as 

Azobisisobutyronitrile (AIBN) adds to the monomer (M) to form a propagating oli-

gomer chain (Pn⦁). In step (II), the propagating oligomeric radical (Pn⦁) adds to the 

sulfur-carbon double bond (C=S) of the initial RAFT agent (1), resulting in a carbon-

centered intermediated radical (2). The benefit of the RAFT process is that the gen-

erated RAFT radical limits the irreversible termination reaction between propagat-

ing species. In this case, the addition of primary initiator-derived radicals to the ini-

tial RAFT agent is negligible but it can occur with a high concentration of initiator, 

impacting the kinetics in the early phase of the RAFT process. As it is reversible, the 

intermediate radical (2) returns to the initial state resulting in a propagating radical 

(Pn⦁) and the RAFT agent, while it (2) may also fragment into a reinitiating radical 

species (R⦁) and an oligomeric RAFT agent or macro-CTA (a dormant chain) (3). The 

generated reinitiating radical (R⦁) reacts with monomers to start a new polymer 

chain (Pm⦁) (step III), which will again react with the macro-CTA (Step IV). In this 
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process, the polymerization can be controlled by the macro-CTA once the initial 

RAFT agent is completely consumed.367 A rapid equilibrium between the dormant 

species (3) and the active propagating radicals (Pn⦁ and Pm⦁) enable all living chains 

to grow simultaneously with equal chain length.  The termination by radical-radical 

reaction (Step V) are often inevitable in a radical polymerization process.366, 368, 369  

A wide range of monomers including acrylates, acrylamides, methacrylates, 

methacrylamides, styrene derivatives and vinyl esters can be polymerised via the 

RAFT process. However, the RAFT agent needs to be chosen carefully for the suc-

cessful polymerization  to achieve a pre-chosen molecular weight and low molecular 

weight distribution (dispersity) (Figure 2.22 b).366, 370 A RAFT agent involves Z 

group and R group, in which Z is a stable group that modifies the reactivity of the 

C=S bond and derives adduct radial, while R is a leaving group (Figure 2.22 a, b). 

As mentioned above, the radical R⦁ generated from R group must efficiently reiniti-

ate polymerization to undertake the chain transfer process. Furthermore, the RAFT 

technique allows the synthesis of polymers with complex architectures which in-

clude block, random (statistical), gradient, star, comb, brush, hyperbranched, and 

network copolymers.371 Also it opens up the opportunity to synthesize a wide range 

of polymers with a rich variety of functionality and architecture in controlled man-

ner for their use in biomedical applications.370, 371 
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Figure 3.12 (a) Illustration for the general mechanism of RAFT polymerization and the 

structure of RAFT agent.  (b) The structure of RAFT agents to be used for specific monomers. 

Reprinted with permission from (ref.371). Copyright 2008, Royal Society of Chemistry
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3.1. Overview 

Plant-derived native cellulose was converted to individual fibrils via me-

chanically assisted 2,2,6,6,-tetramethylpiperidine-1-oxyl radical (TEMPO)-medi-

ated oxidation. The electrostatic repulsion between TEMPO-oxidized cellulose fi-

brils (CNFs) resulted in a transparent dispersion in water with 7 nm in width and 

narrow particle size distribution based on the analyses via DLS and TEM. The car-

boxylate groups (-COO-) on CNFs were then converted to acid (-COOH) moieties un-

der HCl treatment (pH ≈ 2), as a requirement for further surface modifications. The 

chemical and physical properties of CNFs: acid (-COOH) contents ≈ 1.65 mmol g-1, 

pKa = 5.22, crystallinity = 56 %, reversible aggregation behaviour, initial decompo-

sition temperature = 252 °C and existence of reducing aldehyde groups, were con-

firmed via a potentiometric acid-base titration, FT-IR, XRD, DLS, TGA and BCA assay. 

 

Scheme 3.1. Overall scheme for the synthesis of cellulose nanofibers (CNFs) with carboxylic 

acid functionalities.  
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3.2. Introduction 

Cellulose, the most adwbundant natural biopolymer on earth, has attracted 

attention as a novel material for biomedical applications due to its unique proper-

ties: biocompatibility, biodegradability, and low cytotoxicity. In particular, cellulose 

nanomaterials isolated by the chemical or mechanical treatment of native cellulose, 

either as cellulose nanofibers (CNFs) or cellulose nanocrystals (CNCs), are attractive 

for material design due to their nano-sized dimensions.61, 66, 372, 373 CNCs are com-

monly obtained by acid hydrolysis using sulphuric acid (H2SO4) or hydrochloric acid 

(HCl) under aqueous conditions at high temperature. This technique results in nano-

sized cellulose with high crystallinity by removing acid-sensitive amorphous region 

of the native cellulose as discussed in Chapter 2. However, the properties of the re-

sulting product highly depend not only on the lignocellulose source but also on the 

preparation conditions such as the nature of the acid, the reaction temperature, and 

the reaction time. For instance, excessive acidic conditions may lead to the dramatic 

decrease in the yield as well cellulose chains are degraded into individual glucose 

units. In addition to this, CNCs prepared via HCl hydrolysis tend to aggregate even 

in water due to the lack of surface charges that play a crucial role for the efficient 

fibrillation by electrostatic repulsion. Another alternative way of fibrillation to 

achieve cellulose nanomaterials in the form of CNFs is mechanical treatments by us-

ing a high-pressure homogenizer or high-pressure ultrasonication. However, cellu-

lose fibrils in plant cell walls are tightly hooked to one another by inter- and intra-

molecular hydrogen bonding.374 Thus, it is difficult to individualize cellulose fibrils 

only by mechanical treatment. Also, it was reported that the bundles of cellulose re-

main in the resulting product even after mechanical treatment.375, 376 Therefore, to 

obtain individualized nanofibrils without significant aggregation, surface modifica-

tions of cellulose fibrils are required before mechanical disintegration.  

During the last decade, efforts have been made to prepare cellulose nano-

materials from plant-derived cellulose by TEMPO-NaBr-NaOCl treatments followed 

by mechanical fibrillation. TEMPO stands for 2,2,6,6,-tetramethylpiperidine-1-oxyl 

radical and the main objective is the regioselective conversion of primary hydroxyl 

groups on the cellulose chains to charged carboxyl entities, while the secondary hy-

droxyls remain unaffected.74, 377 The presence of ions on the surface makes it 
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possible to loosen the adhesion between cellulose chains via electrostatic repul-

sions.378 The complete fibrillation of cellulose nanomaterials which have high aque-

ous dispersibility can be achieved by mechanical treatment of the oxidized cellu-

lose/water slurries. This technique has been highly interesting due to their mild re-

action conditions to individualize fibers of 3 – 4 nm in width while maintaining their 

fibrous morphologies and crystallinities.379 Moreover, the existence of carboxyl 

groups allows for the subsequent modification of cellulose nanomaterials with pol-

ymers to ensure aqueous dispersibility under acidic conditions for the purpose its 

applications in drug delivery. In this research, we tend to fibrillate native cellulose 

obtained from cotton linters to nanofibers (CNFs) via mechanically assisted TEMPO-

oxidation, followed by the formation of free acid (-COOH) functionalities by acid 

treatment. The general scheme is shown in Scheme 3.2. The structure and general 

surface chemistry of oxidized fibers were characterized via TEM, DLS, a potentiom-

etric acid-base titration, FT-IR and XRD.  

 

Scheme 3.2. Schematic illustration for the synthesis of cellulose nanofibers (CNFs) via me-

chanically assisted TEMPO-mediated oxidation under mild reaction conditions. 

Mechanically-assisted
TEMPO-mediated oxidation
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3.3. Results and Discussions 

3.3.1. Fibrillation of cellulose via mechanically assisted TEMPO-medi-

ated oxidation  

This research mainly focuses on the fibrillation of cellulose via TEMPO-me-

diated oxidation which introduces ionic charges on the surface of fibrils. The charges 

on the surface can then separate individual fibers via electrostatic repulsion. This 

process containing TEMPO-NaOCl-NaBr selectively oxidises C6 primary hydroxyl 

groups of glucosyl units to sodium carboxylates under mild reaction conditions in 

aqueous media. During the reaction, the primary oxidizer (NaOCl) is consumed, 

while the pH value of the solution decreases, which can be monitored during the 

reaction. This was studied by suspending 0.5 g of microcrystalline cellulose in 200 

mL of aqueous media containing 0.04 g of TEMPO, 0.2 g of NaBr, and 7.5 mL of 12 % 

NaOCl. The pH value was measured over 5 hr in which the pH level of the suspension 

decreased from approximately 12.25 to around 9.00. The reduced pH value during 

the 5 hr of oxidation is an indication of the formation of carboxyl groups (Figure 

3.1).  

 

Figure 3.1. pH changes during TEMPO-mediated oxidation for the formation of nanofibrils 

(CNFs) from microcrystalline cellulose (MCCs).  
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Nevertheless, it was expected that the pH value would decrease below 9 if 

the reaction proceeded further. However, this was not attempted as the pH value of 

the suspension during oxidation reaction need to be maintained in the range be-

tween 10 and 11 in order to avoid any side reactions on the secondary hydroxyl 

groups on the surface of fibrils. In addition to this, maintaining the pH adjustment 

will lead to more efficient oxidation to form sodium carboxylates on the surface of 

fibrils. 

Therefore, the reaction was further improved by using the TEMPO-oxida-

tion condition according to the synthesis procedure mentioned in Section 3.5.1. 

During the oxidation process, the pH level was continuously monitored and main-

tained between 10 and 11. When no more pH changes were observed, which indi-

cates no more consumption of NaOCl, the reaction was left stirring for 26 hr to en-

sure that surface oxidation was completed.  

 After stopping the reaction and dialysing against water to remove the ex-

cess of unreacted reactants, the fibrillated nanofibers were obtained; however, some 

aggregates were still clearly visible as shown in Figure 3.2. Deaggregation was 

achieved by further mechanical treatment using a high intensity ultrasonicator. The 

solid content of the suspension was adjusted to 0.1 % - 0.2 % for efficient fibrillation 

and 50 mL of suspension was treated for 15 min, at 30 % intensity. As expected, the 

dispersibility of the oxidized cellulose with sodium carboxylate groups (-COO-) was 

significantly improved after mechanical treatment as shown in the recorded pic-

tures in Figure 3.2. If there were some contaminations, the CNFs suspension can be 

simply centrifuged several times at 8000 rpm for 10 min to remove precipitated 

large particles and any impurities. The pure cellulose fibers (CNFs) remained in the 

supernatant. As an alternative, the large impurities can be removed by filtration. The 

formation of individualized cellulose nanofibers (CNFs) was confirmed by visual ex-

amination of the clear dispersion of the cellulose suspension after TEMPO-mediated 

oxidation and ultrasonic treatment.  
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Figure 3.2. Recorded suspensions of MCCs and fibrillated CNFs via mechanically assisted TEMPO-mediated oxidation. The same solid content (0.1 % 

in milli-Q water) was used for all samples to compare their dispersibility.  
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3.3.2. Morphological study of mechanically assisted TEMPO-oxidized 

cellulose nanofibers (CNFs) 

 The morphological study of fibrillated CNFs was performed by TEM after 

negative staining by uranyl acetate (UA). The diameter of nano-sized fibers was 

measured to be approximately 7 nm, fragmented from a bundle of MCCs with the 

diameter approximately 170 nm (Figure 3.3). The widths of single fibers obtained 

from TEM characterization are almost in agreement with the findings in litera-

ture.380, 381 Moreover, the individualized fibers were observed as very long rod-like 

fibers with varying degrees of entanglement. However, their web-like structure 

made it difficult to clearly reveal the length of single fiber at any TEM magnifications 

and it could be assumed to be a several micrometer.382 Nevertheless, these findings 

confirm the fact that the TEMPO-mediated oxidation is mild enough to preserve the 

size and shape of fibrillated nanofibers. 

 

Figure 3.3. Transmission electron micrographs of MCCs (left) and CNFs after mechanically 

assisted TEMPO-mediated oxidation (right). 0.1 % CNFs dispersion in milli-Q water. 

Moreover, dynamic light scattering (DLS) technique was employed to meas-

ure the hydrodynamic diameter distribution of nanofibrillated cellulose present in 

the suspension. In this analysis, it is recommended to use low concentration of CNFs 

(even less than 0.1 % solid content in most cases) to efficiently determine the stati-

cally average dimensions of individual cellulose nanomaterials. The statistical dis-

tribution as illustrated in Figure 3.4 clearly confirms the existence of cellulose na-

nomaterials with the diameter of 126.3 nm and narrow dispersity (PDI = 0.216) in 
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the suspension. Here, the CNFs as rod-like particles may rotate in two dimensions: 

the lateral dimension ranging from 5 to 20 nm, and the longitudinal dimension rang-

ing from 100 nm to 500 nm in general for TEMPO-oxidized CNFs.383  

 
Figure 3.4. Particle size distribution of CNFs (-COO-) obtained from DLS studies. Concentra-

tion = 1 mg mL-1 in milli-Q water. 

Acid treatment of mechanically assisted TEMPO-oxidized CNFs 

 After generating oxidised CNFs with the desirable morphology, diameter and 

size distribution; the particle dispersion was neutralised using 1 M HCl for 30 min 

at room temperature. The purpose of this experiment is to learn more about the 

amount of carboxylate groups on the surface of CNFs, but also to understand how 

the dispersibility changes at different degrees of ionization. Once the carboxylate is 

protonated at low pH, the particles tend to aggregate into gel as the repulsive forces 

are now absent. This CNFs gel was subsequently collected by washing with water 

and centrifugation until the supernatant reached neutral pH indicating the complete 

removal of excess HCl. It is important to note that the incomplete removal of HCl 

may result in the collecting product as thick gel which was found not to be suitable 

for further functionalization as the gel could not be resuspended well in aqueous 

media. Also, direct use of the thick gel for further surface modification was not pos-

sible as the reactant cannot penetrate the gel enough to react with the CNFs surface. 

Therefore, the samples were washed with water several times in this work to 
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generate a less viscous gel. Depending on the preference of the experiments, the 

thickness of CNFs gel may be varied.  

There are two things to consider when storing CNFs gel. 

• Firstly, the obtained CNFs gel needs to be stored in the fridge at 4 °C to prevent 

growth of fungi. It is not recommended to store the gel in the freezer as it can 

damage the gel. 

• Secondly, CNFs gel should not be dried as drying will give rise to irreversible ag-

gregation. When water is removed from the gel, hydrogen bonding will result in 

strong interactions of the fibers and therefore aggregation; consequently, these 

aggregates are difficult to redisperse. The aggregation is worse if the organic sol-

vent is removed from CNFs gel as it may result in irreversible assembles into a 

rigid plastic-like material. 

Infrared analysis of oxidized CNFs and degree of carboxylation 

 As mentioned earlier, the presence of carboxylic acid in the protonated state 

is essential for some surface modification reactions. The degree of protonation at 

different pH values was therefore monitored by FT-IR and quantified by pH titration. 

The IR spectra of MCCs and oxidized CNFs before and after acid treatment are de-

picted in Figure 3.5. The characteristic peaks of unoxidized cellulose (MCCs), such 

as C-O-C stretching of pyranose ring skeleton at 1054 cm-1, C-H stretching at 2898 

cm-1, hydrogen bonded O-H stretching at 3338 cm-1 are present in all samples and 

not influenced by TEMPO-mediated oxidation (Figure 3.5a). Upon oxidation of hy-

droxymethyl groups on the surface, a new band at 1604 cm-1 which corresponds to 

the C=O stretching vibration of sodium carboxylate groups (-COO-) was observed 

(Figure 3.5b). Moreover, the IR spectrum confirms the presence of free carboxyl 

(C=O) groups at low pH values, which appear at an absorption band at 1724 cm-1 

after protonation at pH ≈ 2, affirming the existence of free acid groups on the surface 

of CNFs (Figure 3.5c). Based on the findings from FT-IR, it could be concluded that 

the primary hydroxyl groups of glucose units on the surface of cellulose were suc-

cessfully converted into carboxylic acid moieties under mild reaction conditions.  
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Figure 3.5. FT-IR spectra of untreated (MCCs) and TEMPO-oxidized cellulose samples. 

The degree of carboxylation or the amount of carboxyl groups on the sur-

face was determined by titration using 0.1 M NaOH. The pH value was recorded 

every time after the addition of 5 µL of NaOH solution into the dispersion containing 

10 mg of dried CNFs bearing carboxylic acid groups in milli-Q water. The amount of 

carboxylate groups determined by titration amounted to around 1.65 mmol acid 

groups per g of CNFs and the pKa value was calculated to be 5.22 (Figure 3.6).  

 

Figure 3.6. Titration curve of CNFs after acid treatment (moles of COOH = 1.65 mmol g-1 of 

CNFs, pKa = 5.22).  
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Dispersibility and aggregation of CNFs at different pH levels 

 For the investigation on the dispersibility changes of CNFs in aqueous media, 

10 mg of freeze-dried CNFs was suspended in milli-Q water and the desired pH value 

was obtained by adding 0.1 M NaOH. Here, the freeze-dried CNFs were used to 

clearly visualize the aggregation-disaggregation behaviour. The visual differences in 

the dispersibility of CNFs suspension at different pH values is depicted in Figure 

3.7. Depending on the pH value of the solution, the CNFs are now well dispersed in 

the aqueous solution. Even at low pH values, which correspond to a fully protonated 

state, the solution is stable, yet cloudy. The entanglement was obviously decreased 

at pH 6 with some aggregation occurring in the dispersion. The higher formation of 

ions above pH 7 improved the fiber dispersibility and resulted in clear dispersion at 

pH 11 as a consequence of efficient electrostatic repulsion.  

 

Figure 3.7. The visual records of the aqueous dispersibility of fibrils upon pH changes. The 

dispersion was stirred for a few seconds during each pH adjustment. 

In addition to this, the degree of aggregation at different pH levels was mon-

itored using DLS. It was observed that the fibrils aggregated below pH 3-4 but 
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tended to disassemble at higher pH values above the pKa value of the material. The 

process of aggregation and disaggregation with changing pH value was found to be 

reversible according to DLS results (Figure 3.8). 

 

Figure 3.8. Investigation on the aggregation of CNFs bearing acid groups and their reversi-

ble behaviour in aqueous media at different pH levels. The graphs are illustrated in two 

ways: (a) intensity mean vs pH and (b) mean count rate vs pH.  

Crystallinity of cellulose nanofibers (CNFs) 

The crystallinity index (CI) of CNFs can be analysed via solid state 13C nu-

clear magnetic resonance (NMR) and X-ray diffraction (XRD). In this research, XRD 

technique was employed to investigate the crystalline structure of cellulose nano-

fibrils obtained via mechanically assisted TEMPO-mediated oxidation, followed by 

acid treatment. According to the spectra depicted in Figure 3.9, the fibrils were 
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crystalline in nature as evidenced by the peaks at 2θ = 17.91° (1 1 0), 26.59° (2 0 0), 

and 40.87°, which is in agreement with the findings in literature.74, 350 The crystal-

linity index (CI) of the cellulose was calculated by comparing the intensity of the (2 

0 0) peak (I200, 2θ = 26.59°) and the intensity between the (2 0 0) and (1 1 0) peaks 

(IAM, 2θ = 21.98°).350, 377 The equation is shown below. 

CI (%) = 
I200-IAM

I200
 ×100 

The result shows that the crystalline structure of cellulose remained intact 

after the fibrillation process due to the achievement of relatively high crystallinity 

(56 %) (Figure 3.9). 

 

Figure 3.9. XRD spectra of CNFs after mechanically assisted TEMPO-mediated oxidation, 

followed by acid treatment. XRD data was collected using CoKα radiation. 

Thermal properties of cellulose nanofibers (CNFs) 

The thermal properties of unfibrillated (MCCs) and fibrillated cellulose 

(CNFs) were determined via thermogravimetric analysis (TGA) using dry samples. 

TGA, which was run at a heating rate of 20 °C min-1 in air, allows the study of the 

decomposition differences between cellulose samples by showing the residual mass 

(mass %) as a function of the temperature. In all cases, the initial weight loss at 25 – 

100 °C is due to the evaporation of absorbed moisture in the material or low molec-

ular weight compounds remaining from the fibrillation procedure.74, 384, 385 The 
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initial decomposition of cellulose decreased from 303 to 252 °C after fibrillation as 

a result of the formation of nanosized particles from big bundles (Figure 3.10). 

 

Figure 3.10. Thermal analyses of cellulose before and after fibrillation via mechanically as-

sisted TEMPO-mediated oxidation, followed by acid treatment. 

Investigation on the existence of reducing end aldehyde groups 

According to the structure of fibrillated cellulose (CNFs), each fibril contains 

one end of the chain with a free hemiacetal or aldehyde group at C1 position, which 

is thus called a reducing end functionality (Scheme 3.3, step 1). Aldehydes are one 

of the active reducing groups which can reduce a variety of metal ions including 

Cu(II), Pt(II), Ag(I), Hg(I) and Au(III) to their zero-valent forms in mild alkaline con-

ditions.386, 387 In this study, we visually confirmed the existence of reducing end by 

using bicinchoninic acid (BCA) assay. BCA assay depends on the reduction of Cu2+ to 

Cu+, which can be fulfilled by the aldehyde reducing end of CNFs, under alkaline con-

ditions. When the Cu+ is detected by the reaction with BCA, the solution turns to an 

intense purple colour with an absorbance maximum at 562 nm. The proposed gen-

eral mechanism of the assay is illustrated in Scheme 3.3. The sample preparation 

includes two steps: (1) mixing BCA reagents A and B at a ratio of 50: 1, followed by 

dispersing 200 μL of mixture into a 96 well-plate, and (2) Addition of 25 μL of sam-

ple solution to each well and incubating the plate for 30 min at 60 °C. 
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Scheme 3.3. The proposed general mechanism of BCA assay for the analysis of reducing 

aldehyde end groups of CNFs. 

As a production of Cu+ is a function of the existence of aldehydes, we per-

formed the analysis by simply mixing the BCA reagents with CNFs at different con-

centrations: 25 μg mL-1, 50 μg mL-1 and 100 μg mL-1 which were dispersed in PBS 

(pH 7.4). After incubating the mixture for 30 min at 60 °C, the development of pale 

purple colour was observed, in which the most concentrated CNFs (100 μg mL-1) 

resulted in a darker colour, indicating the larger amount of aldehyde moieties. As 

shown in Figure 3.11, the intense colour was observed for all sample mixtures after 

incubating for 8 days at room temperature. The results were compared with BCA 

control, where the colour by contrast did not turn purple even after several days. In 

summary, the BCA assay here provides more information about the structure of 

CNFs related to the presence of reducing aldehyde end groups. 

 

Figure 3.11. Investigation on the existence of reducing aldehyde end groups via bicincho-

ninic acid (BCA) assay. 
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3.4. Conclusions 

In this chapter, plant-derived cellulose was efficiently fibrillated via me-

chanically assisted TEMPO-mediated oxidation. By this technique, oxidation to pri-

mary hydroxyl groups on the surface was performed under mild reaction condition 

and ultrasonication was employed to achieve more efficient disintegration of cellu-

lose. The formation of negative charges on the surface as a consequence of oxidation 

allowed the cellulose fibrils apart from each other via electrostatic repulsion and 

resulted in the individual fibers with the diameter of 7 nm according to the TEM 

characterization. HCl treatment was further employed in order to achieve the acid 

functionalities on the surface, which were essential for further surface modification 

reactions that will be mentioned in following chapters. The final CNFs gel contained 

acid (-COOH) groups corresponding to around 1.65 mmol g-1 of dry cellulose and 

possessed the pKa of 5.22. The analysis of the acid groups was replicated three times 

and the average result was calculated. The chemical and morphological properties 

of fibrillated cellulose were performed by using a few techniques including DLS, FT-

IR, XRD, TGA and BCA assay. The final product (CNFs) with the 56 % crystallinity 

and 252 °C of degradation temperature was aimed to be used for further experi-

ments, specifically for surface modification with functional polymers to achieve 

more stable and versatile CNFs for biological applications. 
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3.5. Materials of the Thesis 

Microcrystalline cellulose (MCCs, Sigma-Aldrich), 2,2,6,6-tetramethyl-1-pi-

peridinyloxy (TEMPO, Sigma-Aldrich, 98 %), sodium bromide (NaBr, Sigma-Aldrich, 

≥ 99 %), sodium hypochlorite solution (NaOCl, Sigma-Aldrich, 8 – 12.5 % available 

chlorine), sodium hydroxide (NaOH, Sigma-Aldrich, ≥ 97 %), hydrochloric acid (HCl, 

Sigma-Aldrich, 32 %), ethanol (95 %), potassium hydroxide (KOH, Sigma-Aldrich, 

85 %), N-isopropylacrylamide (NIPAm, Sigma-Aldrich, 97 %) ethylene glycol 

(Sigma-Aldrich, 99.8 %), bromoacetaldehyde dimethyl acetal (Sigma-Aldrich, 97 %), 

chloroform (Sigma-Aldrich, ≥ 99.5 %), magnesium sulfate (MgSO4, Sigma-Aldrich, ≥ 

99.5 %), deuterated chloroform (CDCl3, Sigma-Aldrich, 100%), deuterium oxide 

(D2O, Sigma-Aldrich), dimethyl sulfoxide-d6 (DMSO-d6, Sigma-Aldrich, 100%), di-

chloromethane (DCM, Sigma-Aldrich), anhydrous dichloromethane (DCM, Sigma-Al-

drich, ≥ 99.8 %), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC.HCl, Sigma-Aldrich), N,N′-dicyclohexylcarbodiimide (DCC, Sigma-Aldrich, 99 

%),  4-(dimethylamino)pyridine (DMAP, Sigma-Aldrich, ≥ 99 %), hexane (Sigma-Al-

drich, 95 %), ethyl acetate (Sigma-Aldrich), N,N-dimethylformamide (DMF, Sigma-

Aldrich), anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8 %), metha-

nol, tetrahydrofuran (THF, Sigma-Aldrich), cyclohexyl isocyanide (Sigma-Aldrich, 

98 %), methacrylic acid (Sigma-Aldrich, 99%), 2-mercaptoethanol (Sigma-Aldrich), 

potassium phosphate tribasic (K3PO4, Sigma-Aldrich), acetone (Sigma-Aldrich, ≥ 

99.5 %), carbon disulfide (CS2, Sigma-Aldrich, ≥ 99.9 %), benzyl bromide (Sigma-Al-

drich, ≥ 98 %), potassium bromide (KBr, Sigma-Aldrich), cyclohexane (VWR Inter-

national), 2-hydroxyethyl acrylate  (HEA, Sigma-Aldrich), 2-(dimethylamino) ethyl 

acrylate (DMAEA, Sigma-Aldrich), doxorubicin hydrochloride (DOX.HCl, Sigma-Al-

drich), 1-amino-3,3-diethoxypropane (Sigma-Aldrich, ≥ 97 %), 2,3,3-trimethyl-3H-

indole (Sigma-Aldrich, 98 %), 6-bromohexanoic acid (Sigma-Aldrich, 97 %), potas-

sium iodide (Ajax Finechem Pty Ltd), acetonitrile (Chem-Supply Pty. Ltd.), malo-

naldehyde bis(phenylimine) monohydrochloride (Sigma-Aldrich, 97 %), 1,2,3,3-tet-

ramethyl-3H-indolium iodide (Sigma-Aldrich, 98 %), pyridine (Chem-Supply Pty. 

Ltd.), trichloroacetic acid (Sigma-Aldrich, 99 %), acetic acid (Chem-Supply Pty. Ltd.), 

recombinant murine MIP-1α (CCL3) (PeproTech), dulbecco’s modified eagle’s me-

dium (DMEM  power, Sigma-Aldrich), Penicillin and streptomycin (Sigma-Aldrich), 



CHAPTER - 3  Synthesis of Cellulose Nanofibers (CNFs) 

101 
 

Trypsin/EDTA (Sigma-Aldrich), Glutamax (Life technologies), and Fetal bovine se-

rum (Interpath Services) were used without purification. Azobisisobutyronitrile 

(AIBN) was purified by recrystallization in methanol. 
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3.6. Experimental Procedure 

3.6.1. Synthesis of CNFs via TEMPO-mediated oxidation  

Commercially available microcrystalline cellulose extracted from cotton 

linters (MCCs, 2 g) was suspended in 200 mL of milli-Q water and stirred at room 

temperature for 10 min. 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO, 0.035 g) 

and sodium bromide (NaBr, 0.58 g) were then added to the cellulose suspension. 

Once TEMPO was completely dissolved, 8 mL of sodium hypochlorite (NaOCl, 8 – 

12.5 % available chlorine) was added dropwise. Through the reaction, the pH of the 

suspension was adjusted to between 10 and 11 by adding 0.5 M NaOH. The pH of the 

suspension was monitored by using a bench-top pH meter. Once the yellow colour 

of NaOCl disappeared, indicating the complete consumption of it during reaction, 

more NaOCl solution was gradually added until the final volume reached 23 mL. Af-

ter stirring at room temperature for 26 hr, the reaction was stopped by adding 3 mL 

of ethanol. The obtained cellulose suspension carrying sodium carboxylate groups 

(CNFs-COO¯) was then dialysed against milli-Q water using 6 – 8 kDa MWCO mem-

brane. After 3 days, the suspension was diluted by milli-Q water until the solid con-

tent reached approximately 0.1 % (w/v), and then it was mechanically treated by 

ultrasonication for 15 min using BRANSON solid/liquid digital ultrasonicator (450, 

amplitude = 30 % at room temperature and 50 mL of suspension was ultrasonicated 

each time). The amplitude and ultrasonication time may be increased depending on 

the efficiency of ultrasonicator. Finally, the acid groups on the surface of cellulose 

nanomaterials were obtained by treating CNFs (-COO¯) with 1 M HCl (pH ≈ 2) for 30 

min (Scheme 3.4). The resulting gel-like product was collected by the cycle of wash-

ing and centrifugation in milli-Q water for 6 times (8000 rpm, 10 min) until the su-

pernatant reached neutral for complete removal of excess HCl. The obtained CNFs 

gel was then stored at 4 °C. 

 

Scheme 3.4. Synthesis process of CNFs bearing carboxylic acid moieties.
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3.7.  Analytical Techniques of the Thesis 

Size Exclusion Chromatography (SEC) 

Size exclusion chromatography is a commonly used chromatography tech-

nique designed for the determination of the size of polymer chains. In this research, 

the molecular weight and molecular weight distribution of synthesized polymers 

were characterized via two SEC instruments equipped with a Shimadzu modular 

system.  

SEC (eluent dimethylacetamide) is equipped with a DGU-12A degasser, a 

LC-20AT pump, a SIL-20A HT automatic injector, a RID-10A refractive index detec-

tor and a CTO-10A VP column oven. The instrument is also equipped with a Phe-

nomenexPhenogel 5.0 µm bead-size guard column (50 × 7.5 mm), followed by a set 

of linear Phenomenex columns (105, 104, 103, and 102 Å). N,N-Dimethylacetamide 

(DMAc, 0.05% w/v BHT, 0.03% w/v LiBr) with a flow rate of 1 mL min-1 was used 

as the continuous phase at 50 °C. The system was calibrated based on commercially 

available linear poly(methyl methacrylate) (PMMA) standards (0.2 – 1000 kDa) 

with narrow molecular weight distributions. 

SEC (eluent dimethylformamide) is also performed in Shimadzu modular 

system, comprising a SIL-10AD automatic injector, LC-10AT pump, CTO-10A oven, 

5.0 µm bead guard column (50 × 7.8 mm) followed by four 300 mm × 7.8 mm linear 

columns (Phenomenex) with 500, 103, 104, 105 Å pore size and 5 µm particle size. 

N,N-dimethylformamide (DMF, HPLC grade, 0.05 % w/v of 2,6-dibutyl-4-

methylphenol and 0.03 % w/v of LiBr) with a flow rate of 1 mL min-1 was used as 

the continuous phase at 50 °C. The instrument is also equipped with a refractive in-

dex detector (Shimadzu RID-10A). The system was calibrated based on commer-

cially available linear poly(methyl methacrylate) (PMMA) standards (0.5 – 1000 

kDa) with narrow molecular weight distributions. 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded by using either a Bruker Avance III HD 300 

MHz (Gyro, equipped with a BACS-60 sample changer and BBFO probe) or a Bruker 

Avance III HD 400 MHz (Rabi, equipped with a 60 bay sample changer and BBFO z-
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gradient probe) instrument. Samples were dissolved and analysed in deuterated 

chloroform (CDCl3), deuterium oxide (D2O) or dimethyl sulfoxide-d6 (DMSO-d6). 

NMR spectra were processed by using either Bruker Topspin 4.0.6 software or Mes-

tReNova. 

Fluorescence Spectroscopy 

Fluorescence measurements of polymer-grafted CNFs were performed on a 

Cary Eclipse fluorescence spectrophotometer at room temperature. The excitation 

and emission wavelengths of PHEA-grafted CNFs prepared via photo-induced te-

trazole/carboxylic acid click chemistry were approximately (380 – 390 nm) and 

(490 - 520 nm) respectively. The excitation and emission wavelengths of PHEACy5-

grafted CNFs via Passerini reaction were approximately 641 nm and 675 nm respec-

tively. The concentration of polymer-grafted CNFs for analysis was between 1 and 2 

mg mL-1 in milli-Q water. The obtained data were plotted in GraphPad Prism 7.03. 

Ultraviolet-Visible (UV-Vis) Spectroscopy 

Cary 50 Bio UV-visible spectrophotometer (Varian Australia Pty Ltd) was 

used to obtain the spectra of polymers and polymer-grafted CNFs. The spectra were 

recorded in the range from 200 to 800 nm in DMSO or milli-Q water. Blank CNFs 

dispersion in water was taken as baseline when measuring the amount of polymer 

on functionalized CNFs. The concentration of polymer-grafted CNFs for UV-Vis anal-

ysis was between 1 and 2 mg mL-1 in milli-Q water. 

Transmission Electron Microscopy (TEM) 

The TEM micrographs were obtained by using JEOL 1400 transmission elec-

tron microscope at accelerating voltages up to 120 kV. Samples were prepared by 

placing a drop of particle solution (less than 1 mg mL-1 concentration) on a formvar-

coated copper grid for 1 - 3 min. Then the excess sample was removed by using filter 

paper. The samples were then dried overnight, followed by negative staining with 

uranyl acetate (UA, 2% aqueous solution). The staining was performed by leaving 

the sample grids under UA droplet for 2 min. The excess UA was wiped out by filter 

paper and washed with water by tapping the grid on the water droplet and dried 



CHAPTER - 3  Analytical Techniques of the Thesis 

105 
 

with filter paper. Then the sample grids were dried overnight at 30 °C overnight 

before characterization.  

Atomic Force Microscopy (AFM)  

The surface characteristics and the morphological stability of CNFs were de-

termined by atomic force microscopy. Sample preparation for the analysis was as 

followed: a drop of diluted (less than 1 mg mL-1) CNFs dispersion was placed on a 

clean mica plate and dried overnight at 30 °C. Then the samples were submitted to 

Bruker Dimension ICON SPM equipped with a proprietary ScanAsyst® image opti-

mization technology in order to record the images in the range of 0.5 and 1 µm. The 

scanned images were processed using NanoScope Analysis (version 1.7). 

Dynamic Light Scattering (DLS) 

The diameter and size distribution of CNFs and polymer-modified CNFs 

were determined by using Malvern Zetaplus particle size analyser (laser angle = 

173°) at a sample concentration of less than 1 mg mL-1 in milli-Q water. The typical 

concentration of CNFs for size and surface charge (zeta potential) analysis was ap-

proximately 100 μg mL-1. Three measurements were recorded for each sample to 

determine the standard deviation. The obtained results were then processed by us-

ing GraphPad Prism 7.03.  

Fourier Transform Infrared (FT-IR) Spectroscopy 

The FT-IR spectra of polymers, CNFs and grafted CNFs were determined by 

portable ALPHA FT-IR spectrometer (Bruker Corporation, Germany). Spectra for 

each freeze-dried sample were obtained in the range from 400 to 4000 cm-1 with a 

spectral resolution of 4 cm-1. Thirty-two scans were acquired for each sample at am-

bient temperature. The obtained spectra were processed by using GraphPad Prism 

7.03. 
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X-Ray Diffraction (XRD) 

The physical properties (crystallinity, CI) of CNFs before and after polymer 

grafting were measured via X-ray diffractometer (XRD, PANalytical Xpert Multipur-

pose X-ray Diffraction System). The system was used CoKα radiation generated at 

45 kV and 40 mA. The scattering angle (2θ) was in the range of 5 to 65 degree in 

0.026-degree steps. The beam mass was 10 mm and divergent slit was ½ degree. 

The CI was calculated according to the method reported by Park et al. in 2010.388 

The data were plotted by using GraphPad Prism 7.03.  

Thermogravimetric Analysis (TGA) 

Thermal stability of MCCs, CNFs and polymer-grafted CNFs were carried out 

by using thermogravimetric analysis (TGA) (TGA Q 5000 TA). The thermograms 

were performed from room temperature to 700 °C at a heating rate of 20 °C min-1 

under air. The mass of sample powder submitted to the instrument was between 2 

and 10 mg. The obtained data were processed via TA Universal Analysis and plotted 

by using GraphPad Prism 7.03. 

Turbidity Study 

The lower critical solution temperature (LCST) phenomena of the PNIPAm-

grafted CNFs were observed by using Cary 300 Scan ultraviolet-visible (UV-Vis) 

spectrophotometer equipped with a temperature controller (Varian Australia Pty 

Ltd). Concentrated sample solution (10 mg mL-1 in milli-Q water) was prepared for 

the analysis starting from a temperature range of 25 to 40 °C. The wavelength was 

set at 563 nm and the heating rate at 1 °C min-1 was applied for all analyses. 

Determination of the density of carboxylic acid groups (-COOH) on CNFs 

The density of free carboxyl groups (-COOH) on the surface of CNFs after 

protonation at pH ≈ 2 was determined by using bench-top pH meter. Sample solu-

tions were prepared by dispersing 10 mg of protonated freeze-dried CNFs in 2 mL 

of milli-Q water and stirred continuously during analysis. Three sample solutions 

were prepared and analysed to determine the standard errors.
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4.1. Overview 

In this study, we modified TEMPO-oxidized cellulose nanofibers bearing 

carboxylic acid moieties (CNFs) by nitrile imine-mediated tetrazole/ carboxylic acid 

ligation (NICAL). The advantage of this reaction is that CNFs do not need to be mod-

ified further and the polymer with tetrazole end-functionalities can be directly 

clicked onto the CNFs forming fluorescent functional groups. Poly(2-hydroxyethyl 

acrylate) with a molecular weight of Mn= 22600 g mol-1 and a tetrazole end-func-

tionality was prepared using RAFT polymerization. The polymer was mixed with 

CNFs and after irradiation at λ = 326 nm for 10 hr, fluorescent PHEA-g-CNFs were 

obtained. The modified CNFs were found to disperse well in aqueous media and had 

only limited albumin binding. The uptake of these nanoparticles by MCF-7 breast 

cancer cell lines can now be monitored by fluorescent microscopy without further 

modification with fluorescent molecule. Excess negative charged carboxylic groups 

of CNFs allowed doxorubicin loading by electrostatic interactions at various drug 

loading capacities from 1.7 to 14.9 weight %. Higher drug loading was more efficient 

in inhibiting the cell proliferation highlighting the effect of drug loading on toxicity.   

 

Scheme 4.1. Synthesis of self-fluorescent cellulose-based nanocarriers for loading and re-

lease of doxorubicin (DOX).  
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4.2. Introduction 

Cellulose nanomaterials have been attracted great attentions for their use 

in biomedicine due to their surface chemistry and nano-sized dimensions.61, 66, 372, 

373 Specifically, the abundance of functional groups on the surface, after acidic or al-

kaline treatment,62 has made cellulose nanomaterials appealing for drug delivery 

applications.389, 390 The multitude of both hydroxyl and carboxyl groups73 allows 

subsequent modification of the surface of cellulose nanomaterials with polymers to 

ensure high drug loading and compatibility with the biological environment. Jackson 

and co-workers used CNCs as excipients to deliver anticancer therapeutics in a con-

trolled manner. In this work, the anionic property of CNCs was used as an advantage 

to bind cationic drugs, such as tetracycline and doxorubicin, by electrostatic interac-

tion with high binding efficiency.391  

One of the challenges in the use of cellulose nanomaterials for drug delivery 

is the often-weak dispersibility caused by the strong inter-and intra-molecular hy-

drogen bonding. This limitation can be addressed by attaching hydrophilic polymer 

chains onto cellulose nanomaterials using esterification, etherification, amidation or 

various click reactions. 224, 392, 393 Alternatively, polymers can be grown from the sur-

face of cellulose nanomaterials using reversible deactivation radical polymerization 

(RDRP) techniques by the immobilization of the initiating or controlling agents. The 

resulting polymers often show high dispersibility in water making these composites 

ideal drug carriers that can deliver various drugs such as metal-based drugs, DNA 

and low molecular weight drugs.122, 284, 322 Most polymer grafting strategies require 

an organic solvent or pre-treatment of the cellulose nanomaterials with functional 

groups. Also, the resulting polymer-grafted cellulose nanomaterials require further 

functionalization with fluorescent dyes to be able to follow the pathway of the nano-

particles in a biological setting. Self-fluorescent cellulose nanomaterials were re-

cently introduced by Hoenders et al. who synthesized transparent cellulose nano-

material surfaces via photo-induced nitrile imine-mediated tetrazole/ene cycload-

dition (NITEC) reaction.175 In this paper, cellulose nanomaterials were first modified 

with tetrazole functionalities via an amidation reaction, followed by covalent tether-

ing with maleimide-modified compounds under UV irradiation.175 The nitrile imine 

intermediate, which is generated from the tetrazole usually after UV-light 
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irradiation,394 can quickly react with a range of functional groups including thiols, 

amines, acids, and heterocycles.395-400 For instance, Heiler et al. have demonstrated 

the application of photo-induced click reactions: nitrile imine-mediated te-

trazole/ene cycloaddition (NITEC) and nitrile imine-carboxylic acid ligation 

(NICAL), for the synthesis of single chain polymer nanoparticles in pure water.401 

Aside from the efficient but gentle modification of materials using light, the resulting 

product is fluorescent402 and can therefore be easily tracked in biological systems, 

which makes the tetrazole photo-click reaction attractive for bioconjugation400 as it 

can be used in living cells.400  

The aim of this work is to explore the NICAL reaction as a pathway to di-

rectly functionalize cellulose nanomaterials, which can further be employed as a 

drug delivery system in water without any requirement of additional functionaliza-

tion prior to surface modification. Taking advantage of the abundance of carboxylic 

acid groups on the surface after TEMPO-oxidation, cellulose nanofibers were modi-

fied via tetrazole-acid photo click chemistry under UV irradiation resulting in colloi-

dally stable cellulose nanomaterials that are fluorescent, allowing direct analysis of 

uptake of these drug carriers by cells. Reversible addition-fragmentation chain 

transfer (RAFT) polymerization using a tetrazole-based RAFT agent was employed 

to generate the reactive polymer, which was subsequently clicked onto TEMPO-oxi-

dized cellulose nanofibers (CNFs). Poly(2-hydroxyethyl acrylate) (PHEA) was cho-

sen as the aqueous polymer due to its high solubility in aqueous media (Scheme 

4.2). Doxorubicin hydrochloride was then loaded onto the polymer-coated cellulose 

nanofibers (PHEA-g-CNFs), retained by the excess of carboxylate groups on CNFs. 

The polymer-coated CNFs was then loaded with various amount of doxorubicin to 

explore the relationship between drug loading content and bioactivity. 
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Scheme 4.2. (a) General synthetic routes for the synthesis of self-fluorescent PHEA-g-CNFs 

via tetrazole-acid click chemistry under UV irradiation at ambient temperature, as well as 

(b) their electrostatic interaction with doxorubicin hydrochloride (DOX.HCl) for drug deliv-

ery application.  
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4.3. Results and Discussions 

4.3.1. Synthesis of RAFT agent bearing a tetrazole functionality 

The aim of this project is the generation of functionalized and self-fluores-

cent cellulose nanofibrils using NICAL as a modification pathway. Here, we em-

ployed poly(2-hydroxyethyl acrylate) (PHEA) as a model hydrophilic homopolymer 

bearing a tetrazole moiety, which can react with abundant carboxylic acid groups on 

the surface of cellulose nanofibrils (CNFs). First, CNFs bearing carboxylic acid func-

tionalities were prepared via mechanically assisted TEMPO-mediated oxidation 

combined with acid treatment according to the procedure mentioned in Chapter 3. 

In the next step, a RAFT agent carrying a tetrazole moiety was synthesized via a 

three-step procedure. 

First, the trithiocarbonate-based RAFT agent bearing hydroxyl group 

named benzyl (2-hydroxyethyl) carbonotrithioate was prepared by reacting 2-mer-

captoethanol and carbon disulphide (CS2) in the presence of potassium phosphate 

tribasic (K3PO4) and acetone, followed by the addition of benzyl bromide. A slightly 

viscous yellow oil after purification via silica gel column chromatography was ob-

tained. The yellow colour here is the characteristic of trithiocarbonates. The final 

product obtained, in 81 % of yield, was submitted for 1H-NMR in CDCl3 (Figure 4.1), 

where the signals at δ = 7.40 - 7.20 ppm, 4.64 ppm, 3.92 ppm and 3.63 ppm are re-

spectively assigned to the aromatic protons and methylene (CHphenyl CH2-, -

CH2CH2OH, -CH2CH2OH) protons. 

Second, 4-(2-phenyl-2H-tetrazole-5-yl) benzoic acid was also synthesized 

via multi-step method. 4-((2-(phenylsulfonyl)hydrazineylidene)methyl)benzoic 

acid was first prepared by reacting 4-formylbenzoic acid and benzenesulfonyl hy-

drazide in ethanol. The desired red was obtained by reacting the precipitated rea-

gents with benzenediazonium chloride in pyridine at -10 °C, in which benzenedia-

zonium chloride was synthesized by mixing sodium nitrite, aniline and hydrochloric 

acid in water/ethanol (2: 1.24, v/v). After extraction of the crude product, the final 

product in the form of pale red solid (50 % yield) was analysed by 1H-NMR in CDCl3 

(Figure 4.2). The characteristic peaks at δ = 8.30 ppm, 8.18 ppm, 7.72 ppm and 7.65 

ppm corresponding to the protons from two phenyl rings confirmed the formation 
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of the desired product. The existence of the functional carboxylic acid group was 

confirmed by the signal at δ = 13.26 ppm. 

 

Figure 4.1. 1H-NMR spectrum of benzyl (2-hydroxyethyl) carbonotrithioate [BHCT] in 

CDCl3. 

 

Figure 4.2. 1H-NMR spectrum of 4-(2-phenyl-2H-tetrazole-5-yl) benzoic acid in CDCl3. 
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The two synthesized molecules were then reacted via EDC/NHS coupling in 

anhydrous DCM, resulting in 2-(((benzylthio)carbonothioyl)thio)ethyl 4-(2-phenyl-

2H-tetrazol-5-yl)benzoate. The crude RAFT agent carrying the tetrazole functional-

ity was purified by silica gel column chromatography to yield 65 % of the final prod-

uct as dark red viscous oil, which was characterised via 1H-NMR and 13C-NMR (Fig-

ure 4.3 and 4.4). According to 1H-NMR, the successful synthesis was confirmed by 

the corresponding signals at δ = 8.39 ppm, 8.25 ppm, and 7.69 – 7.51 ppm (the pro-

tons of phenyl-tetrazole groups), at δ = 7.40 – 7.30 ppm (CHphenyl-CH2-), at δ = 4.70 

– 4.60 (CHphenyl-CH2-, and -C(S)S-CH2CH2-), and at δ = 3.85 ppm (-C(S)S-CH2CH2-). 

The integrations of the signals were in agreement with the number of protons in the 

structure of desired molecule, which was furthered confirmed by 13C-NMR (Figure 

4.4). 

 

Figure 4.3. 1H-NMR spectrum of 2-(((benzylthio)carbonothioyl)thio)ethyl 4-(2-phenyl-

2H-tetrazol-5-yl)benzoate [RAFT agent bearing tetrazole functionality] in CDCl3. 
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Figure 4.4. 13C-NMR spectrum of 2-(((benzylthio)carbonothioyl)thio)ethyl 4-(2-phenyl-

2H-tetrazol-5-yl)benzoate [RAFT agent bearing tetrazole functionality] in CDCL3. 

4.3.2. Synthesis of poly(2-hydroxyethyl acrylate) bearing tetrazole 

moiety [PHEA-tetrazole] 

 The synthesized RAFT agent was subsequently employed to synthesize 

PHEA bearing a tetrazole moiety. The polymerization was performed via RAFT 

polymerization in the presence of RAFT-tetrazole and AIBN as an initiator in the ra-

tio of [M]: [RAFT]: [AIBN] = 100: 1: 0.1 in DMF at a concentration of 2.64 M. After 

heating at 70 °C for 2 hr, the mixture was analysed by 1H-NMR to determine the 

monomer conversion which was calculated to be 85 % by comparing the intensity 

of the peak at δ = 4.02 ppm and 4.13 ppm which corresponds to two protons (-

CO(O)CH2-) located in the polymer and residual monomer, respectively. After puri-

fying the crude product by dialysis against methanol for 2 days, the resulting PHEA-

tetrazole was measured by SEC to have a molecular weight of Mn = 22600 gmol-1 and 

a dispersity Ð of 1.21. The bimodality here was probably due to the high monomer 

conversion (Figure 4.5). End group analysis was determined by 1H-NMR confirming 
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the presence of the aromatic groups and the RAFT end group fidelity was observed 

to be approximately 75 % (Figure 4.6). 

 

Figure 4.5. SEC curve of synthesized tetrazole-terminated PHEA dissolved in DMF. 

 

 

Figure 4.6. 1H-NMR spectrum of synthesized tetrazole-terminated PHEA in DMSO-d6. 

3 .5 4 .0 4 .5 5 .0 5 .5

L o g M w ( g  m o l
- 1

)

Conversion 

(%) 
85 

Repeating 
units 

85 

Mn(theo.)  

(g mol-1) 
10400 

Mn(SEC) 

(g mol-1) 
22600 

Đ 1.21 

 



CHAPTER – 4                                                                Photo-Induced Modification of CNFs 
 

118 
 

4.3.3. Photo-induced click reaction between PHEA-tetrazole and pen-

tanoic acid under ambient condition 

  Prior to the photo-induced coupling reactions of tetrazole-terminated PHEA 

and the carboxylic acids functionalities on CNFs, the reaction was tested using pen-

tanoic acid as a model compound. Moreover, the polymer alone was illuminated to 

identify potential side reactions. According to the general mechanism illustrated in 

Scheme 4.3, UV-irradiation initially triggers the liberation of nitrogen and the for-

mation of nitrile imines, which can be converted into 1H-diazirines and imidoylnit-

renes.177, 403  

 

Scheme 4.3. Photolysis of tetrazole reprinted with permission from (ref.395). Copyright by 

2018 American Chemical Society. 

These reactive intermediates are now prone to various reactions. Although 

the reaction is predominantly used to react the nitrile imine with vinyl functionali-

ties in a 1,3-dipolar cycloaddition,404 it became apparent that this group can react 

with other nucleophiles such as thiols,405 amines,400, 405 carboxylates9400  and to a 

very small extent alcohols.405 The polymers in aqueous solution with and without 

pentanoic acid were irradiated with UV-light (Arimed B6 UV lamp, λ = 326 nm, 1.58 

mW cm-2) for 8 hr and the reaction was monitored using fluorescence spectroscopy 

(Figure 4.7 and 4.9). In the absence of pentanoic acid, a fluorescent product with 

an emission maximum λmax of 490 nm was formed within 15 min. After an increase 

in fluorescence for two hours, the solution started to lose its fluorescence (Figure 
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4.7). This can potentially be assigned to a cascade of reaction proposed by Scheiner 

and Dinda, who observed that the photolysis of 2,5-diphenyltetrazole results initially 

in the formation of coloured 1,2-bis-phenylazo-1,2-diphenylethylene, which is then 

transformed into presumably non-coloured 2,4,5-triphenyl-1,2,3-triazole, a dimeri-

zation product.406 This dimerization is evident in the molecular weight analysis of 

the polymer by SEC after 8 hr of irradiation (Figure 4.8), which reveals the presence 

of a second polymer with a molecular weight of 45,000 g mol-1.  

 

Figure 4.7. Changes of the fluorescence intensity after irradiation of an aqueous solution of 

PHEA bearing a tetrazole end functionality (excitation wavelength =390 nm), (Arimed B6 

UV lamp, λ = 326 nm, 1.58 mW cm-2). 

 

Figure 4.8. SEC analysis (DMF) of PHEA with tetrazole functionality (black) and after illu-

mination of the polymer in water for 8 hr (red) using Arimed B6 UV lamp (λ = 326 nm, 1.58 

mW cm-2). 
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The addition of pentanoic acid in a ratio of tetrazole to carboxylic acid of 1: 

4 triggers the competitive 1,3-dipolar cycloaddition reaction, also named the nitrile 

imine-carboxylic acid ligation (NICAL), which leads to the fluorescent product as 

shown in Scheme 4.1 and 4.2. The fluorescent intensity increases over the course 

of six hours and remains constant after that, indicative of maximum conversion (Fig-

ure 4.9). This reaction is rather slow and the introduction of electron-donating 

groups on the phenyl functionality could increase the rate.400 The 1H-NMR spectra 

reveals the appearance of the reacted pentanoic acid. Comparing the methyl group 

of the acid at δ = 0.86 ppm with the aromatic group belonging to the R-group of the 

RAFT functionality at δ = 7.35 – 7.11 ppm (Figure 4.10) reveals the almost complete 

reaction. SEC analysis displays a reduced high molecular weight shoulder in the pol-

ymer isolated after 8 hr reaction time although the dimer formation is still clearly 

visible indicative of the presence of two competing reactions (Figure 4.11). In the 

subsequent reaction with CNFs, these polymer dimer side products can easily be re-

moved from the final polymer-coated CNFs via precipitation. 

 

Figure 4.9. Changes of the fluorescence intensity after irradiation of an aqueous solution of 

PHEA bearing a tetrazole end functionality with pentanoic acid (excitation wavelength = 

390 nm) (Arimed B6 UV lamp, λ = 326 nm, 1.58 mW cm-2). 
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Figure 4.10. 1H-NMR spectra of PHEA-tetrazole before and after reaction with pentanoic 

acid under UV-irradiation (Arimed B6 UV lamp, λ = 326 nm, 1.58 mW cm-2) for 8 hr. The 

spectra were recorded in DMSO-d6. 
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Figure 4.11. SEC analysis (DMF) of PHEA with tetrazole functionality (black) after reaction 

with pentanoic acid (blue) under UV irradiation for 8 hr in aqueous media (Arimed B6 UV 

lamp, λ = 326 nm, 1.58 mW cm-2). 
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4.3.4. Synthesis of self-fluorescent cellulose nanofibers via photo-in-

duced click reaction 

The polymer was now mixed with CNFs at a ratio of tetrazole to carboxylic 

groups of 1: 4.2 in aqueous solution. The control of the pH value is crucial as varia-

tion in pH can lead to the formation of undesired products .400 The reaction was again 

monitored using fluorescence spectroscopy revealing a slightly slower reaction rate 

to the one with pentanoic acid despite comparable tetrazole concentrations (Figure 

4.12). The purification of the product was performed by centrifugation and washing 

with dioxane/methanol mixture (50: 50, v/v) to remove unreacted polymer, fol-

lowed by dialysis against milli-Q water and freeze-drying. The emission spectrum of 

the purified sample was again recorded, confirming that the fluorescence is indeed 

the result of the reaction on CNFs (Figure 4.13) as PHEA-tetrazole or CNFs do not 

show any fluorescence at the emission maximum λmax = 515 nm. A control sample of 

a mixture of PHEA-tetrazole and CNFs, stirred for 10 hr in the absence of light, did 

not display any fluorescence, highlighting the necessary use of UV irradiation (Fig-

ure 4.13).  

 

Figure 4.12. Changes of the fluorescence intensity after irradiation of an aqueous solution 

of PHEA-tetrazole with CNFs at different time intervals (excitation wavelength =380 nm) 

(Arimed B6 UV lamp, λ = 326 nm, 1.58 mW cm-2). 
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Figure 4.13. Emission spectrum of purified PHEA-g-CNFs in aqueous media at excitation 

wavelength = 380 nm compared to the spectrum of the PHEA-tetrazole and CNFs alone and 

to a control sample (a mixture of PHEA-tetrazole and CNFs left in darkness for 10 hr). The 

visual evidence for the fluorescence properties of PHEA-g-CNFs compared to CNFs under 

UV irradiation are shown in the pictures. 

Moreover, the thermal degradation was recorded by TGA from room tem-

perature to 700 °C at a heating rate of 10 °C min-1 under air. The degradation tem-

perature of PHEA-g-CNFs at around 361 °C confirmed the existence of polymer 

chains on the surface. However, the quantitative analysis to calculate the grafting ef-

ficiency was not possible in this case as PHEA-tetrazole and CNFs cannot be clearly 

distinguished due to overlapping thermal behaviour (Figure 4.14). It seems how-

ever, that the grafting density may not be high as the PHEA-tetrazole decomposition 

is not clearly visible. 

 

Figure 4.14. Thermogravimetric analysis of CNFs, PHEA-tetrazole and PHEA-g-CNFs at a 

heating rate of 10 °C min-1 under air (a and b). 
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Moreover, the re-dispersed PHEA-g-CNFs after freeze-drying showed 

higher colloidal stability than CNFs in aqueous solution at 1 mg mL-1 concentration 

and can therefore serve as drug carrier (Figure 4.15). 

 

Figure 4.15. Aqueous dispersibility tests for CNFs (left) and PHEA-g-CNFs (right) at the 

same concentration of CNFs. 

4.3.5. In vitro cytotoxicity and cellular uptake studies of PHEA-g-CNFs 

The toxicity of PHEA-g-CNFs was tested using MCF-7 breast cancer cell lines. 

The incubation of various concentrations of the nanofibers with the cells for 72 hr 

did not impart any toxicity (Figure 4.16). Here, it seems that cellulose nanomateri-

als serve as nutrient to cells, resulting in more than 100 % cell growth at higher con-

centration. The cellular uptake of the nanoparticles was subsequently evaluated us-

ing laser scanning confocal microscopy (LSCM) for 2 hr and 24 hr (Figure 4.17). The 

polymer coated CNFs are clearly visible (green) inside the cells due to the self-fluo-

rescence of the material. Please note, no additional fluorophores were used. Staining 

of the lysosomes (red) reveals the co-localization with PHEA-g-CNFs indicative of an 

uptake by endocytosis.  
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Figure 4.16. Viability (%) of breast cancer cell line (MCF-7) after being exposed to an aque-

ous dispersion containing PHEA-g-CNFs for 3 days (starting concentration = 0.5 mg mL-1). 

 

Figure 4.17. Confocal microphotographs of MCF-7 cells after incubation with aqueous dis-

persion of PHEA-g-CNFs at 37 °C for 2 hr and 24 hr. The yellow colour in the merged pic-

ture indicates the localization of nanofibers (PHEA-g-CNFs) in the lysosomes. The green 

and red colours represent PHEA-g-CNFs and lysosome, respectively. 
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4.3.6. Binding doxorubicin hydrochloride on the surface of cellulose

 nanofibers via electrostatic interaction (PHEA-g-CNFs-DOX) 

 The nanofibers were subsequently loaded with the hydrochloride salt of 

doxorubicin (DOX.HCl) by stirring various amounts of the drug with PHEA-g-CNFs 

in PBS buffer (pH 7.4). The positively charged drugs was loaded onto the negatively 

charged CNFs by electrostatic interactions.407 After stirring for 27 hr, the drug 

loaded PHEA-g-CNFs were separated from the free drug by centrifugation and the 

amount of drug loaded was determined by analysing the supernatant via UV-Vis 

spectroscopy. Initial inspection reveals substantial drug loading as the solution of 

the drug loaded PHEA-g-CNFs takes on the red colour of DOX.HCl (Figure 4.18). The 

amount of loaded DOX.HCl was elucidated and drug loading efficiency as well as 

drug loading capacity was calculated using the molar absorptivity of DOX.HCl. The 

standard curve of DOX.HCl used for the determination of the amount of drug on the 

surface is shown in Figure 4.19. As expected, the fraction of loaded drug (drug load-

ing capacity) increased with increasing amount of drug (Figure 4.18). What is ra-

ther unusual though is that the drug loading efficiency increases with increasing 

amount of drug, suggesting a more concentrated solution of DOX.HCl in PBS buffer 

pushes relatively more drug into the drug carrier. The origin of this behaviour is 

unclear and usually not observed in the literature. Large amounts of DOX.HCl in the 

feed solution will increase the ionic strength but also reduce the hydrophilicity of 

the solution, due to the large lipophilic character of the drug structure.408 This may 

affect the conformation of the PHEA and CNFs themselves allowing better diffusion 

of the drugs to the negatively charged sites on the CNFs. It could also be possible 

that the initial presence of DOX.HCl alters the properties of the CNFs towards a more 

hydrophobic environment, attracting more drugs bound by -stacking.409-411 
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Figure 4.18. Drug loading efficiency (%) and drug loading capacity (%) vs weight feed ratio 

of DOX.HCl to PHEA-g-CNFs. The insert shows the appearance of the drug loaded nanopar-

ticles after purification from the lowest (left) to the highest (right) drug loading capacity. 

 

Figure 4.19. Standard curve of DOX.HCl in methanol by using UV-Vis spectroscopy (excita-

tion wavelength = 496 nm). 

The purified PHEA-g-CNFs-DOX with 1.7 % drug loading capacity was sub-

mitted for FT-IR characterization, which shows that the existence of PHEA on CNFs 

(Figure 4.20). The presence of attached PHEA is mainly evident from the increased 

absorption peak at around 2970 cm-1. The new band at 1602 cm-1 could be either 

the CONH stretching vibration or DOX.HCl.  
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Figure 4.20. FT-IR spectra of CNFs (black), PHEA-tetrazole (red) and PHEA-g-CNFs-DOX 

(1.7 % drug loading capacity) (blue). 

The grafted polymer (PHEA) is more visible in the 1H-NMR study, but CNFs 

and the drug are barely visible (Figure 4.21). 1H-NMR signals corresponding to 

CNFs appear typically between 5 and 3 ppm. A signal at around 3.6 ppm is evidence 

for the presence of CNFs, but the majority of signals are invisible due to the relaxa-

tion time of crystalline CNFs.  

According to the characterization via DLS, PHEA-g-CNFs-DOX (1.7 % drug 

loading capacity) was found to have a hydrodynamic diameter of around Dh= 503.1 

nm (PDI= 0.34) and a zeta-potential of -29.6 mV (Figure 4.22). The strong negative 

zeta-potential suggests that the polymer is only able to partially shield the charged 

carboxylate on the CNFs. One positive aspect is the negative surface charges can ef-

ficiently repel albumin binding (Figure 4.22 b).  
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Figure 4.21. 1H-NMR spectra of PHEA-tetrazole (black) and PHEA-g-CNFs-DOX (1.7 % drug 

loading capacity) (blue). The spectra were recorded in D2O. 

 

 

Figure 4.22. Size distribution of CNFs (-COO-) (1, black). (a) Size distributions of PHEA-g-

CNFs-DOX (1.7 % drug loading capacity) before (2, blue) and after incubation with albu-

min for one day (3, dark red), and (b) a table for the zeta-potential of each CNFs sample. 
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4.3.7. In vitro cytotoxicity and cellular uptake study  

Cell proliferation studies on MCF-7 cells revealed an increased toxicity with 

increasing drug loading capacity (Figure 4.23). This is expected as each PHEA-g-

CNFs carries more drug meaning that one nanofiber is significantly more toxic. The 

cell needs to take up less drug carriers, thus doing less work, to receive a large load 

of drug. However, this is not always the case as the drug can alter the properties of 

the drug carrier lowering the bioactivity of nanoparticles with high amount of 

drugs.50, 412-414 

 

Figure 4.23. The effects of drug loading capacity of PHEA-g-CNFs on cell viability against 

MCF-7 cell line. The cell viability tests were performed after incubating the cells with drug-

loaded PHEA-g-CNFs at 37°C for 2 days. 

To understand the increased activity with higher drug loading, two cell up-

take experiments were carried out using flow cytometry. The fluorescence signal of 

DOX.HCl was followed, not that of the drug carrier. In one scenario, the solutions 

were adjusted to the same drug concentration, thus only a small amount of drug 

carrier is present in the sample with the highest drug loading capacity (Figure 4.24 

left, Table 4.1 for concentrations). The MCF-7 cells were incubated for 2 hr and the 

cell association was measured by flow cytometry following the fluorescent DOX.HCl. 

It is evident that PHEA-g-CNFs with large amounts of DOX.HCl are more efficient in 

delivering the drug as less drug carriers need to be shuttled into the cell. This can 

now be compared to the cell uptake when using the same PHEA-g-CNFs concentra-

tion. The raw data naturally reveals a lower fluorescent intensity associated with 

the MCF-7 cells in the case of low drug loading content, owing to the lower loading 

of fluorescent drugs (Figure 4.24 middle). This data can now be re-analysed by 
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taking the difference in fluorescent intensity into account to obtain a cell association 

relative to each other. In this case, the sample with the lowest drug loading was 

omitted as the overall low fluorescence gave unreliable results. Figure 4.24 (right) 

reveals that the cellular association is independent from the drug loading capacity. 

As a result, the higher toxicity can be explained simply by the larger amount of drug 

per drug carrier.   

 

Figure 4.24. Flow cytometry analyses of MCF-7 cells after treatment with PHEA-g-CNFs-

DOX at constant drug concentration of 8.87 µg mL-1 (left) and at constant PHEA-g-CNFs of 

108.18 µg mL-1 (middle, raw data) (right, corrected data). 
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4.4. Conclusions 

In summary, we reported a simple and facile method to prepare functional 

cellulose nanoparticles with self-fluorescent properties, enhanced aqueous dispers-

ibility and low toxicity via NICAL click chemistry under mild reaction conditions. 

The synthesized PHEA-g-CNFs were successfully taken up by MCF-7 cells within 2 

hr. Loading of DOX.HCl at different amounts revealed that the in vitro cytotoxicity of 

drug loaded nanofibers against cancer cells was significantly influenced by the drug 

loading capacity. This study provided valuable insight into the potential applications 

of click reactions by endowing superior properties like fluorescence and aqueous 

dispersibility to cellulose nanofibers, thereby making it beneficial for biomedical ap-

plications. 
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4.5.  Experimental Procedure 

4.5.1. Synthesis of benzyl (2-hydroxyethyl) carbonotrithioate [BHCT] 
 

 

Scheme 4.4. Schematic illustration for the synthesis of benzyl (2-hydroxyethyl) carbonotri-

thioate [BHCT]. 

2-Mercaptoethanol (0.9 mL, 12.8 mmol) was added to a stirred suspension 

of potassium phosphate tribasic (K3PO4) (2.7g, 12.8 mmol) in acetone (50 mL) and 

stirred for 15 min. When carbon disulphide (CS2) (1.23 mL, 20.5 mmol) was added 

to the mixture, the solution turned yellow and was kept under stirring for 30 min. 

After addition of benzyl bromide (1.52 mL, 12.8 mmol), potassium bromide (KBr) 

precipitation was observed, and the mixture was stirred for 2 more hours. The re-

sulting mixture was then filtered, and solvent was removed under reduced pressure. 

The obtained concentrated crude product was purified by column chromatography 

(cyclohexane/ethyl acetate 70: 30 v/v) to yield a slightly viscous yellow oil (2.53 g, 

81 %).  

1H-NMR (300 MHz, CDCl3): δ/ppm = 7.4 – 7.2 (5H, m, CHphenyl), 4.64 (2H, s, -

CHphenyl CH2-), 3.92 (2H, t, -CH2CH2OH), and 3.63 (2H, t, -CH2CH2OH). 

4.5.2. Synthesis of 4-(2-phenyl-2H-tetrazole-5-yl) benzoic acid 

 

Scheme 4.5. Schematic illustration for the synthesis of 4-(2-phenyl-2H-terazole-5-yl) ben-

zoic acid. 



CHAPTER – 4                                                                Photo-Induced Modification of CNFs 
 

134 
 

4-Formylbenzoic acid (2.5 g, 1.67 mmol) was dissolved in ethanol (150 mL). 

Benzenesulfonyl hydrazide (2.87 g, 1.67 mmol) was added to the pale-yellow solu-

tion and stirred for 30 min. Milli-Q water (130 mL) was added and a white precipi-

tate formed. The precipitate was then collected by filtration and dried under vac-

uum. A solution of sodium nitrite (1.15 g, 1.67 mmol) in milli-Q water (8 mL) was 

added to a cooled solution of aniline (1.55 g, 1.67 mol) in water/ethanol (26 mL, 1: 

1, v/v) and concentrated hydrochloric acid (5 mL). The white precipitate was dis-

solved in pyridine (250 mL) and the aniline solution was slowly added to this solu-

tion at -10 °C and stirred for 1 hr. Ethyl acetate (300 mL) was added to the resulting 

red solution and the top layer was collected. Concentrated hydrochloric acid (3 N, 

up to 800 mL) was added to the ethyl acetate solution. A red precipitate formed at 

the phase interface and was collected by filtration and dried under vacuum. The de-

sired product was obtained as a pale red solid (2.2 g, 50 %). 

1H-NMR (400 MHz, DMSO-d6): δ/ppm = 13.26 (1H, s, CHphenyl COOH), 8.30 (2H, m, 

CHphenyl), 8.18 (4H, m, CHphenyl), 7.72 (2H, m, CHphenyl), and 7.65 (1H, m, 

CHphenyl). 

4.5.3. Synthesis of 2-(((benzylthio)carbonothioyl)thio)ethyl 4-(2-phe-

nyl-2H-tetrazol-5-yl)benzoate [tetrazole-bearing RAFT agent] 

 

Scheme 4.6. Schematic illustration for the synthesis of 2-(((benzylthio)carbonothioyl)thio) 

ethyl 4-(2-phenyl-2H-tetrazol-5-yl)benzoate [tetrazole-bearing RAFT agent]. 

4-(2-phenyl-2H-tetrazol-5-yl)benzoic acid (195 mg, 0.74 mmol) and N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) (152 mg, 

0.80 mmol) were dissolved in dichloromethane (3 mL) and stirred in darkness for 

15 min. Benzyl (2-hydroxyethyl) carbonotrithioate (150 mg, 0.61 mmol) and a 
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catalytic amount of 4-(dimethylamino)pyridine (DMAP)  were added and the solu-

tion was stirred (in darkness) overnight. The solution was washed with acidic water 

(pH 4 - 5) to remove unreacted EDC and urea by-product, and then the organic sol-

vent was removed under reduced pressure. The residue was purified by column 

chromatography (cyclohexane/ethyl acetate 80: 20 v/v) to yield the product as dark 

red viscous oil (195.3 mg, 65 %).  

1H-NMR (300 MHz, CDCl3): δ/ppm = 8.39 (2H, d, CHphenyl-tetrazole), 8.25 (4H, m, 

CHphenyl-tetrazole), 7.69 – 7.51 (3H, m, CHphenyl-tetrazole), 7.4 – 7.3 (5H, m, 

CHphenyl), 4.7 – 4.6 (4H, m, CH2), and 3.85 (2H, t, -C(S)SCH2-). 

4.5.4. Synthesis of poly(2-hydroxyethyl acrylate)bearing tetrazole 

moiety [PHEA-tetrazole] 

 

Scheme 4.7. Schematic illustration for the synthesis of PHEA-tetrazole. 

In a glass vial, 2-hydroxyethyl acrylate (HEA) (919 mg, 7.91 mmol), RAFT-

tetrazole (39 mg, 79.14 µmol), and the initiator AIBN (1.3 mg, 7.91 µmol) were dis-

solved in N,N-dimethylformamide (DMF) (concentration = 2.64 M). The glass vial 

sealed with rubber septum was then degassed with nitrogen gas for 45 min. The 

polymerization was performed at 70 °C for 2 hr to achieve 85% of monomer con-

version. The reaction was stopped by introducing air to the mixture and placing the 

vial in an ice bath. The resulting polymer was purified via dialysis against methanol 

(MeOH) for 2 days and then dried under vacuum. The monomer conversion and mo-

lecular weight of the pure polymer were analysed via 1H-NMR and SEC. The broad 
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polydispersity index was due to the high monomer conversion, but it did not affect 

further experiments carried out by using synthesized polymers. 

4.5.5. Photo-induced click reaction between PHEA-tetrazole and pen-

tanoic acid under ambient condition 

 

Scheme 4.8. Schematic illustration for the photosynthesis of PHEA-tetrazole and pentanoic 

acid under ambient condition. 

The photo-click reaction between tetrazole and acid moieties were carried 

out under ambient conditions in aqueous media. Firstly, the mixture of PHEA-te-

trazole (40.00 mg, 3.85 µmol) and pentanoic acid (1.64 mg, 16.03 µmol) in 200 µL 

of milli-Q water was added into 1 mL quartz cuvette and stirred vigorously. Then 

the solution was irradiated under UV (Arimed B6 UV lamp, λ = 326 nm, 1.58mW cm-

2) under constant stirring at room temperature. For the purpose of kinetic study, the 

changes in fluorescence intensity were monitored by using a fluorescence spectro-

photometer after irradiating the solution at different time intervals: t =0, 15 min, 30 

min, 1 hr, 2 hr, 4 hr, 6 hr, and 8 hr. For the control experiment, the same reaction 

condition was employed in the absence of pentanoic acid. 



CHAPTER – 4                                                                Photo-Induced Modification of CNFs 
 

137 
 

4.5.6. Synthesis of self-fluorescent cellulose nanofibers via photo-in-

duced click reaction 

 

Scheme 4.9. Reaction scheme for the synthesis of self-fluorescent cellulose nanofibers by 

grafting PHEA onto surface via photo-induced tetrazole-COOH click reaction. 

Self-fluorescent cellulose nanofibers were obtained by covalently tethering 

tetrazole end-functionalized PHEA onto the surface of TEMPO-oxidized cellulose 

nanofibers (CNFs) via light-triggered tetrazole-acid click reaction under ambient 

condition. In a 1 mL quartz cuvette, CNFs gel (9.75 mg of dry solid, 16.09 µmol of 

carboxylic acid groups) was mixed with PHEA-tetrazole (40 mg, 3.86 µmol) and dis-

persed in 800 µL of milli-Q water. After homogenising the dispersion by continuous 

stirring, it was submitted for UV-irradiation using Arimed B6 UV lamp (λ = 326 nm, 

1.58 mW cm-2) in aqueous media while stirring at room temperature. For the kinetic 

study, the reaction conditions were monitored by the changes in fluorescence inten-

sity using a fluorescence spectrophotometer after irradiating the solution at differ-

ent time intervals: t = 0, 15 min, 30 min, 1 hr, 2 hr, 4 hr, 6 hr, 8 hr, and 10 hr. After, 

the starting materials (PHEA-tetrazole) and possible by-products (block copoly-

mers due to the reaction between tetrazole moieties themselves) were removed by 

precipitating and centrifuging (at 7000 rpm for 10 min) the crude sample in diox-

ane/methanol mixture (50: 50 v/v) for several times. The precipitated PHEA-

grafted cellulose nanofibers (PHEA-g-CNFs) were then dialysed against milli-Q 
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water for one day to completely remove the organic solvent and submitted for 

freeze-drying to achieve the sample in fluffy solid form. The properties of the pure 

PHEA-g-CNFs were then characterized via UV-Vis and fluorescence spectroscopy. 

The size distribution and zetapotential analyses of CNFs before and after surface 

grafting with PHEA were performed by dynamic light scattering (DLS). For the ex-

periments on albumin binding, 0.7 mg of PHEA-g-CNFs and 3.5 mg albumin were 

vigorously stirred in 1 mL of water. The size change of nanoparticles was recorded 

by DLS after one day. 

4.5.7. In vitro cell viability assay 

 The cytotoxicity tests for the PHEA-g-CNFs with and without drugs were 

carried out by a standard sulforhodamine B colorimetric proliferation assay (SRB 

assay). The breast cancer cell line MCF-7 was seeded in 96-well cell culture plates at 

a density of 4000 cells per well and incubated at 37 °C in 5 % CO2 for 24 hr. The 

samples were then sterilized by UV irradiation for 15 min in a bio-safety cabinet and 

then the growth medium (Dulbecco’s Modified Eagle’s Medium, DMEM) was re-

placed with 100 µL of fresh double concentrated medium. Subsequently, 100 µL of 

serially diluted (double dilution) samples were added to the plates. After incubation 

at 37 °C for 72 hr, the culture medium was removed and the live cells were fixed in 

10 % (w/v) trichloroacetic acid (TCA) for 30 min at 4 °C, followed by washing the 

plates five times with milli-Q water. Then, the TCA-fixed cells were stained by adding 

100 µL of 0.4 % (w/v) SRB dissolved in 1 % acetic acid. After leaving the plates for 

20 min in dark, SRB was decanted and the plates were washed five times with 1 % 

acetic acid to remove unbound dye. After removing the excess of moisture by air-

drying for a few hours, 200 µL of 10 mM Tris buffer was added to each well and left 

for 5 min to solubilize the dye (SRB). The absorbance was determined at 490 nm 

using a Bio-Rad BenchMark Microplate reader. The obtained data was analyzed and 

plotted using GraphPad Prism 8.0, in which non-treated cells were used as controls. 

The cell viability was calculated using optical density (OD): 

Cell viability (%) =
OD490,sample − OD490,blank

OD490,control − OD490,blank
× 100 



CHAPTER – 4                                                                Photo-Induced Modification of CNFs 
 

139 
 

4.5.8. In vitro cellular uptake study for PHEA-g-CNFs by laser scanning 

confocal microscopy (LSCM)  

Observations on the cellular uptake and fluorescence property of synthe-

sized polymer-grafted cellulose nanofibers (PHEA-g-CNFs) were carried out via la-

ser scanning confocal microscopy (LSCM). Firstly, cells were seeded in 35 mm 

fluorodish (World Precision Instruments) at a density of 3 × 104 per dish and cul-

tured in 2 mL of DMEM cell culture medium at 37 °C in 5 % CO2 for 24 hr. When the 

cells reached sufficient confluency, the medium was replaced with 1 mL of fresh 

double concentrated medium and 1 mL of sample dispersion at the concentration of 

0.5 mg mL-1. After incubating the cells at 37 °C for 2 hr and 24 hr, the cells were 

washed three times with PBS. The cells were then stained with LysoTracker Red 

DND-99 (Invitrogen) for 1 min, followed by washing with PBS. Then the cells were 

mounted in PBS and observed under a Zeiss LSM 780 laser scanning confocal micro-

scope system equipped with a Diode 405-30 laser and an argon laser and a DPSS 

561-10 laser (excitation wavelength: 405 nm and emission wavelengths: 490 – 590 

nm, respectively) connected to a Zeiss Axio Observer.Z1 inverted microscope (Air 

20×/0.8 NA objective). The Zen2012 imaging software (Zeiss) was used for image 

acquisition and processing. 

4.5.9. Binding doxorubicin hydrochloride on the surface of cellulose

 nanofibers via electrostatic interaction (PHEA-g-CNFs-DOX) 

 

Scheme 4.10. Schematic illustration for binding doxorubicin hydrochloride (DOX.HCl) on 

the surface of CNFs via electrostatic interaction in PBS (at pH = 7.4) at room temperature. 

  Binding doxorubicin hydrochloride (DOX.HCl) on the surface of PHEA-g-

CNFs was performed via electrostatic interaction in phosphate buffered saline (PBS, 
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pH 7.4). To prepare a range of drug-loaded samples with different amount of drugs 

on the surface, the stock solution of DOX.HCl was first prepared by dissolving 4 mg 

of DOX.HCl in 2 mL of milli-Q water. Then the desired volume of stock solution was 

diluted into five vials containing 5 mg of PHEA-g-CNFs in 1 mL of double concen-

trated PBS (pH 7.4). More milli-Q water was added to all vials to adjust the volume 

of the solution to 2 mL and initially added drug concentrations to 0.125 mg, 0.25 mg, 

0.5 mg, 1 mg and 2 mg respectively. The reaction was then stirred at 600 rpm for 27 

hr at room temperature. The samples were purified by several cycles of precipitation 

and centrifugation in methanol at 6000 rpm for 15 min. After each cycle, the super-

natant containing free DOX.HCl was collected, dried and re-dissolved in certain vol-

ume of methanol for UV-Vis analysis to calculate the drug loading efficiency. The 

maximum excitation wavelength of DOX.HCl was 496 nm. Then, the precipitated 

drug loaded samples were further dialyzed against milli-Q water for one day, fol-

lowed by freeze-drying. 

4.5.10. In vitro cellular uptake study for drug loaded PHEA-g-CNFs by 

flow cytometry 

 Cellular uptake studies for drug-loaded PHEA-g-CNFs samples were per-

formed by flow cytometry. Firstly, MCF-7 cells were seeded in 6-well plates at a den-

sity of 3 × 105 cells per well and incubated at 37 °C in 5 % CO2 for two days. Then the 

cultured medium (DMEM) was replaced with 1 mL of fresh double concentrated me-

dium and 1 mL of sample solution. The data for the experiments using constant 

PHEA-g-CNFs concentration and constant DOX.HCl concentration are shown in the 

Table 4.1. After incubating the cells with sample solution at 37 °C for 2 hr, the cell 

monolayer was washed with cold PBS three times and treated with trypsin/EDTA 

to detach the cells. After that, the cells were collected, centrifuged and resuspended 

in cold Hank’s buffer. The cells suspension was submitted for flow cytometry analy-

sis on BD FACSCantoTMII Analyser (BD Biosciences, San Jose, USA, excitation wave-

length = 488 nm and emission wavelength = 585 nm), and the results were collected 

by analysing at least 20,000 cell events. Raw data was analysed using FlowJo 
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software and the results were reported as the median of the distribution of cell flu-

orescent intensity. 

 

Table 4.1. The concentration of PHEA-g-CNFs or DOX.HCl treated to the cells. 

 

 

 

 

 

Sample ID 

(based on drug loading capacity/ %) 

[PHEA-g-CNFs] 

(μg mL-1) 

[DOX.HCl] 

(μg mL-1) 

1.7 491.13 1.95 

3.5 108.18 8.87 

7.6 50.20 19.11 

14.9 22.94 41.83 

[DOX.HCl] constant = 

8.87 μg mL-1 

[PHEA-g-CNFs] constant 

= 108.18 μg mL-1 
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5.1. Overview 

The three-component Passerini reaction (Passerini 3-CR) is regarded as an 

effective functionalization approach which can be carried out under mild and fast 

reaction conditions. In this study, we investigated the application of Passerini 3-CR 

for the synthesis of thermo-responsive cellulose fibrils by covalently tethering 

poly(N-isopropylacrylamide) in aqueous condition at ambient temperature. The 

three components, a TEMPO-oxidized cellulose nanofiber bearing carboxylic acid 

moieties (CNFs-COOH), a functionalized polymer with aldehyde group (PNIPAm-

COH) and a cyclohexyl isocyanide, were reacted in one-pot resulting in 36 % of graft-

ing efficiency within 30 min. The chemical coupling was evidenced by improved 

aqueous dispersibility, which was further confirmed by FT-IR, TGA, UV-Vis, and tur-

bidity study. It was observed that the grafting efficiency is strongly dependent on the 

chain length of the polymer. Furthermore, AFM and X-ray diffraction measurements 

affirmed the suitability of the proposed method for chemical modification of cellu-

lose nanofibers without significantly compromising the original morphology and 

structural integrity. 

 

Scheme 5.1. Schmetic illustration for the synthesis of PNIPAm-grafted cellulose  nanofibers 

(PNIPAm-g-CNFs) via three-component Passerini reaction. 
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5.2. Introduction 

Nanocellulose is one of the most outstanding biomaterials due to unique 

physical, chemical and biological properties.415, 416 Numerous nanocellulose-based 

materials have been investigated for wide applications in various fields including: 

medical, food, paper, composite, etc.416, 417 However, aggregation of nanocellulose is 

often encountered in aqueous media, which poses a major obstacle in developing 

these materials for various applications.418 This has led to extensive studies on sur-

face modification techniques to minimize inter-and intra-hydrogen bonding be-

tween cellulose chains to improve  functionality.148 Amongst various surface modi-

fication techniques, physical or chemical grafting of polymers onto cellulose nano-

fibers (CNFs) is the most promising approach triggering significant outcomes.224, 419 

Taking advantage of abundant carboxylic acid groups present on the surface of CNFs 

prepared via TEMPO-mediated oxidation pre-treatment373, synthetic polymers can 

be covalently attached onto nanofibers via various chemical treatments including 

esterification, etherification and amidation reactions.224, 420 As a result of the mois-

ture sensitivity of the system, the tedious and lengthy solvent exchange processes of 

nanofibrils have to be performed prior to the surface functionalization.421 To over-

come this limitation, we investigated nitrile imine-mediated tetrazole/ carboxylic 

acid ligation (NICAL) reaction as an surface modification technique which can be 

processed under mild aqueous conditions (Chapter 4). However, apart from the flu-

orescent and biological properties of resulting products (polymer-grafted CNFs), 

the grafting was not efficient. Hence, we herein explored an alternative method 

which can efficiently tether polymers on CNFs under mild reaction conditions with-

out disrupting the original morphology and structural integrity of CNFs. 

 Our approach is based on the Passerini reaction, which is one of the multi-

component reactions (MCRs) containing three reagents - an aldehyde/ - a ketone,  

carboxylic acid, and an isocyanide - reacting in one-pot to generate an α-acyloxy car-

boxamide intermediate.422 The three-component Passerini reaction (Passerini 3-CR) 

has captured the special attention of both academic and industrial scientists due to 

the carbenic reactivity of isocyanides lead to the quick and easy synthesis of a larger 

variety of multifunctional products with excellent yields, at or below room temper-

ature.423 For instance, Meier and co-workers reported the divergent synthesis of a 
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variety of functional monomers such as tuneable acrylate monomers424, AB-type 

monomers bearing carboxylic acid and aldehyde moieties425, as well as asymmetric 

α,ω-dienes containing an acrylate and a terminal olefin426. Such monomers were 

then directly polymerized in a polyaddition approach applying the Passerini 3-CR 

for the formation of sequence-controlled and high-molecular-weight polymers with 

different side chains.425-427 In other studies, it was described that the Passerini 3-CR 

was successfully used as an efficient approach for the divergent428 and convergent429 

synthesis of well-designed dendrimers. In addition, So yler et. al. has recently re-

ported the successful surface modification of succinylated cellulose by employing 

small molecular model of Passerini components under mild conditions.430 

 We are interested in the application of the Passerini 3-CR as a versatile ap-

proach to covalently tether a series of synthesized polymers onto cellulose nano-

fibers (CNFs) in aqueous condition at the ambient temperature. This has been 

achieved via the design of polymers with aldehyde end group functionality, which 

can be easily obtained using functional RAFT agents. The underpinning idea was 

demonstrated here using poly(N-isopropylacrylamide) PNIPAm as a model polymer. 

an extensively studied thermo-responsive hydrophilic polymer, which can undergo 

phase transition from a soluble to an insoluble state (coil-to-globule) in aqueous so-

lution at its lower critical solution temperature (LCST) of approximately 32 °C.431 

The structural changes and their LCST value close to physiological temperature are 

desired for various fields, especially biomedical applications.432, 433 A range of 

thermo-responsive nanoparticles, including polymer-protein conjugates434 and 

PNIPAm hydrogel435, has been described in the literature for drug delivery purposes 

to release therapeutics upon temperature variations within the body. In the case of 

cellulose, Porsh et. al. reported the designing of thermo-responsive cellulose parti-

cles by grafting copolymers of) oligo(ethylene glycol) methyl ether methacrylate 

(OEGMA300) and di(ethylene glycol) methyl ether methacrylate (DEGMA from hy-

droxylpropyl cellulose via surface-initiated ARGET ATRP. 436 Recently, Hufendiek and 

co-workers elegantly showed that the successful synthesis of temperature-respon-

sive cellulose by photochemically grafting maleimide endcapped poly(N-isopropy-

lacrylamide) PNIPAm-maleimide to cellulose-tetrazole.437  
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In this work, we demonstrated the preparation of thermo-responsive CNFs 

by chemically grafting PNIPAm onto TEMPO-oxidized cellulose nanofibers (CNFs) 

via Passerini reaction. The three components involved in this reaction are CNFs with 

carboxylic acid moieties (CNFs-COOH), a PNIPAm with aldehyde end functionality 

(PNIPAm-COH) synthesized via Reversible Addition-Fragmentation Chain-Transfer 

(RAFT) polymerization technique, and a cyclohexyl isocyanide. The efficiency of the 

surface modification approach, and the properties, especially structural integrity 

and thermal tunability, of the grafted products (PNIPAm-g-CNFs) were confirmed 

via various analytical techniques including XRD, TGA, AFM and turbidimetry. The 

overall experimental procedure is illustrated in Scheme 5.2.  

 

Scheme 5.2. Schematic illustration of the synthesis of polymer-grafted cellulose fibrils 

(PNIPAm-g-CNFs) via Passerini 3-CR using PNIPAm-COH (a), TEMPO-oxidized cellulose fi-

brils carrying acid groups (CNFs-COOH) (b), and cyclohexyl isocyanide (c) reacted in water 

at ambient temperature. 
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5.3. Results and Discussions 

5.3.1. Synthesis of aldehyde-terminated RAFT agent 

Most polymer grafting strategies require organic solvent or pre-treatment 

of cellulose nanomaterials with functional groups. Here we aim to employ the three-

component Passerini reaction as an attractive technique to directly functionalize 

cellulose nanofibers (CNFs) using the aqueous CNFs gel in a one-pot process without 

any requirement of solvent switching procedure. In this process, polymers with al-

dehyde groups are directly reacted with TEMPO-oxidized CNFs bearing acid moie-

ties.73 The resulting grafted CNFs were expected to be well-dispersed in water and 

therefore suitable for drug delivery.  

In order to fulfil this aim, CNFs bearing carboxylic acid functionalities were 

firstly prepared via mechanically assisted TEMPO-mediated oxidation combined 

with acid treatment according to the procedure discussed in Chapter 3. The next 

step was the synthesis of the functional RAFT-agent carrying aldehyde moiety. BSPA 

(3-benzylsulfanylthiocarbonylsulfanylpropionic acid), a common type of RAFT-

agent bearing carboxylic acid moiety was synthesized according to the procedure as 

described previously in the literature.438 The BSPA RAFT agent was then converted 

to protected aldehyde group via two-step procedure. The synthesis was started with 

the preparation of 2-(2,2-dimethoxy-ethoxy)-ethanol by a substitution reaction of 

commercially available reagents: ethylene glycol and bromoacetaldehyde dimethyl 

acetal. After purifying the crude by extraction with chloroform and water for 5 

times, the resulting product was dried and characterized by 1H-NMR, where the sig-

nals at 4.50 ppm and 3.37 ppm are corresponding to the protons from acetal group: 

CH(OCH3)2 and (OCH3)2. The methylene protons (-CH2OH, - CH2OCH2, -CHCH2O-) ap-

peared in the range of 3.69 – 3.52 ppm, and the proton from OH appeared at 2.86 

ppm (Figure 5.1). Then the RAFT agent was subsequently synthesized by reacting 

the 2-(2,2-dimethoxy-ethoxy)-ethanol with BSPA via EDC/DMAP coupling tech-

nique in anhydrous DCM under ambient temperature. The yellow viscous oil was 

purified by extraction with water, followed by silica gel chromatography, and char-

acterised by 1H-NMR analysis. According to Figure 5.2, the successful synthesis of 

triothiocarbonate RAFT agent with acetal protecting group can be confirmed by the 
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acetal peak at 3.27 ppm (6H, (OCH3)2) and aromatic protons appearing at 7.45 – 7.24 

ppm (5H, CHphenyl). The intensity of acetal peak had a reasonably good agreement 

with the signals corresponding to the rest of the molecule. 

 

Figure 5.1. 1H-NMR spectrum of 2-(2,2-dimethoxy-ethoxy)-ethanol in CDCl3. 

 
Figure 5.2. 1H-NMR spectrum of 2-(2,2-dimethoxy-ethoxy)ethyl [3(benzylthiocarbonothi-

oylthio)propanoate] (trithio RAFT-acetal) in DMSO-d6. 



CHAPTER – 5                                                   Modification of CNFs via Passerini Reaction 
                      

150 
 

5.3.2. Synthesis of PNIPAm homopolymer bearing aldehyde end group 

Firstly, poly(N-isopropylacrylamide) PNIPAm carrying acetal/protected al-

dehyde end functionality was synthesized via Reversible Addition-Fragmentation 

Chain-Transfer (RAFT) polymerization. The RAFT agent (RAFT-acetal) was subse-

quently employed to prepare a set of five PNIPAm polymers with different lengths 

(DPn = 12, 66, 89, 108 and 158), which were then employed to investigate the influ-

ence of the reaction time and the molecular weight on the success of the Passerini 

reaction. The readers are referred to Table 5.3 for the experimental conditions es-

pecially the ratio between monomer (NIPAm), RAFT agent and initiator (AIBN) for 

all polymer syntheses. The number-average degree of polymerization (DPn) was de-

termined by 1H-NMR by comparing the integration of the signal at 4.08 ppm (NH 

from residual monomer) to that at 3.93 ppm (NH from polymer). Moreover, accord-

ing to the 1H-NMR of pure product by dialysis against methanol, the proton peak at 

3.42 ppm confirmed the existence of acetal (protected aldehyde) end group on the 

polymer chain (Figure 5.4 a). Furthermore, SEC traces revealed a narrow molecular 

weight distribution (Ɖ) below 1.2 for all polymers confirming that the polymeriza-

tion took place in a well-controlled manner (Figure 5.3 and Table 5.1). 

Table 5.1. Properties of synthesized PNIPAm-acetals obtained from 1H-NMR and SEC 

analyses. 

Sample name 
Conversion 
(%) 

Degree of 
polymerization 
(DPn) 

Mn(theo) 
(g mol-1) 

Mn (SEC) 

(g mol-1) 
Ð 

PNIPAm12 61 12 1800 3600 1.16 

PNIPAm66 66 66 7900 14000 1.14 

PNIPAm89 89 89 10500 17900 1.15 

PNIPAm108 54 108 12600 21900 1.13 

PNIPAm158 79 158 18300 29200 1.18 
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Figure 5.3. SEC traces of a library of synthesized PNIPAm-acetal with different chain 

lengths. 

The aldehyde end-functionality of PNIPAm was subsequently liberated in 1 

M HCl in THF. According to 1H-NMR shown in Figure 5.4, the decreasing intensity 

of the peak at 3.42 ppm correspond to the dimethyl acetal group as well as the ap-

pearance of a peak at 9.74 ppm confirmed the successful synthesis of PNIPAm car-

rying an aldehyde end functionality (PNIPAm-COH). 

 

Figure 5.4. Sample 1H-NMR spectra of PNIPAm12 (I) (a) before deprotection (PNIPAm-ace-

tal) and (b) after deprotection (PNIPAm-COH) in CDCl3. 
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5.3.3. Determination of the feasibility of three-component Passerini 

reaction (Passerini 3-CR) via 1H-NMR and UV-Vis analyses 

Surface modification of CNFs with the synthesized PNIPAm was carried out 

via three-component Passerini reaction (Passerini 3-CR) in aqueous media at ambi-

ent temperature. In order to determine the efficiency and suitability of the reaction 

conditions, a test experiment was carried out using a small molecule model based 

on PNIPAm12-COH (Table 5.1), methacrylic acid as an acid component and cyclo-

hexyl isocyanide employing similar reaction condition to the following reaction with 

CNFs. According to the 1H-NMR (Figure 5.5), the complete disappearance of alde-

hyde peak at 9.74 ppm and the appearance of a peak at around 5.4 ppm, as a result 

of the formation of a new product, was observed after 2 days. As dialysis was em-

ployed for purification, the yield of the pure product was calculated to be almost 100 

%. This approach is desirable as 56 % of aldehyde was reacted within 30 min, which 

was calculated by comparing the aldehyde peak at 9.74 ppm before and after reac-

tion.  

 
Figure 5.5. 1H-NMR spectra of purified PNIPAm12-COH reacted with methacrylic acid and 

cyclohexyl isocyanide via Passerini reaction at different time intervals. The spectra were 

recorded in CDCl3. 

At the same time, the thiocarbonyl group of the RAFT polymer was found to 

be stable as evidenced by UV-Vis absorption at 310 nm, which was measured in 
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DMSO and remained unchanged even after 2 days of reaction (Figure 5.6). The sta-

bility of the RAFT end functionality under these conditions is not only of interest for 

further surface analysis, but it can also be used as UV-Vis active marker to quantify 

the amount of polymer grafted onto CNFs. 

 

Figure 5.6. RAFT stability via UV-Vis analysis of (a) PNIPAm12-COH and (b) PNIPAm after 

reacted with methacrylic acid and cyclohexyl isocyanide via Passerini reaction. The spectra 

were recorded in DMSO. The same concentration was used for both samples. 

5.3.4. Grafting PNIPAm onto CNFs via Passerini 3-CR 

Grafting efficiency vs time 

After confirming the feasibility of this one-pot three-component reaction 

under mild reaction condition, the surface functionalization of CNFs was carried out 

at ambient temperature. Initially, PNIPAm89-COH (Table 5.1) was employed and the 

grafting efficiency at different time intervals (t = 0.5 hr, 2 hr, 4 hr, 6 hr, and 24 hr) was 

monitored by UV-Vis analysis using the RAFT end group. As shown in Figure 5.7 and 

5.8, the successful surface modification was confirmed by the strong absorbance 

value at 305 nm due to the π → π⃰  transition of the C=S bonds of the RAFT polymer.439 

As the model reaction showed that the RAFT functionality is intact under Passerini 

reaction conditions, the UV-Vis active RAFT end group could be employed as a direct 

indicator of the amount of polymer on the surface. In order to ensure that the de-

tected polymer was attached to the CNFs and not just adsorbed, all samples were 

extensively purified by precipitation in ethyl acetate 6 times, followed by dialysis 
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against water for one day. UV-Vis spectroscopy was subsequently used to determine 

the percent grafting efficiency and calculated by comparing the amount of grafted 

polymers to the amount of initially added polymers (the standard curve of 

PNIPAm89-COH can be found in Figure 5.21).  The increasing absorbance of the pu-

rified product indicates PNIPAm reacted swiftly in the first 30 min, followed by a 

constant growth over 24 hr. The slower conversion rate from 6 hr to 24 hr was ex-

pected, and less polymer will gain access to the carboxylic acid groups on the surface.  

The grafting efficiency was calculated to be 36 % at 0.5 hr and 57 % at 24 hr. Figure 

5.9 depicts the increased dispersibility of PNIPAm89-g-CNFs in water after 30 min of 

reaction time compared to unmodified CNFs, indicating that the amount of polymer 

grafted within short period of time was sufficient to help the dispersion of nanopar-

ticles well in water. 

 

Figure 5.7. UV-Vis analysis of PNIPAm89-g-CNFs via Passerini 3-CR at different time inter-

vals. Spectra were recorded in milli-Q water at the concentration of 1 mg mL-1. 

 

Figure 5.8. Grafting efficiency of PNIPAm89-g-CNFs vs reaction time. 
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Figure 5.9. Dispersibility tests of PNIPAm89-g-CNFs reacted at different time intervals. Con-

centration of CNFs = 1 mg mL-1 in milli-Q water. 

Although the growth of the amount of polymer on the surface is evident, it 

is possible that adsorbed polymer remains on the surface despite several washing 

and dialysis steps. To explore this in more detail, a control experiment was carried 

out by incubating PNIPAm89-COH (Table 5.1) and CNFs with or without (control) 

isocyanide for one day. Following the reaction or incubation, both samples were pu-

rified by precipitation, dialysis, and lyophilization as mentioned earlier. 1H-NMR 

spectroscopy of PNIPAm-g-CNFs (prepared via Passerini 3-CR) was recorded in D2O 

revealing the characteristic peaks at δ = 2.29 - 0.75 ppm and δ = 3.83 ppm corre-

sponding to the protons from PNIPAm (Figure 5.10). While the existence of poly-

mers on the surface was clearly visible, the signals corresponding to cellulose at 5 - 

3 ppm are suppressed. Here, 1H-NMR of the control sample was not possible to rec-

ord as the isolated CNFs after incubation with PNIPAm-COH showed only limited 

solubility in aqueous and organic media, indicative of only a negligible amount of 

PNIPAm on the surface. 

Analysis in the solid state as with FT-IR allowed for a better insight. As de-

picted in Figure 5.11, it was observed that PNIPAm89-g-CNFs gave new peaks in the 

IR spectrum that correspond to the amide stretch at 1650 cm-1 and amide bend at 

1541 cm-1 of PNIPAm, indicating the successful surface modification. In contrast, the 

percentage of adsorbed polymer in the control sample was significantly lower, indi-

cating some polymer chain attachment to the surface of CNFs. 
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Figure 5.10. (a) 1H-NMR spectra of PNIPAm89-COH and (b) PNIPAm89-g-CNFs prepared via 

Passerini 3-CR. The spectra were recorded in D2O. 

 

Figure 5.11. FT-IR spectra of CNFs, control sample, PNIPAm89-g-CNFs, and PNIPAm89-COH. 
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Surface chemistry of modified CNFs  

To better understand the surface chemistry of CNFs, UV-Vis analysis was 

conducted as this allowed analysis at lower concentrations compared to NMR (Fig-

ure 5.12). Even though both samples showed the appearance of absorption bands 

at 305 nm indicating the existence of polymers, the absorbance value of control sam-

ple was much weaker than that of PNIPAm89-g-CNFs (Figure 5.12), which is in 

agreement with the FT-IR results.  It can be concluded that a small fraction of poly-

mer was adsorbed onto the surface of CNFs via physical adsorption. However, in this 

case, the cellulose nanofibrils were insoluble in water. This was confirmed by per-

forming solubility tests on both substrates, i.e. PNIPAm89-g-CNFs and a control sam-

ple prepared by mixing CNFs and PNIPAm89-COH. The former resulted in a clear so-

lution, while the latter resulted in a turbid solution (Figure 5.13). 

 

Figure 5.12. UV-Vis analyses of PNIPAm89-COH (III), PNIPAm89-g-CNFs and control sample. 

The spectra are recorded in milli-Q water. 

 

Figure 5.13. Dispersibility tests of control sample and PNIPAm89-g-CNFs prepared via Pas-

serini reaction. The same concentration of CNF in milli-Q water (1 mg mL-1) was used for 

both samples. 
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DLS analysis in neutral aqueous condition showed an increase in hydrody-

namic diameter from 126 nm for CNFs to 215 nm for PNIPAm89-g-CNFs with a nar-

row size distribution (PDI = 0.2) (Figure 5.14). In contrast, the control sample con-

tained large particles in dispersion. In light of these, it can be concluded that the 

polymer chains were indeed successfully attached onto CNFs mainly via chemical 

binding, contributing to an improved aqueous dispersibility via steric stabilization. 

 

Figure 5.14. DLS measurements of CNFs (-COO-), PNIPAm89-g-CNFs and the control sample 

at the concentration of 1 mg mL-1 in milli-Q water. 

Structural integrity of modified CNFs 

Encouraged by the surface modification results, the effect of surface grafting 

towards the morphology of nanoparticles was studied by AFM. The AFM images dis-

played in Figure 5.15 confirm the attachment of polymers on the surface of CNFs. 

The structural and morphological integrity of cellulose nanofibers did not appear to 

be affected by the surface modification nor by the grafted polymers. 

The structural integrity of unmodified (CNFs) and modified (PNIPAm89-g-

CNFs, t = 24 hr) cellulose nanomaterials were further confirmed by XRD (Figure 

5.16). The unmodified sample was crystalline in nature as evidenced by the peaks 

at 2θ = 17.91° (1 1 0), 26.59° (2 0 0), and 40.87°. After grafting, a broad halo between 

the (1 1 0) and (2 0 0) plane appears suggesting the presence of amorphous poly-

mers. The crystallinity index (CI) of the cellulose was calculated by comparing the 

intensity of the (2 0 0) peak (I200, 2θ = 26.59°) and the intensity  between the (2 0 0) 
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and (1 1 0) peaks (IAM, 2θ = 21.98°).350 The result shows that the crystallinity de-

creased from 56 % to 26 % after surface grafting, which was most likely due to the 

addition of amorphous polymers. However, the performed surface modification still 

preserved the crystallinity to a large extent. This result is in contrast to previous 

finding by Biswal at el., which described a loss in crystallinity of cellulose after graft-

ing polymers onto the surface due to disruption of the original ordered structure.440 

Hence, it could be insisted that functional cellulose nanoparticles with intact mor-

phology and crystal integrity were obtained by surface modification with PNIPAm 

via Passerini 3-CR. In addition, the formed bond between cellulose and polymer was 

observed to be stable even at low pH as evidenced by the dispersibility study at pH 

3.6 (Figure 5.16, pictures).    

 

Figure 5.15. AFM images of TEMPO-oxidized CNFs (-COO-) (a) and (b). AFM images of 

PNIPAm89-g-CNFs (III, t = 24 hr) (c) and (d). The pictures were taken in low and high mag-

nifications and the black arrows indicate the presence of polymer chains in the dried state. 
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Figure 5.16. X-ray diffractograms of CNFs and PNIPAm89-g-CNFs (t = 24 hr) (left) and the 

aqueous dispersibility of CNFs and PNIPAm89-g-CNFs at pH 3.6 (right). 

Influence of PNIPAm chain length on grafting efficiency and thermal behaviour 

of PNIPAm-g-CNFs 

In the next step, the effect of the molecular weight of PNIPAm on the grafting 

efficiency was studied. CNFs were modified with synthesized PNIPAm with different 

chain lengths (PNIPAm66-COH, PNIPAm108-COH and PNIPAm158-COH, Table 5.1). 

The UV-Vis analysis depicted in Figure 5.17   shows the decreased presence of RAFT 

end groups belonging to grafted chains. This is caused by increasing molecular 

weight of PNIPAm and a lower amount of polymers tethered to the surface. The 

amount of grafted polymers (PNIPAm66, PNIPAm108 or PNIPAm158) was differenti-

ated according to the molarity and weight percentage: PNIPAm66 (5.2 × 10-5 M, 0.04 

wt %), PNIPAm108 (4.0 × 10-5 M, 0.05 wt %) and pNIPAm158 (3.0 × 10-5 M, 0.06 wt 

%). Taking into account, the molecular weight and the amount of tethered chains 

calculated from the UV-Vis absorption (the standard curves of polymers can be 

found in Figure 5.22), the relationship between grafting efficiency and molecular 

weight can be elucidated (Figure 5.18).  Again, significantly improved dispersibility 

at CNFs concentrations of 1 mg mL-1 was observed for all grafted cellulose in water, 

as evidence of the covalent grafting of polymers on CNFs (Figure 5.19). The LCST 

behaviour of all grafted samples in water (concentration = 10 mg mL-1) was investi-

gated by increasing the temperature from 25 to 40 °C. Due to a coil-to-globule trans-

formation of PNIPAm, the solution turned turbid at the cloud point (≈ at 30 °C) as 
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depicted in Figure 5.20. It was found that the cloud point was not strongly influ-

enced by changing the molecular weight of grafted polymers. This finding is in agree-

ment with the previous predictions reported in the literature.441 

 

Figure 5.17. UV-Vis spectra of PNIPAm-g-CNFs after surface grafting for 30 min. Concen-

tration of nanoparticles in milli-Q water = 1 mg mL-1. 

 

Figure 5.18. Grafting efficiency of PNIPAm-g-CNFs depending on the chain length of grafted 

polymers. 

 

Figure 5.19. Aqueous dispersibility tests of CNFs and PNIPAm-g-CNFs (II, IV, V) (1 mg mL-1 

of CNFs). Samples II, IV and V stand for PNIPAm66-g-CNFs, PNIPAm108-g-CNFs and 

PNIPAm158-g-CNFs. 
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Figure 5.20. LCST behaviour of PNIPAm66-g-CNFs, PNIPAm108-g-CNFs and PNIPAm158-g-

CNFs. Heating rate = 1 °C min-1. 

Next, TGA measurement was performed to analyse the thermal properties 

of all prepared PNIPAm-g-CNFs samples (Figure 5.21). In this experiment, 10 mg of 

freeze-dried samples were heated from 25 – 700 °C at the heating rate of 10 °C min-

1 in air. The initial weight loss at 25 – 100 °C is due to the evaporation of absorbed 

water in the material. In case of PNIPAm66-g-CNFs, enhanced thermal stability was 

observed as compared to CNFs. In addition to this, the thermal stability of nanopar-

ticles was obviously influenced by the chain length of grafted polymers as the ther-

mal decomposition temperature at 50 % mass loss of PNIPAm-g-CNFs increased 

with the chain length of PNIPAm. All thermal properties of the samples are summa-

rized in Table 5.2. 

 

Figure 5.21. TGA curves of CNFs before and after surface grafting with PNIPAm via Pas-

serini reaction. 
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Table 5.2. Thermal properties of CNFs before and after surface grafting with PNIPAm.  

Sample name 
Td for 50 % of mass loss 
(°C) 

Tcp 
(°C) 

CNFs 295 - 

PNIPAm66-g-CNFs 321 28.6 

PNIPAm108-g-CNFs 344 29.4 

PNIPAm158-g-CNFs 373 31.5 

Td = thermal decomposition temperature, Tcp = cloud point temperature 

Standard curves 

The standard curves of all PNIPAm-COH samples used for the calculation of 

the grafting efficiency of PNIPAm-g-CNFs are presented in Figure 5.21. The stand-

ard curves were plotted according to the UV-Vis absorbances of all synthesized pol-

ymers. 

 

Figure 5.22. Standards curves of polymers obtained from UV-Vis analysis: (a) PNIPAm66-

COH, (b) PNIPAm89-COH, (c) PNIPAm108-COH, (d) PNIPAm158-COH. 
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5.4. Conclusions 

In summary, Paseerini reaction was found as an efficient approach to modify 

CNFs with functional polymers. Tethering PNIPAm as a model polymer on CNFs gen-

erated functional cellulose nanomaterials with thermal sensitivity and colloidal sta-

bility. Thermo-responsive nanoparticles are known promising materials for heat-

triggered drug release system, while the colloidal stability of nanoparticles is essen-

tial in terms of circulation in the blood stream and avoiding the recognition by mac-

rophages before entering the target site. To the best of our knowledge, this is the 

very first report of the use of three-component Passerini reaction to modify TEMPO-

oxidized cellulose nanofibers (CNFs) with thermo-responsive polymers (PNIPAm). 

The advantage of this reaction is that it is simple and can be performed under mild 

condition in aqueous media without tedious solvent exchange processes. Moreover, 

it provided relatively high polymer grafting efficiency on CNFs within short period 

of time, resulting in improved aqueous dispersibility of CNFs with structural integ-

rity. Furthermore, it is possible to prepare a large library of different polymers using 

the RAFT process and the shown functional RAFT agent, we applied this versatile 

approach for further experiments on the generation of surface modified cellulose 

nanomaterials for cancer immunotherapy, which will be discussed in Chapter 6. 
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5.5. Experimental Procedure 

5.5.1. Synthesis of 2-(2,2-dimethoxy-ethoxy)-ethanol 

 

Scheme 5.3. Synthesis of 2-(2,2-dimethoxy-ethoxy)-ethanol. 

The mixture of potassium hydroxide (KOH) (15.0 g, 0.27 mol) and ethylene 

glycol (37.5 mL) was refluxed at 115 °C under stirring. Once the KOH was completely 

dissolved, bromoacetaldehyde dimethyl acetal (15.6 mL, 0.13 mol) was added drop-

wise over 35 min. After stirring at 115 °C for 3 days, the resulting suspension was 

allowed to cool to ambient temperature and diluted with 150 mL of water to dissolve 

the precipitated salt. The solution was then extracted with chloroform (5 × 50 mL) 

and dried over magnesium sulfate, followed by filtration. Finally, the solvent was 

removed under reduced pressure to give the desired dimethyl acetal product as a 

yellow viscous liquid (8.16 g). 

1H-NMR (400 MHz, CDCl3): δ/ppm = 4.50 (1H, -CH(OCH3)2), 3.69 (2H, -CH2OH), 3.58 

(2H, -CH2OCH2-), 3.52 (2H, -CHCH2O-), 3.37 (6H, (OCH3)2), and 2.86 ppm (1H, -

CH2OH).   

5.5.2. Synthesis of 2-(2,2-dimethoxy-ethoxy) ethyl 3-(benzylthiocar-

bonothioylthio)propanoate [RAFT-acetal] 

 

Scheme 5.4. Synthesis of chain transfer agent carrying acetal functionality (RAFT-acetal). 
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 3-benzylsulfanylthiocarbonylsulfanylpropionic acid (BSPA) (1.5 g, 5.5 

mmol) and 2-(2,2-dimethoxy-ethoxy)-ethanol (4.0 g, 26.8 mmol) was dissolved in 

30 mL of anhydrous DCM and cooled to 0 °C. The mixture of N-(3-dimethyla-

minopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) (2.8 g, 14.6 mmol) and 

4-(dimethylamino)pyridine (DMAP) (0.69 g, 5.6 mmol) in 20 mL of anhydrous DCM 

was added to the RAFT solution dropwise. After finishing the dropwise addition, the 

solution was stirred at 0 °C for 2 hr and then at room temperature for 40 hr. The 

resulting mixture was washed several times with 50 mL of water and dried over 

magnesium sulfate. Solvent was then removed under reduced pressure and further 

purified by flash chromatography in hexane: ethyl acetate (1: 1). After removing or-

ganic solvent, final product was obtained as a yellow viscous liquid (1.16 g).  

1H-NMR (400 MHz, CDCl3): δ/ppm = 7.45 – 7.24 (5H, CHphenyl), 4.67 (2H, CHphenyl 

CH2-), 4.44 (1H, -CH(OCH3)2), 4.16 (2H, -CH2CH2O-), 3.66 – 3.55 (4H, -CH2OCH2-), 

3.43 (2H, -CH2CH2CO-), 3.27 (6H, -(OCH3)2), and 2.80 (2H, -CH2CH2CO-). 

5.5.3. Synthesis of homopolymers 

Synthesis of PNIPAm carrying acetal (protected aldehyde) end functionality via 

Reversible Addition-Fragmentation Chain-Transfer (RAFT) polymerization 

 

Scheme 5.5. Synthesis of PNIPAm carrying acetal functionality. 

A series of PNIPAm homopolymers with five different chain lengths were 

synthesized via RAFT polymerization in N,N-dimethylformamide (DMF) as solvent. 

NIPAm and the other reagents (see Table 5.3 for mass and concentration) were dis-

solved in DMF at monomer concentration of 5.89 M. The reaction mixture was added 
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to the glass vial equipped with a magnetic stirrer bar. The glass vial was then sealed 

with a rubber septum, placed in an ice bath, and deoxygenated by purging with ni-

trogen for 45 min. The air-tight glass vial was then immersed in an oil bath at 70 °C 

to start polymerization. After a desired time, the polymerization was stopped by 

placing the reaction mixture in an ice bath for 15 min. The monomer conversion was 

determined by 1H-NMR in CDCl3. The polymer was purified by dialysis against milli-

Q water for a day, followed by dialysis against methanol for one more day using 3.5 

kDa MWCO membrane (1 kDa MWCO membrane was used for the shortest polymer 

chain). After removal of solvent under vacuum, the molecular weight and molecular 

weight distribution of PNIPAm were analysed by using size exclusion chromatog-

raphy (SEC). 

Table 5.3. Experimental conditions for the preparation of PNIPAm-acetal with different 

chain lengths. 

Sample name NIPAm RAFT-acetal AIBN 
[NIPAm]: 
[RAFT]: [AIBN] 

Reaction 
time 
(min) 

PNIPAm12 
1 g 
8.84 mmol 

178 mg 
442 μmol 

7.20 mg 
44.2 μmol 

20: 1: 0.1 60 

PNIPAm66 
1 g 
8.84 mmol 

35.80 mg 
88.3 μmol 

1.45 mg 
8.83 μmol 

100: 1: 0.1 45 

PNIPAm89 
1 g 
8.84 mmol 

35.80 mg 
88.3 μmol 

1.45 mg 
8.83 μmol 

100: 1: 0.1 120 

PNIPAm108 
1 g 
8.84 mmol 

18 mg 
44.2 μmol 

0.67 mg 
4.44 μmol 

200: 1: 0.1 45 

PNIPAm158 
1 g 
8.84 mmol 

18 mg 
44.2 μmol 

0.67 mg 
4.44 μmol 

200: 1: 0.1 90 

 

Deprotection of acetal end group of PNIPAm to aldehyde (Formation of PNIPAm-

COH) 

 

Scheme 5.6. Synthesis of PNIPAm bearing aldehyde functionality. 
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Deprotection for all PNIPAm-acetal samples was carried out in the mixture 

of tetrahydrofuran (THF) and 1 M hydrochloric acid (HCl). To describe in detail, 

PNIPAm-acetal (≈ 200 mg) was dissolved in  the mixture of THF (3 mL) and 1 M HCl 

(2.5 mL), followed by being stirred for approximately 3 days at room temperature 

to achieve the efficient deprotection. The obtained PNIPAm-COH samples were then 

purified by dialysis against milli-Q water for a day and methanol for one more day, 

and then the solvent was removed under reduced pressure. According to 1H-NMR 

spectra before and after deprotection, significant decrease in a peak at 3.42 ppm 

representing 6 H from dimethyl acetal group and appearance of a peak at 9.74 ppm 

representing the formation of aldehyde end group after deprotection confirm the 

successful synthesis of PNIPAm-COH. 

5.5.4. Determination of the feasibility of three-component Passerini 

reaction (Passerini 3-CR) via 1H-NMR and UV-Vis analyses 

 

Scheme 5.7. Three component Passerini reaction between PNIPAm-COH, methacrylic acid 

and cyclohexyl isocyanide. 

 This experiment was performed using PNIPAm12-COH and methacrylic acid 

as an acid component. Firstly, PNIPAm12-COH (20 mg, 11.6 µmol) and methacrylic 

acid (1 mg, 11.6 µmol) were dissolved in 0.75 mL of DMF, and then cyclohexyl iso-

cyanide (1.26 mg, 11.6 µmol) was added to the mixture. The reaction was left stir-

ring at ambient temperature and each sample was taken out at 5 min, 30 min and 2 

days. The final product was purified by dialysis against methanol for a day, and the 

solvent was removed under vacuum. Then the samples (PNIPAm before and after 

the reaction) were analysed by 1H-NMR in CDCl3. 
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5.5.5. Surface grafting via multicomponent Passerini reaction 

Grafting PNIPAm onto CNFs via Passerini 3-CR 

 

Scheme 5.8. Synthesis of PNIPAm-g-CNFs via Passerini reaction. 

Grafting PNIPAm onto CNFs was carried out via Passerini 3-CR in milli-Q 

water at ambient temperature. The reaction involves CNFs, PNIPAm-COH and cyclo-

hexyl isocyanide as shown in Scheme 5.8. 

Grafting efficiency vs time 

 PNIPAm89-COH (Table 5.1) was used for the analysis of grafting efficiency 

over time. First, a solution of PNIPAm89-COH (367.5 mg, 35.19 µmol) in 2.2 mL of 

milli-Q water was added to the round-bottom flask containing 9.2 mL of CNFs gel 

(92 mg of dry CNFs, 151.8 µmol of -COOH). After that, cyclohexyl isocyanide (80.78 

mg, 739.86 µmol) was slowly added to the CNFs dispersion while stirring. Then the 

mixture was continuously stirred at room temperature, followed by taking 1 mL of 

dispersion from the flask at each time point (t = 0.5 hr, 2 hr, 4 hr, 6 hr and 24 hr) for 

further analysis. The samples were then purified by six cycles of precipitation-cen-

trifugation (at 5000 rpm for 5 min)-sonication (by using bench sonicator for 3 min). 

The purification process of PNIPAm89-g-CNFs was continued by dialysis against 

methanol for a day and milli-Q water for one more day using 12 k – 14 kDa MWCO 

membrane. Finally, the samples were freeze-dried for 2 days in order to remove 
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water. UV-Vis analysis was then performed to determine the grafting efficiency by 

using the following equation. 

Grafting Efficiency (%) =  
Mass of polymer grafted onto CNFs

Mass of polymer added initially
 ×  100  

Investigation on surface chemistry of modified CNFs  

 In order to study the surface adsorption behaviour, control reactions with 

and without (control) isocyanide were performed for a day in aqueous condition. 

PNIPAm89-COH (40 mg, 3.83 µmol) in 2.2 mL of milli-Q water and cyclohexyl isocy-

anide (8.78 mg, 80.42 µmol) were added to the 1 mL of CNFs gel (10 mg of dry CNFs, 

16.5 µmol of -COOH groups) in the round-bottom flask under stirring for a day. A 

control sample was performed by simply mixing PNIPAm89-COH and CNFs without 

adding cyclohexyl isocyanide. Then the dispersion was purified using the same pro-

cedure mentioned above, followed by lyophilization. Subsequently, both samples 

were submitted for 1H-NMR and FT-IR analyses. According to the comparison of the 

1H-NMR spectrum of PNIPAm89-g-CNFs prepared via Passerini 3-CR with that of 

PNIPAm89-COH (III) in D2O, the characteristic peaks at δ = 2.29 - 0.75  ppm and δ = 

3.83 ppm corresponding to the protons from PNIPAm confirm the existence of pol-

ymers on CNFs. Here, 1H-NMR of control sample was not recorded due to the limited 

solubility in aqueous and organic media. In case of FT-IR spectra, the peaks corre-

sponding to the amide bend and amide stretch of PNIPAm at 1541 and 1650 cm-1 

were observed, indicating the existence of polymer chains on the surface. The 

particle size distribution was performed by DLS, in which less than 1 mg mL-1 of 

sample solution was employed. Each measurement was repeated three times. 

Analysis of the structural integrity of modified CNFs 

 The PNIPAm89-g-CNFs (t = 24 hr) was used to characterize the morphology 

and the crystallinity via AFM and XRD analyses. AFM images were recorded to con-

firm that the surface modification of CNFs with synthesized PNIPAm89 was success-

fully performed without disrupting the original morphology of CNFs. Moreover, the 

samples were exposed to X-ray diffraction (XRD) analysis to determine the effect of 
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surface grafting approach and the existence of PNIPAm89 on the crystallinity of 

CNFs. The crystallinity index of CNFs was calculated with the following equation: 

CI (%) =
𝐼200 − 𝐼AM

𝐼200
× 100 

Where CI is crystallinity index, I200 is the intensity of diffraction of the (2 0 0) peak, 

IAM is the intensity of the amorphous material. 

Influence of PNIPAm chain length on grafting efficiency and thermal behaviour 

of PNIPAm-g-CNFs 

 The analysis of the influence of chain length of PNIPAm on the grafting effi-

ciency was performed using polymer chains (PNIPAm-COH) with different number 

of monomer units: 66 DPn, 108 DPn and 158 DPn, in aqueous media. The detail ex-

perimental conditions were described in Table 5.4. The PNIPAm-COH dissolved in 

0.2 mL of milli-Q water and 1 mL of CNFs gel (10 mg of dry CNFs, 16.5 µmol of -COOH 

groups) were added to a glass vial, followed by the addition of cyclohexyl isocyanide 

while stirring. The mixtures were then continuously stirred for 30 min at room tem-

perature. The same purification process as the analysis of grafting efficiency over 

time was applied. Thermal analyses were performed by TGA, in which approxi-

mately 10 mg of freeze-dried samples were heated from 25 to 700 °C at the rate of 

20 °C min-1.  

Table 5.4. Experimental conditions for grafting PNIPAm-COH onto cellulose nanofibers 

(CNFs). The molar ratios between three components were kept the same. 

Sample name CNFs PNIPAm-COH 
Cyclohexyl 
isocyanide 

PNIPAm66-g-CNFs 
10 mg 
16.50 µmol of -COOH 

30 mg 
3.83 µmol 

8.78 mg 
80.42 µmol 

PNIPAm108-g-CNFs 
10 mg 
16.50 µmol of -COOH 

48 mg 
3.83 µmol 

8.78 mg 
80.42 µmol 

PNIPAm158-g-CNFs 
10 mg 
16.50 µmol of -COOH 

70 mg 
3.83 µmol 

8.78 mg 
80.42 µmol 

 



 

172 
 

 

CHAPTER - 6 

Designing Cellulose-based Nanomaterials  

                                 for  

                                        Cancer Immunotherapy 

 

 

 

 

 

 

  



 

173 
 

Table of Content 

6.1. Overview ................................................................................................................................. 174 

6.2. Introduction .......................................................................................................................... 175 

6.3.  Results and Discussions ................................................................................................... 179 

6.3.1. Synthesis of aldehyde-terminated RAFT agent .................................................. 179 

6.3.2. Synthesis of homopolymers: PHEA37 and PDMAEA12 with aldehyde end 

functionality ..................................................................................................................... 181 

6.3.3. Synthesis of Cyanine 5 (Cy5) acid and fluorescently labelled PHEA37 ...... 183 

6.3.4. Hydrolysis kinetics of PDMAEA12 in PBS at pH 7.4 .......................................... 186 

6.3.5. Investigation on the factors affecting surface grafting efficiency ............... 188 

6.3.6. Co-grafting of PHEA37-Cy5 and PDMAEA12 onto CNFs via Passerini Reaction 

in organic solvent .......................................................................................................... 190 

6.3.7. In vitro stability of (PHEA37-Cy5-PDMAEA12)-g-CNFs ........................................ 195 

6.3.8. Binding MIP-1α chemokines on (PHEA37-Cy5-PDMAEA12)-g-CNFs via 

electrostatic interaction .............................................................................................. 197 

6.3.9. Biological experiments of (PHEA37-Cy5-PDMAEA12)-g-CNFs ......................... 200 

6.4. Conclusion .............................................................................................................................. 205 

6.5.  Experimental Procedure.................................................................................................. 206 

6.5.1. Synthesis of N-(2-formylethyl)-3-

(benzylthiocarbonothioylthio)propionamide (RAFT agent) ........................ 206 

6.5.2. Synthesis of aldehyde-terminated polymers ...................................................... 207 

6.5.3. Synthesis of cyanine-5 (Cy5) fluorescent dye .................................................... 208 

6.5.4. Fluorescent labelling of PHEA37 ............................................................................... 210 

6.5.5. Hydrolysis kinetics of PDMAEA12 in PBS at pH 7.4 .......................................... 210 

6.5.6. Investigation on the factors affecting surface grafting efficiency ............... 211 

6.5.7. Co-grafting of PHEA37-Cy5 and PDMAEA12 onto CNFs via Passerini Reaction 

in organic solvent .......................................................................................................... 212 

6.5.8. In vitro stability of (PHEA37-Cy5-PDMAEA12)-g-CNFs ........................................ 214 

6.5.9. Binding MIP-1α chemokines on (PHEA37-Cy5-PDMAEA12)-g-CNFs via 

electrostatic interaction .............................................................................................. 215 

6.5.10. Biological experiments of (PHEA37-Cy5-PDMAEA12)-g-CNFs ......................... 216 



CHAPTER - 6                     Cellulose-based Nanomaterials for Cancer Immunotherapy 
 

174 
 

6.1. Overview 

 In this study, we explored the design of cellulose-based nanomaterials for 

cancer immunotherapy. Firstly two types of polymers: (2-hydroxyethyl acrylate) 

(PHEA37-Cy5) and poly(2-(dimethylamino)ethyl acrylate) PDMAEA12, were synthe-

sized via reversible-addition fragmentation chain transfer (RAFT) polymerization. 

Surface co-grafting was subsequently performed via three component Passerini re-

action by simply mixing the polymers with aldehyde groups, cellulose nanofibers 

bearing acid moieties and cyclohexyl isocyanides in DMF overnight at ambient tem-

perature. Then, the drug loading onto synthesized nanoparticles (PHEA37-Cy5-

PDMAEA12)-g-CNFs was conducted by electrostatic interaction between cationic 

PDMAEA and anionic immune chemokines/recombinant murine MIP-1α (CCL3). 

The possible rate of release was determined by hydrolysis kinetics of PDMAEA12 in 

water via 1H-NMR.  The resulting drug-loaded nanoparticles were observed to have 

in vitro stability, low cytotoxicity, and relatively high penetration into 2D and 3D cell 

models. 

 

Scheme 6.1. Overall scheme for the design of cellulose-based nanomaterials prepared via 

three-component Passerini reaction for efficient binding and release of immune chemo-

kines (MIP-1α). 
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6.2. Introduction 

Immunotherapy is a promising treatment for dysfunctions including cancer, 

chronic inflammation, and allergy by stimulating the host immunological system to 

recognize and combat invading pathogenic microorganisms.442, 443 This approach 

has especially been investigated to either passively or actively detect and kill cancer 

cells, which undergoes three sequential phases: elimination, equilibrium, and es-

cape.442, 444-446 Most of the tumour cells are eradicated in the elimination phase by 

both innate (in which T cells are a critical mediator) and adaptive immune cells, 

which are mainly regulated by the inflammatory cytokine, on the surface of tumour 

cells.444, 447, 448 The cancer cells escaping from this phase enter the equilibrium 

phase, which is the longest in cancer immunoediting, and emerge with various mu-

tations to increase their immune tolerance. In the escape phase, tumour cells evade 

immune recognition and continue to grow in an uncontrolled manner, leading to 

malignancies.445, 448, 449  

Active cancer immunotherapy by delivering an antibody-cytokine as an im-

mune stimulator to the tumour microenvironment has been attracting a great inter-

est to limit the tumour cell populations.450-455 Cytokines are small proteins with mo-

lecular weight of less than 30 kDa and can be found in the tumour microenvironment 

to effectively modulate immune cells to respond against cancer tumour.450-456 Deliv-

ering cytokines for active immunotherapy increases the cytokine concentration in 

the tumour microenvironment for efficient signalling and activating a variety of im-

mune effectors, including T-cells, natural killer (NK) cells, macrophages, and mono-

cytes, followed by eradicating tumour cells and inhibiting the growth of human ma-

lignancy.450-455 Cytokines include interleukins (IL), interferons (IFN), chemokines, 

and tumour necrosis factors.452, 454, 455 Among them, chemokines hold particular 

promise for vaccination strategies in immunological research as they are expressed 

on a wide variety of tumour cells and enable binding to nearly 20 unique recep-

tors.457 Immune chemokines are capable of recruiting various types of leukocytes 

such as lymphocytes, macrophage/monocytes and dendritic cells for regulating host 

immune responses to tumours.458-460 Chemokines are a large family containing more 

than 50 members,457 but they are divided into four major groups: the C, CC, CXC and 

CX3C chemokines based on the shared cysteine sequence elements (Cys – Cys).459 
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CXC chemokines target neutrophils or fibroblasts, while some others such as 

CXCL8/IL-8 and CXCL10/IP-10 target T cells. In contrast, the CC chemokines such as 

microphage inflammatory protein-1α/CCL3/Recombinant Murine MIP-1α target 

several effector cells including monocytes, dendritic cells, NK cells, CD41⁺ and 

CD81⁺ T cells via the CCR1 and CCR5 receptors.458-460 MIP-1α, a small (<14 kDa) pro-

tein containing 69 amino acid residues, exhibits a highly anionic convex surface and 

mostly neutral concave surface, as well as binding to CCR1 receptors.461, 462 Zeng et. 

al. investigated both time- and dose-dependent expressions of MIP-1α in the accu-

mulation and activation of the innate immune system in murine bacterial pneumo-

nia.463 In addition, Zibert and co-workers explored the combined injection of MIP-

1α with interleukin-2 (IL-20 or granulocyte-macrophage colony-stimulating factor 

(GM-CSF) into mice bearing pre-existing leukemia/lymphoblastic malignancy.  The 

results demonstrated the significant survival rates and observed the recruitment of 

major effector cells: CD41⁺ and CD81⁺ T cells at the vaccination sites.464  

The vaccination strategy for cancer immunotherapy has been developed by 

utilizing nanoparticles to preferentially deliver the immunoregulating agent into the 

tumour microenvironment. Nanovaccines have been identified to improve vaccine 

efficiency and regulate the immune response in vivo.465, 466 Nanovaccines that can be 

employed for immunoregulation can be incorporated into polymeric nanoparticles, 

nanoemulsions and virus-like particles. The advantage of nanotechnologies is that 

the properties of nanoparticles such as size, shape, surface charge and hydrophilic-

ity/hydrophobicity can be precisely controlled based on the characteristics of im-

munochemokines.465 In general, the delivery of proteins or peptide molecules by 

polymeric nanoparticles have been reviewed by Du et. al..467 The researchers may 

design the carrier through different approaches such as protein/peptide-containing 

liposome or the protein/peptide-polymer conjugates  based on the nature of se-

lected protein/peptide.468 In particular, charged proteins can electrostatically inter-

act with block copolymers containing a neutral and oppositely charged blocks, re-

sulting in the formation of polyion complex (PIC) micelles.469  

In case of delivering anionic MIP-1α, cationic polymers such as polyethyl-

enimine (PEI), poly(L-lysine), poly(2-dimethylaminoethyl acrylate) (PDMAEA) are 

necessary to form the polyion complex. Amongst them, PDMAEA seems to be an 
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attractive candidate due to their non-toxicity and capability to release therapeutics 

by their self-catalysed degradation properties in aqueous media. According to the 

study undertaken by Truong et. al., the ester group located on the side chain of pol-

ymer degrades to poly(acrylic acid) (PAA) and 2-dimethylaminoethanol (DMAE) in 

water. The degradation rate can be varied depending on the molecular weight of the 

polymer and the pH of the solution. The polymers and released side products after 

degradation were confirmed to be non-toxic.470 

The focus of this chapter was to design nanoparticles that can efficiently 

bind and release immunostimulators/chemokines (MIP-1α) in the cancer microen-

vironment. To achieve this, our interest was directed at the application of cellulose 

nanomaterials for cancer immunotherapy. We firstly prepared the cellulose nano-

fibers (CNFs) according to the procedure presented in Chapter 3 via combined 

chemical (TEMPO-mediated oxidation) and mechanical (high intensity ultrasoni-

cation) treatments. Subsequently, CNFs were modified with the copolymers poly(2-

hydroxyethyl acrylate) (PHEA) labelled with cyanine 5 and poly(2-(dimethyla-

mino)ethyl acrylate) (PDMAEA), via a three-component Passerini reaction. This ap-

proach involves reacting the acid groups from CNFs with the aldehyde end group 

functionalities from copolymers, and cyclohexyl isocyanides under ambient condi-

tions. The idea behind grafting two copolymers on CNFs is that PHEA is responsible 

for the colloidal stability of CNFs in aqueous media and the cationic PDMAEA serves 

as a reaction site for negatively charged MIP-1α binding. Importantly, the polyelec-

trolytes are either weak or strong so that the release therapeutics bound via elec-

trostatic interaction depends strongly on the degree of ionisation of charges at phys-

iological pH.471 This problem was alleviated by the hydrolytic nature of the PDMAEA, 

which converts the cationic polymers into negatively charged carboxylic acid, lead-

ing to the release of anionic immunostimulator in time-, temperature- and pH-de-

pendent manner. The overall synthesis scheme for this project is shown in Scheme 

6.2. The chemical and biological activity of designed nanoparticles ((PHEA-

PDMAEA)-g-CNFs) were determined by a variety of instrumental analyses including 

1H-NMR, DLS, UV-Vis, LSCM, and flow cytometry. 
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Scheme 6.2. Overall Scheme for the design of cellulose nanoparticles for efficient delivery 

and release of immune chemokines (MIP-1α). Cy5 stands for cyanine 5 dye. 
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6.3.  Results and Discussions 

6.3.1. Synthesis of aldehyde-terminated RAFT agent 

The work in this chapter was to modify the surface of cellulose nanomateri-

als to generate a biocompatible polymer coating for the delivery of chemokines 

(MIP-1α) for cancer immunotherapy. This was achieved by covalently tethering 

functional polymer chains on the surface of CNFs via Passerini reaction which in-

volves three components: a carboxylic acid, an aldehyde and an isocyanide. The pro-

cess of preparation is similar to the method reported in Chapter 5 and also illus-

trated in Scheme 6.2. In brief, cellulose nanofibers bearing carboxylic acid function-

alities were prepared via mechanically assisted TEMPO-mediated oxidation com-

bined with acid treatment as mentioned in Chapter 3. Secondly, a range of alde-

hyde-terminated polymers were prepared via RAFT polymerization in the presence 

of an aldehyde functionalized chain transfer (RAFT) agent. However, we replaced 

the RAFT agent used earlier with one containing an amide bond instead of an ester 

due to the higher hydrolytic stability under a variety of reaction conditions.472 

 The synthesis of the RAFT agent bearing aldehyde group was carried out 

via a two-step procedure. Briefly, the RAFT agent with the protected aldehyde group 

was initially synthesized by reacting 3-(benzylthiocarbonothioylthio) propanoic 

acid and 1-amino-3,3-diethoxypropane by EDC/DMAP coupling reaction. The ob-

tained acetal group was then converted to aldehyde groups under acidic conditions. 

After purification via flash column chromatography and drying in vacuo, the yellow 

viscous oil was obtained at 34 % yield. Evidence of the successful synthesis of chain 

transfer agent was gathered from 1H- and 13C-NMR (Figure 6.1 and 6.2). The signals 

at δ =7.34 to 7.26 ppm, 4.60 ppm, 3.66 – 3.61 ppm, 2.76 – 2.74 ppm are respectively 

assigned to the aromatic protons and methylene (CHphenyl CH2-, -C(S)SCH2-, -

CH2C(O)NH-) protons. The signal at δ = 6.01 ppm is ascribed to the resonance of the 

proton of amide bond and the methylene bond next to it shifted to δ = 3.57 – 3.51 

ppm. The absence of the signals in the region of δ = 4 – 3.7 ppm representing the 

methylene groups from diethyl acetal is consistent with the successful deprotection 

process. The sharp singlet at δ = 9.79 ppm was assigned to the aldehyde moiety and 

its intensity had a reasonably good agreement with the signals corresponding to the 
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rest of the molecule. The aldehyde carbon was also visible at δ=201 ppm in 13C-NMR 

(Figure 6.2). 

 
Figure 6.1. 1H-NMR spectra of N-(2-formylethyl)-3-(benzylthiocarbonothioylthio) propio-

namide (RAFT-aldehyde) in CDCl3. 

 
Figure 6.2. 13C-NMR spectra of N-(2-formylethyl)-3-(benzylthiocarbonothioylthio) propi-

onamide (RAFT-aldehyde) in CDCl3.  
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6.3.2. Synthesis of homopolymers: PHEA37 and PDMAEA12 with alde-

hyde end functionality  

 The aldehyde-functionalized chain transfer agent was subsequently em-

ployed in the synthesis of homopolymers. The cationic polymer PDMAEA can inter-

act with the negatively charged chemokines MIP-1α via electrostatic interactions, 

whereas PHEA ensures colloidal stability of the nanoparticles in aqueous media. 

Both homo-polymerizations were performed via RAFT polymerization in the pres-

ence of aldehyde-functionalized RAFT agent and AIBN as an initiator at the ratio of 

[M]: [RAFT]: [AIBN] = 82 : 1 : 0.08 in DMF at a monomer concentration of 2 M. After 

polymerizing HEA and DMAEA monomers for 2 hr and 4 hr, respectively at 65 °C, 

the 1H-NMR spectra of crude polymer mixture in deuterated solvent: DMSO-d6 for 

PHEA, and CDCl3 for PDMAEA, were recorded. The monomer conversion was deter-

mined by comparing the integrations of resonance signals corresponding to the 

methylene protons from polymer chain and residual monomer. More specifically, 46 

% of HEA conversion (37 repeating units in each polymer chain) was calculated by 

comparing the signals at δ = 4.13 ppm and 4.02 ppm which correspond to two pro-

tons (-CH2CO(O)), while 14.6 % of DMAEA conversion (12 repeating units in each 

polymer chain) was determined by comparing the signals at δ = 3.66 ppm and 3.82 

ppm of corresponding protons from -CH2N(CH3)2.  Then the crude products were 

purified by different techniques: PHEA was purified via dialysis against methanol 

for 2 days while PDMAEA was purified by repeated precipitation in hexane. The pu-

rity of homopolymers and the existence of aldehyde moiety, which was crucial for 

future surface grafting reaction, were also confirmed by 1H-NMR. Figure 6.3 and 6.4 

represent the 1H-NMR spectra of pure and PDMAEA12 and PHEA37. The clear evi-

dence of the aldehyde end group functionality was confirmed by the corresponding 

peaks at δ = 9.81 ppm and 9.63 ppm for PDMAEA12 and PHEA37 respectively. 
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Figure 6.3. 1H-NMR spectrum of aldehyde-functionalized PDMAEA12 in CDCl3. 

 

 

Figure 6.4. 1H-NMR spectrum of aldehyde-functionalized PHEA37 in DMSO-d6. 
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The molecular weight and molecular weight distribution of the homo-poly-

mers were determined by SEC in DMF as eluent.  The molecular weight of PHEA37 

was measured to be Mn =15000 g mol-1 with a dispersity Ð = 1.21 and that for 

PDMAEA12 was measured to be Mn =2740 g mol-1 with a dispersity of Ð = 1.27. The 

resulting polymers show symmetrical unimodal distribution without a shoulder and 

tailing peak, representing of the absence of significant side reactions (Figure 6.5). 

 

Figure 6.5. SEC traces of synthesized homopolymers: PDMAEA12 (in black) and PHEA37 (in 

blue). Samples were dissolved in DMF. 

6.3.3. Synthesis of Cyanine 5 (Cy5) acid and fluorescently labelled 

PHEA37 

 In this project, cyanine 5 fluorescent dye was chosen for the purpose of bio-

imaging due to its bright fluorescence in the visible region (λmax(excitation) is between 

615 and 710 nm),473 high extinction coefficients, high sensitivities, and suitability 

for the imaging of molecules in living cell. Cyanine 5 was synthesized via a two-step 

process according to the literature.473, 474 Firstly, the starting indolium intermediate 

was prepared by the alkylation reaction between indoles (2,3,3-trimethyl-3H-in-

dole) with alkyl halides. The intermediate was obtained after refluxing the mixture 

of indoles, 6-bromohexanoic acid, potassium iodide in acetonitrile at 85 °C for a day. 

After purification, the brown salts in a reasonably good yield of 27 % was obtained. 

The typical 1H-NMR spectrum of the prepared indolium intermediate is shown in 

Figure 6.6. The signal at δ = 7.98 – 7.60 ppm is assigned to the resonance of the 

protons of the aromatic ring. All signals representing methylene protons appeared 

at δ = 4.47 – 4.42 ppm (7), 1.85 ppm (8), 1.42 ppm (9), 1.56 – 1.54 ppm (10), and 
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2.25 – 2.21 ppm (11) respectively, while three methyl protons were corresponded 

by the peaks at δ = 1.56 – 1.54 ppm (5) and 2.84 ppm (6). In addition, the agreement 

in the integration value of hydrogens in the molecule confirmed that the indolium 

intermediate with high purity has been successfully prepared. 

 
Figure 6.6. 1H-NMR spectrum of synthesized indolium intermediate in DMSO-d6. 

 To synthesize the cyanine dye (Cy5), the obtained indolium salt was heated 

together with malonaldehyde bis(phenylimine) monohydrochloride dissolved in 

acetic anhydride to 120 °C in order to form hemicyanines. After treating the mixture 

with 1,2,3,3-tetramethyl-3H-indolium iodide in pyridine, the formation of cyanine 5 

fluorescent dye was observed by the colour change to dark blue within 18 hr of stir-

ring at room temperature. The obtained crude product was purified by precipitation 

and column chromatography. It is here important to flash the column with pure 

methanol at the end to obtain purple fraction which was confirmed to be the pure 

product according to 1H-NMR in DMSO-d6 (Figure 6.7).  The final product was ob-

tained in the form of blue foam or brown crystals. Unfortunately, due to the difficult 

separation, the final cyanine 5 product was obtained with low yield of 18.45 %. Ac-

cording to the recorded 1H-NMR, the corresponding protons from the aromatic rings 
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and along the conjugated bridge appeared around the region between δ = 8.5 ppm 

and 6 ppm, confirming the successful synthesis of cyanine 5 fluorescent dye. Also, 

evidence for the purity of final product was obtained by the equal integration ratios 

between corresponding signals. Moreover, the excitation wavelength was recorded 

by UV-Vis analysis (Figure 6.8) revealing a maximum absorption wavelength of syn-

thesized fluorescent dye at 648 nm in DMSO. 

 
Figure 6.7. 1H-NMR spectrum of synthesized cyanine 5 acid in DMSO-d6. 

 
Figure 6.8. UV-Vis spectrum showing the excitation wavelength of cyanine 5 acid at a con-

centration less than 1 mg mL-1 in DMSO. 



CHAPTER - 6                     Cellulose-based Nanomaterials for Cancer Immunotherapy 
 

186 
 

Taking the advantage of acid groups on cyanine 5, post-polymerization 

modifications was performed for the introduction of the fluorophore on the side 

chains of PHEA37 via coupling reaction. The hydroxyl groups on polymer chains can 

readily react with carboxylic acid groups in the presence of DCC/DMAP coupling 

agents under mild reaction condition. The reaction was conducted in anhydrous 

DMF using 1: 0.03 equivalent of PHEA37 polymer chain and cyanine 5. After remov-

ing the excess dye by dialysis against methanol, the fluorescent polymer sample was 

ready for the surface grafting reaction. 

6.3.4. Hydrolysis kinetics of PDMAEA12 in PBS at pH 7.4 

 The surface grafting reaction was previously performed in aqueous media; 

however, PDMAEA can be degraded slowly to poly(acrylic acid) (PAA) and DMAE 

via a self-catalysed hydrolysis process in water as illustrated in Scheme 6.3.470, 475 

Thus, we studied the degradation rate of PDMAEA in aqueous media (the mixture of 

D2O and 2 × concentrated PBS (1: 1 v/v)) at pH 7.4. The samples were incubated at 

room temperature and 37 °C at various time intervals: 15 min, 20 hr, and 40 hr. Ac-

cording to 1H-NMR, shown in Figure 6.9, the appearance of a new peak at 3.62 ppm 

corresponding to 2 protons of DMAE is evident. This new peak emerged already af-

ter 15 min, and its integration area increased with over time. Moreover, it was ob-

served that the degradation rate was 1.5 times higher at 37 °C according to the com-

parison shown in Figure 6.10. This finding also helped to predict the possible rate 

of therapeutic release in biological media. 

 

Scheme 6.3. Schematic illustration for the hydrolysis of PDMAEA in PBS at pH 7.4. 
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Figure 6.9. 1H-NMR spectra of PDMAEA12 in D2O and PBS (2 × concentrated, pH 7.4) incu-

bated at room temperature and 37 °C. The spectra were recorded at different time intervals. 

 

Figure 6.10. Rate of hydrolysis of PDMAEA12 in D2O and PBS (2 × concentrated, pH 7.4) 

incubated at room temperature and 37 °C vs different time intervals. 
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6.3.5. Investigation on the factors affecting surface grafting efficiency 

Before undertaking the co-grating reaction, the factors influencing the sur-

face grafting efficiency was firstly investigated. In this study, PHEA37 was employed 

as a model polymer, in which aldehyde end groups on polymer chains will chemi-

cally react with acid groups on the surface of CNFs in the presence of cyclohexyl 

isocyanide via Passerini reaction. The reactions were undertaken at different condi-

tions based on the type of solvent and concentration. More specifically, the first sam-

ple was performed in CNFs gel itself (the amount of water contained in the gel is 

approximately 1 mL), and other three samples were diluted in solvent: water, water 

and methanol, and water and DMF. Except for CNFs gel sample, all other samples 

were reacted under the same concentration at ambient temperature. Here the final 

concentration was calculated by taking approximately 1 mL of water in CNFs gel. 

The well dispersibility straight of the reaction mixture after the reaction was rec-

orded in Figure 6.11, confirming that the attachment of polymers on the surface 

occurred. Here, the exception is that PHEA37-Cy5 was used for the last sample result-

ing in the light blue colour.  

 

Figure 6.11. The dispersibility of reaction mixture straight after the surface modification 

with PHEA37 under different condition. The solvent volume and final concentration were 

calculated by taking approximately 1 mL of water content in CNFs gel into account. 

Due to the well dispersion after the reaction, it was not possible to collect 

the polymer-grafted CNFs by precipitation and centrifugation method. Considering 

this, the dialysis was initially carried out to mainly remove organic solvent and 

freeze drying. The obtained freeze-dried samples were easier to be collected by 
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precipitation. Here, it is crucial to be noted that the precipitation must be under-

taken to efficiently remove the unreacted polymer chains. According to the experi-

ence throughout the project, the dialysis itself was not capable of complete purifica-

tion no matter how large the MWCO of the dialysis membrane. After washing the 

samples with methanol for a few times until the clear supernatant was achieved, the 

product was dialysed against water for a day to remove methanol, followed by 

freeze-drying. The grafting efficiency of dried polymer-grafted CNFs were deter-

mined by UV-Vis analysis at the concentration of 2 mg mL-1 in milli-Q water (Figure 

6.12). For comparison, the absorption spectra of PHEA37 at the concentration of 1 

mg mL-1 in milli-Q water was included. The strong absorbance value at 305 nm was 

due to the π → π⃰  transition of the thiocarbonyl (C=S) bonds of the RAFT polymer. 476  

 

Figure 6.12. UV-Vis spectra of CNFs after surface modification with PHEA37 under various 

solvent systems. The analysis was performed in milli-Q water at the concentration of 2 mg 

mL-1 for PHEA37-g-CNFs samples and 1 mg mL-1 PHEA37 sample. The solvent volume was 

calculated by taking approximately 1 mL of water content in CNFs gel into account. 

The spectra illustrated that the sample prepared using the CNF gel only re-

vealed a more efficient grafting process. By using the absorbance maximum of 

PHEA37 solution as a standard, the percent grafting efficiency was calculated by us-

ing following equation and the results are shown in Figure 6.13. 

Grafting efficiency (%) =  
Mass of polymer grafted

Mass of polymer in feed
 × 100 

The grafting efficiency is defined as the percentage of polymer grafted on 

total CNFs. The calculation was performed by comparing the mass of grafted 
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polymers on the surface to the amount of initially added polymer. The results de-

scribed that up to 23 % of grafting efficiency was achieved when the reaction was 

performed in the CNFs gel only. However, a significant decrease in grafting efficiency 

was observed when the system proceeded in diluted condition. Moreover, the sur-

face modification of CNFs with polymers was less successful when a mixture of water 

and organic solvent was used at the same concentration, although these differences 

may be within error. It can be concluded that polymers could be grafted onto CNFs 

using various solvent mixtures but more important is the use of the highest possible 

concentration, which is the CNFs gel as obtained. If the reaction needs to proceed in 

organic solvent, DMF is preferable to methanol for higher grafting efficiency, but it is 

recommended to reduce the volume of the solvent. 

 

Figure 6.13. The trend of grafting efficiency (the ratio between the number of polymers in 

grafted and that in feed) depending on applied solvent system during grafting reaction. The 

analysis was performed in milli-Q water at the concentration of 2 mg mL-1. NPs = nanopar-

ticles (PHEA37-g-CNFs). 

6.3.6. Co-grafting of PHEA37-Cy5 and PDMAEA12 onto CNFs via Passerini 

Reaction in organic solvent 

 After investigating the appropriate condition for surface grafting reaction, 

it was planned to perform the co-grafting reaction at concentrated condition in DMF 

considering the possible degradation of PDMAEA in water through hydrolysis of the 

ester groups on the polymer side chains. As the reaction was supposed to be in the 

water free system, freeze-dried CNFs was used and redispersed in a small volume of 

DMF. In this experiment, three grafted samples were prepared by keeping the molar 
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ratio of carboxyl groups on CNFs and PHEA37-Cy5 constant at 1: 0.25, but varying the 

molar ratio of PDMAEA12 (1.04, 0.74 and 0.31 respectively). The obtained grafted 

nanoparticles were purified by precipitating four times in water. A clear supernatant 

was taken as a sign for the complete removal of unreacted polymer chains (Figure 

6.14, picture insert). The percentage of grafting efficiency, calculated by using the 

calibration curves shown in Figure 6.15, and the molar ratio of homopolymers on 

the grafted CNFs were listed in Table 6.1. Here, low grafting efficiency was expected 

not only due to the low yield in organic solvent according to the studies mentioned 

above, but also the general poor re-dispersibility of CNFs in organic solvents. There-

fore, it is crucial to always sonicate the CNFs dispersion by using a bench sonicator 

before starting the reaction. Figure 6.14 depicts the relationship between the molar 

ratio of PDMAEA12 to PHEA37-Cy5 in the feed prior to the reaction and in grafted sam-

ple. Interestingly, it seems that the ratio of grafted polymers was similar (2: 1) inde-

pendent of the initial feed ratio. The origin of this unexpected behaviour was not 

clear, but it was probably due to the higher grafting efficiency of short chain poly-

mers. For instance, when only one PHEA37-Cy5 chain, which was twice longer than 

PDMAEA12, was tethered at each time, it was possible two PDMAEA12 chains could 

attach on the surface. Overall zeta potential results obtained from DLS analysis 

showed that the amount of negative charges on CNFs decreased after modification 

reaction, confirming the successful surface grafting reaction. After the kinetic study 

was performed, the sample 2 was chosen for further experiments and analyses. 

Table 6.1. The information on initial and final molar ratios of CNFs: PHEA37-Cy5: PDMAEA12, 

the grafting efficiency (a percentage of polymers on total CNFs based on the comparison 

between the mass of grafted and initially added polymers) (%) and zeta potential of nano-

particles measured by DLS. 

Sample 
no.  

Components 

Initial molar ra-
tio of  
CNFs: PHEA37-

cy5: PDMAEA12 

Grafting efficiency 
(%) 

Final molar 
ratio of  
CNFs: 
PHEA37-Cy5: 
PDMAEA12 

Zeta po-
tential 
(DLS) 

PHEA37-

cy5 
PDMAEA12 

1 

CNFs: 
PHEA37-Cy5: 
PDMAEA12 

1: 0.25: 1.04 7.3 3.9 
1: 0.019: 
0.04 

-5.94 

2 1: 0.25: 0.74 6.2 5.2 
1: 0.016: 
0.038 

-8.67 

3 1: 0.25: 0.31 8.3 12.4 
1: 0.021: 
0.039 

-11.3 

CNFs      -15.77 
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Figure 6.14. The graph presenting the molar ratio of PDMAEA12 to PHEA37-cy5 in grafted vs 

that in feed. The picture insert shows the example of polymer grafted nanoparticles precip-

itated in water. 

  

Figure 6.15. Standard curves of PHEA37-cy5 obtained from fluorescent spectroscopy (upper 

left) and from UV-Vis analysis (upper right). The standard curve of PDMAEA12 obtained 

from UV-Vis analysis (right). 
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 The successful surface grafting was further confirmed by FT-IR spectra. Ac-

cording to Figure 6.16, it was observed that (PHEA37-Cy5-PDMAEA12)-g-CNFs gave a 

new peak in the spectrum corresponding to the amide II band at 1573 cm-1 of 

PDMAEA, and the higher intensity of a peak at 1725 cm-1 that corresponds to the 

C=O indicate the successful occurrence of surface modification. Moreover, the fluo-

rescent property of grafted nanoparticles was confirmed by fluorescent spectropho-

tometry at the working concentration of 1 mg mL-1 in milli-Q water. The result 

shows that the nanoparticles emit the light at the wavelength of 670 nm, confirming 

that the obtained (PHEA37-Cy5-PDMAEA12)-g-CNFs are suitable for further biological 

experiments in order to track the uptake of nanoparticles inside the cells (Figure 

6.17). 

 

Figure 6.16. FT-IR spectra of CNFs, PHEA37-Cy5, PDMAEA12, and (PHEA37-Cy5-PDMAEA12)-g-

CNFs. 

 

Figure 6.17. The fluorescent spectrum of (PHEA37-Cy5-PDMAEA12)-g-CNFs in water. λmax(exci-

tation) = 641 nm, Voltage = 800 volts, concentration = 1 mg mL-1. 
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The next step is to investigate the self-catalysed hydrolysis rate of 

PDMAEA12 grafted on CNFs. This study was performed by using the same procedure 

employed in the degradation experiments of PDMAEA12 homopolymers. Briefly, two 

samples were prepared in a mixture of D2O and 2 × concentrated PBS (1: 1 v/v)) at 

pH 7.4. The degradation rate was monitored by 1H-NMR after incubating the sam-

ples at room temperature and 37 °C for 15 min, 20 hr and 40 hr respectively. Like 

previous finding on free PDMAEA12 chains, a new peak at 3.83 ppm is evidence of 

the hydrolysis of grafted PDMAEA to DMAE (Figure 6.18). The degradation was cal-

culated by comparing the integration of signals at 3.83 ppm and 3.62 ppm but the 

accurate results might not be obtained due to the noises on the spectra. The integra-

tion of these new peak increased over time. Even though the rate of hydrolysis after 

15 min could not be determined, that after 20 hr and 40 hr were calculated as follow: 

26.6 % and 31 % at room temperature, and 38.1 % and 45.8 % at 37 °C. Similar to 

the previous observations, the rate of degradation was higher at 37 °C than at ambi-

ent temperature.   

 

Figure 6.18. 1H-NMR spectra of (PHEA37-Cy5-PDMAEA12)-g-CNFs in D2O and PBS (2 × con-

centrated, pH 7) incubated at room temperature and 37 °C at different time intervals. 
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The dipsersiblity of (PHEA37-Cy5-PDMAEA12)-g-CNFs in aqueous media was 

recoreded at different pH levels as shown Figure 6.19. The modified nanoparticles 

were dispersed in aqueous media at the concentration of 250 μg mL-1 and sonicated 

using a bench sonicator for 10 min. It was observed that a clear dispersion was 

achieved at high pH around 9, which is probably due to the deprotonation of all 

amino groups of PDMAEA12. At very high pH values, only the negative charged 

carboxylate groups on the CNFs are presented. At lower pH values the positive 

charged PDMAEA12 may electrostatically interact with negative charges on CNFs. In 

order to achieve a clear dispersion at pH values of biological relevance, an extended 

sonication time between 20 – 25 min, depending on the concentration of 

nanoparticles, needs to be performed. It is also crucial to note that the sonication 

needs to be performed under cold condition to prevent the degradation of 

PDMAEA12 grafted on the surface of CNFs. 

 

Figure 6.19. Dipersibility test of (PHEA37-Cy5-PDMAEA12)-g-CNFs in aqueous condition at 

different pH levels. The concentration of nanoparticles was 250 μg mL-1. 

6.3.7. In vitro stability of (PHEA37-Cy5-PDMAEA12)-g-CNFs  

After determining the chemical composition of (PHEA37-Cy5-PDMAEA12)-g-

CNFs and the stability in water, the behaviour in biological media was studied. In 

biological fluids (cell cultures or body fluid), the extracellular proteins can immedi-

ately associate with nanoparticles, creating the so-called protein corona, which can 
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be sufficiently long lived to alter the aggregation state and surface properties of na-

noparicles.477, 478 This in turn critically affects the interactions of the nanoparticles 

with the cells, altering biological responses.479 Several studies have been conducted 

to investigate the influence of nanoparticle properties such as size, shape, and sur-

face structure on protein adsorption, which affects cellular uptake and cytotoxi-

city.143, 358, 480-488 Barbalinardo and co-workers showed that citrate-capped silver na-

noparticles were stabilized by serum protein in the cell culture medium, and conse-

quently internalized by mouse embryonic fibroblasts (NIH-3T3). These nanoparti-

cles displayed time- and dose-dependent toxicity, whereas uncoated nanoparticles 

did not result in any internalization or cytotoxicity.489 Moreover, Anderson et. al. 

observed that an enhanced cytotoxicity and uptake by L929 fibroblasts when the 

gold nanoparticles were functionalized with poly(di(ethylene glycol) methyl ether 

methacrylate-co-oligo(ethylene glycol) methyl methacrylate) (poly(MeO2MAx -co-

OEGMAy)) brushes.490 Similar findings have been reported in many studies.491-494 On 

the other hand, the protein adsorbed on the surface mitigates the cellular uptake in 

some cases.495, 496 In the process of cellular uptake, nanoparticles firstly adhere to 

the cell membrane, followed by subsequent internalization via energy-dependent 

pathways. However, it was reported that the presence of a protein corona reduced 

nanoparticle adhesion with cell membranes, causing a decrease in uptake effi-

ciency.497-499 Moreover, the formation of protein coronas in the bloodstream can 

stimulate and/or suppress immune cell responses.500  

As variations in surface properties of nanoparticles (e.g. size, and surface 

charge) may have a significant impact on protein adsorption, we herein investigated 

the behaviour of synthesized (PHEA37-Cy5-PDMAEA12)-g-CNFs in terms of their hy-

drodynamic size in serum containing cell culture medium. The nanoparticles were 

therefore incubated in fetal bovine serum (FBS) supplemented cell culture medium 

(Dulbecco’s Modified Eagle’s Medium, DMEM) at the concentration of 50 μg mL-1. 

The changes in the hydrodynamic size was then recorded by DLS after exposed to 

cell culture medium for various time points: 0 hr, 1 hr, 2 hr, 4 hr, 6 hr and 8 hr. Fig-

ure 6.20 showed the comparison between hydrodynamic diameters of synthesized 

(PHEA37-Cy5-PDMAEA12)-g-CNFs with and without exposure to cell culture medium 

(DMEM). By comparing with the control nanoparticles suspended in pure water, it 
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was observed that there was an increase in hydrodynamic diameter of nanoparticles 

in biological fluid, which was more obvious after 4 hr of incubation as indicative of 

the formation of protein corona. The peaks between 1 and 100 nm are due to the 

small biomolecules in the culture medium. Although there was a gradual increment 

in mean diameter, the significant agglomerates based on the interaction with serum 

components were not observed. The in vitro stability of designed nanoparticles can 

lead to the prolong circulation in the blood stream after administration into the 

body. 

 

Figure 6.20. The comparison between hydrodynamic diameters of synthesized (PHEA37-

Cy5-PDMAEA12)-g-CNFs with and without exposure to cell culture medium (DMEM) at the 

concentration of 50 μg mL-1. 

6.3.8. Binding MIP-1α chemokines on (PHEA37-Cy5-PDMAEA12)-g-CNFs 

via electrostatic interaction  

Investigation on the particle size distribution by DLS 

The MIP-1α chemokines were loaded onto the synthesized (PHEA37-Cy5-

PDMAEA12)-g-CNFs via electrostatic interaction by taking an advantage of cationic 
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PDMAEA12 on the surface of nanoparticles and the predominantly anionic charge of 

MIP-1α (isoelectric point at pH 4.7). The experiment was performed in pH 7.4 PBS 

while keeping the solution cold to slow down the degree of PDMAEA12 hydrolysis. 

The size distribution of polymer-g-CNFs in PBS at the concentration of 100 μg mL-1 

was initially recorded, followed by the addition of MIP-1α (62.5 ng) every 2 hr until 

it reached 0.25 % of chemokines loading content  at 8 hr. The loading content was 

calculated by comparing the mass of MIP-1α with the mass of nanoparticles. The 

hydrodynamic diameters of MIP-1α-loaded samples at each time point was rec-

orded by DLS, which was then compared with the control samples prepared in an 

absence of MIP-1α. Here, the significant changes in the particle size was not ob-

served due to the binding low molecular weight chemokines onto grafted CNFs (Fig-

ure 6.21). 

 

Figure 6.21. The comparison between hydrodynamic diameters of synthesized (PHEA37-

Cy5-PDMAEA12)-g-CNFs with and without exposure to serial concentration of MIP-1α chem-

okines. Polymer concentration = 100 μg mL-1 in pH 7.4 PBS. NPs means (PHEA37-Cy5-

PDMAEA12)-g-CNFs. * MIP-1α loading content. 



CHAPTER - 6                     Cellulose-based Nanomaterials for Cancer Immunotherapy 
 

199 
 

Investigation on MIP-1α binding at different nanoparticle concentrations via 

BDTM cytometric bead array (CBA) assay 

The investigation on the binding of selected chemokines at various concen-

trations of (PHEA37-Cy5-PDMAEA12)-g-CNFs was carried out by BDTM cytometric bead 

array (CBA) assay. The process of CBA assay generally involves four steps as illus-

trated in Figure 6.22: (1) Capturing target chemokines by specific antibodies on the 

surface of capture beads upon mixing and incubation, (2) Binding biotinylated de-

tection antibodies to the chemokine bound on the capture bead, forming capture 

bead-chemokine-detection antibody sandwiches, (3) Addition of streptavidin-phy-

coerythrin (SA-PE) to bind to the biotinylated detection antibodies, which provides 

fluorescent intensities in proportion to the amount of bound analyte, (4) Determi-

nation and quantification of fluorescent signal using a flow cytometer. The collected 

data were then used to determine the concentration of analytes based on the known 

standard curve using the LEGENDplexTM data analysis software.501, 502  

 

Figure 6.22. The step-by-step process BD™ cytometric bead array (CBA) assay for the quan-

tification of MIP-1α. 

 The concept behind the sample analysis is as followed: The unbound MIP-

1α on nanoparticles were firstly collected by centrifugal filtration and submitted for 

quantification via CBA assay. The obtained data was subsequently used to calculate 

the amount of chemokines attached on the surface of designed nanoparticles. 
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According to Figure 6.23, the unbound chemokines were virtually undetectable 

when higher mass ratio of MIP-1α and NPs (1: 4.6 × 103 and 1: 9.2 × 103) was used, 

while 15.6 ng mL-1 was detected for the sample with less amount of NPs with the 

mass ratio of 1: 2.3 × 103 MIP-1α: NPs. Based on these results, it was interpreted that 

38.8 ng of MIP-1α was bound when 1: 2.3 × 103 MIP-1α: NPs (mass ratio) was used.  

 
Figure 6.23. The concentration of unbound MIP-1α to nanoparticles determined by BDTM 

cytometric bead array (CBA) assay. All chemokines binding to (PHEA37-Cy5-PDMAEA12)-g-

CNFs were performed in 1 mL PBS (pH 7.4). +Ctrl and -Ctrl stand for positive control (54.4 

ng of MIP-1α in 1 mL PBS), and negative control (only PBS), respectively. NPs = nanoparti-

cles ((PHEA37-Cy5-PDMAEA12)-g-CNFs). 

6.3.9. Biological experiments of (PHEA37-Cy5-PDMAEA12)-g-CNFs 

In vitro cell viability assay  

 The breast cancer cell line MCF-7 was chosen to test the cytotoxicity of the 

synthesized (PHEA37-Cy5-PDMAEA12)-g-CNFs at the maximum concentration of 0.5 

mg mL-1. After incubation at various concentrations of the grafted CNFs with the 

cells for 48 hr, it was observed that the nanoparticles were relatively non-toxic be-

low the chosen concentration (Figure 6.24) and can therefore be used for further 

biological experiments. 
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Figure 6.24. In vitro cell viability (%) assay of (PHEA37-Cy5-PDMAEA12)-g-CNFs against MCF-

7 cancer cells at the maximum concentration of 0.5 mg mL-1. 

In vitro cellular uptake study by Laser Scanning Confocal Microscopy (LSCM) 

The cellular uptake of fluorescently labelled nanoparticles (PHEA37-Cy5-

PDMAEA12)-g-CNFs by MCF-7 breast cancer cells was subsequently monitored by 

using laser scanning confocal microscopy (LSCM). The imaging was performed by 

taking the advantage of cyanine 5 on nanoparticles. In this study, the cells were in-

cubated with 0.25 mg mL-1 of nanoparticles for 2 hr and 8 hr. The results presented 

in Figure 6.25 showed a high uptake of nanoparticles even after 2 hr of incubation 

by MCF-7 cells. The nuclei in blue colour and surrounding nanoparticles in red col-

our confirm the successful accumulation of synthesized polymers-grafted cellulose 

nanofibers inside the cells.  

To further quantify the cellular uptake, the fluorescent intensity was meas-

ured by flow cytometric analysis. The results were subsequently normalized by tak-

ing the fluorescence of nanoparticles into account. As shown in Figure 6.26, the sig-

nificant difference from the control (non-treated cells) was already observed after 

2 hr of cell exposure to nanoparticles at the concentration of 250 μg mL-1. Further-

more, the progressive accumulation was still found after 8 hr of incubation at 37 °C. 

The relatively high cellular uptake might be caused by the rod-like morphology or 

the surface charge of cellulose nanomaterials.358, 503 
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Figure 6.25. Confocal microphotographs of MCF-7 cells after incubation with aqueous dis-

persion of (PHEA37-Cy5-PDMAEA12)-g-CNFs at 37 °C for 2 hr and 8 hr. The blue colour repre-

sents the cell nuclei stained with Hoechst 33342 and the red colour represents the (PHEA37-

Cy5-PDMAEA12)-g-CNFs. 

 

Figure 6.26. Normalized fluorescence intensity of nanoparticles inside MCF-7 cancer cells 

determined by flow cytometry. 
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Penetration and uptake of nanoparticles in 3D tumour spheroids 

 Moreover, the tumour penetration ability of nanoparticles ((PHEA37-Cy5-

PDMAEA12)-g-CNFs) was assessed using a WM-983c melanoma spheroid model, 

which was designed by the group of Maté Biro in School of Medicine, UNSW, Aus-

tralia. The tumour spheroid was surrounded by a collagen/mt-CAFs (metastatic can-

cer-associated fibroblasts) matrix. After incubating the tumour spheroid with drug 

carriers ((PHEA37-Cy5-PDMAEA12)-g-CNFs) at the concentration of 1 mg mL-1, the 

penetration and localization of nanoparticles within 18 min and 18 hr were moni-

tored by laser scanning confocal microscopy (LSCM). Figure 6.27 displays the quan-

tification of uptake by measuring the mean intensity of nanoparticles inside and out-

side the spheroid within 18 hr of incubation. In accordance with the measured cel-

lular uptake, the nanoparticles were readily taken up by the spheroid. It is however 

unclear if the elongated nanoparticles, which have a high aspect ratio, take the trans-

cellular or paracellular route. Moreover, it was observed that the penetration seems 

to be ongoing even after the set time frame. The successful cellular uptake was also 

visualized by confocal images shown in Figure 6.28, in which dark blue represents 

the melanoma spheroid, cyan represents cancer-associated fibroblasts (mt-CAFs), 

and magenta represents nanoparticles. The magenta fluorescence signal in tumour 

indicates the localization of nanoparticles in the core of tumour spheroid. As ex-

pected, penetration into 3D spheroid took longer time comparing with that into 2D 

cell culture model.  

 
Figure 6.27. Monitored mean fluorescence intensity of designed (PHEA37-Cy5-PDMAEA12)-g-

CNFs inside and outside the 3D spheroid over an 18-hr period. 
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Figure 6.28. Penetration of designed (PHEA37-Cy5-PDMAEA12)-g-CNFs into WM-983c mela-

noma spheroid monitored via Laser Scanning Confocal Microscopy. Dark blue: Melanoma 

spheroid, cyan: cancer-associated fibroblasts, and magenta: (PHEA37-Cy5-PDMAEA12)-g-

CNFs. NPs means nanoparticles ((PHEA37-Cy5-PDMAEA12)-g-CNFs). The scale bar = 100 μm. 
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6.4. Conclusion 

 In summary, we reported a design of fluorescent cellulose-based nano-

materials ((PHEA37-Cy5-PDMAEA12)-g-CNFs) via three-component Passerini reaction 

to efficiently bind immunochemokines (MIP-1α). Our studies showed that the syn-

thesized nanoparticles exhibited high in vitro stability in biological media as well as 

non-toxic behaviour against MCF-7 cancer cell lines. But the application of nanopar-

ticles needs to be carefully undertaken due to the hydrolysis behaviour of PDMAEA 

chains especially at high temperature. According to the cellular penetration and lo-

calization assay in 2D and 3D cell models, it was observed that nanoparticles were 

successfully internalized into both cell models even after 2 hr of incubation time. 

Our results highlight the application of Passerini reaction to prepare cellulose-based 

functional materials that have the biological properties to achieve efficient delivery 

of therapeutic agents into tumours. 
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6.5.  Experimental Procedure 

6.5.1. Synthesis of N-(2-formylethyl)-3-(benzylthiocarbonothi-

oylthio)propionamide (RAFT agent) 

 

Scheme 6.4. Schematic illustration for the synthesis of aldehyde-functionalized chain trans-

fer agent. 

3-(benzylthiocarbonothioylthio)propanoic acid (5.18 mmol, 1.41 g) and N-

(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC.HCl) (7.82 

mmol, 1.50 g) were dissolved in anhydrous DCM (15 mL) and the solution was 

cooled on an ice water bath. After 30 min, a solution of 1-amino-3,3-diethoxypro-

pane (3.40 mmol, 0.50 g) and 4-(dimethylamino)pyridine (DMAP) (1.39 mmol, 0.17 

g) in anhydrous DCM (5 mL) was added dropwise while stirring. After 1 hr, the re-

action was allowed to warm up to room temperature and left for 22 hr. Then, the 

solution was diluted with DCM (40 mL) and extracted with water (3 × 50 mL) and 

then brine (2 × 50 mL). The organic phase was dried over magnesium sulfate 

(MgSO4) and concentrated under vacuum. To remove unreacted acetal, the residue 

was dissolved in 1 mL of acetone, followed by the dropwise addition of 10 % aque-

ous solution of hydrochloric acid (1 mL) into the reaction mixture. After 30 min of 

stirring at room temperature, the solution was diluted with DCM (50 mL) and ex-

tracted with water (3 × 50 mL), then brine (1 × 50 mL). The organic phase was dried 

over MgSO4 and concentrated under vacuum. Crude product was purified by silica 

gel flash chromatography (hexane: ethyl acetate 5: 1 → 1: 1) to afford N-(2-formyl-

ethyl)-3-(benzylthiocarbonothioylthio) propionamide as yellow oil (0.586 g, 34 %).  
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1H-NMR (400 MHz, CDCl3): δ/ppm = 9.79 (1H, -CH2C(O)H), δ = 7.34 - 7.26 (5H, 

CHphenyl), δ = 6.01 (1H, -C(O)NH-), δ = 4.60 (2H, CHphenyl CH2-), δ = 3.66 – 3.61 

(2H, 2H, -C(S)SCH2-), δ = 3.57 – 3.51 (-NHCH2-), δ = 2.76 – 2.74 (2H, -CH2C(O)NH-), 

and δ = 2.60 – 2.55 (2H, -CH2C(O)H). 

13C-NMR (400 MHz, CDCl3): δ/ppm = 223.44 (-SC(S)S-), 201.36 (-CH2C(O)H-), 

170.30 (-CH2C(O)NH-), 134.87 (phenyl, ipso), 129.28 (phenyl, ortho), 128.73 (phe-

nyl, meta), 127.83 (phenyl, para), 43.74 (phenyl CHCH2-), 41.52 (-CH2C(O)H-), 34.94 

(-C(S)SCH2-), 32.98 (-C(O)NHCH2-), and 32.06 (-CH2C(O)NH-). 

6.5.2. Synthesis of aldehyde-terminated polymers 

Synthesis of poly(2-hydroxyethyl acrylate) PHEA37 

 

Scheme 6.5. Schematic illustration for the synthesis of PHEA37. 

The hydrophilic monomer, 2-hydroxyethyl acrylate was polymerized via 

RAFT polymerization using synthesized aldehyde-terminated RAFT agent. In a glass 

vial, 2-hydroxyethyl acrylate (HEA) (2.00 g, 17.22 mmol), RAFT-aldehyde (68.78 mg, 

210.04 µmol), and the initiator AIBN (2.75 mg, 16.80 µmol) were dissolved in N,N-

dimethylformamide (DMF). The molar ratio of [HEA]: [RAFT]: [AIBN] was 82: 1: 0.08 

and a monomer concentration was 2 M. The flask containing the mixture was sealed 

with rubber septum and the solution was degassed with nitrogen purging for 45 

min. The polymerization was performed at 65 °C for 2 hr to achieve 46 % monomer 

conversion. Then the polymerization was ceased by introducing air to the mixture 

and placing the vial in an ice bath for 15 min. The resulting polymer was purified via 

dialysis against methanol (MeOH) for 2 days and then dried under vacuum. The pure 

polymer was characterized via 1H-NMR and SEC. Mn (SEC) =15000 g mol-1 and Ɖ = 

1.21.  
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Synthesis of poly(2-(dimethylamino)ethyl acrylate) PDMAEA12 

 

Scheme 6.6. Schematic illustration for the synthesis of PDMAEA12. 

The polymerization procedure of PDMAEA12 was similar to the synthesis of 

PHEA37. Firstly, 2-(dimethylamino) ethyl acrylate monomer/DMAEA (3.00 g, 20.95 

mmol), RAFT-aldehyde (83.93 mg, 0.21 mmol) and AIBN initiator (3.43 mg, 20.91 

μmol) were dissolved in DMF (7.27 mL) in a round bottom flask. The concentration 

of monomer was 2 M and the molar ratio of [DMAEA]: [RAFT]: [AIBN] was 100: 1: 

0.1. The solution was degassed with nitrogen purging for 45 min, and then placed 

into a preheated oil bath at 65 °C. The polymerization was stopped after 4 hr by 

introducing air to the solution and placing the vial in an ice bath for 15 min. The 

resulting polymer was purified by precipitation four times into hexane and the ob-

tained pure polymer was dried under vacuum. The monomer conversion and mo-

lecular weight of the pure polymer were analysed via 1H-NMR and SEC. Mn (SEC) 

=2740 g mol-1 and Ɖ = 1.27. 

6.5.3. Synthesis of cyanine-5 (Cy5) fluorescent dye  

 

Scheme 6.7. Schematic illustration for the synthesis of cyanine 5 (compound 2). 
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The synthesis of cyanine 5 was performed according to the procedure from 

the literature473, 474 using a two-step method. The intermediate 1 (1-(5-Carboxypen-

tyl)-2,3,3-trimethyl-3H-indolium iodide) was synthesized by dissolving 2,3,3-trime-

thyl-3H-indole (2.5 g, 15.5 mmol), 6-bromohexanoic acid (3.9 g, 20.2 mmol) and po-

tassium iodide (3.4 g, 20.2 mmol) in acetonitrile in a round bottom flask. The reac-

tion mixture was then heated to 85 °C and refluxed for a day. The reaction mixture 

was then allowed to cool down to room temperature and filtered. After removing 

the solvent under vacuum, the concentrated crude was precipitated five times into 

cold diethyl ether until brown precipitated salts were obtained. After drying the 

solid under reduced pressure, intermediate 1 with a yield of 1.725 g, 4.299 mmol 

(27 %) was obtained.  

1H-NMR (400 MHz, DMSO-d6): δ/pp m = 7.98 – 7.95 (m, 1H, 6-H), δ = 7.86 – 

7.83 (m, 1H, 3-H), δ = 7.66 – 7.60 (m, 2 H, 4-H, 5-H), δ = 4.47 – 4.42 (t, 2H, -NCH2-), δ 

= 2.84 (s, 3H, 1-CH3), δ = 2.25 – 2.21 (t, 2 H, CH2C(O)OH), δ = 1.85 (m, 2H, -NCH2CH2-

), δ = 1.61 – 1.52 (m, 8H, CH2CH2C(O)OH, 2-CH3), and 1.47 – 1.38 (m, 2H, -

NCH2CH2CH2-). 

Secondly, the synthesized indolium intermediate was employed to synthe-

size cyanine 5 acid fluorescent dye. The indolium intermediate 1 (1 g, 2.52 mmol) 

and malonaldehyde bis(phenylimine) monohydrochloride (0.75 g, 3 mmol) were 

dissolved in acetic anhydride (6 mL) and the solution was heated to 120 °C under 

reflux condition. After 30 min, the reaction was allowed to cool down to room tem-

perature, followed by the addition of 1,2,3,3-tetramethyl-3H-indolium iodide (1.04 

g, 3.5 mmol) and pyridine (5.72 mL). The reaction was left stirring for 18 hr, the 

formation of cyanine 5 was observed by the change in the colour of the solution to 

dark blue. After concentrating the mixture under vacuum at 50 °C, the residue was 

precipitated in hexane (100 mL) twice. After that, the obtained blue oil was diluted 

in chloroform (100 mL), extracted with water (2 × 100 mL) and then brine (100 mL). 

The organic phase was then dried over MgSO4, filtered, and concentrated under vac-

uum. Finally, the crude product was purified by flash column chromatography (chlo-

roform: acetone: methanol 7: 2: 0.2 → 7: 2: 0.6). After removing the impurities, the 

last purple fraction was flushed out using pure methanol. Pure fractions were then 
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concentrated under vacuum to collect the product in the form of crystals with a yield 

of 238 mg, 0.46 mmol (18.45 %). 

1H-NMR (400 MHz, DMSO-d6): δ/ppm = 8.37 – 8.28 (t, 2H, b-H, d-H), δ = 7.63 

– 7.60 (d, 2H, 3-H, 3’-H), δ = 7.42 – 7.37 (m, 4H, 5-H, 6-H, 5’-H, 6’-H), δ = 7.28 – 7.21 

(m, 2H, 4-H, 4’-H), δ = 6.61 – 6.53 (t, 1H, c-H), δ = 6.32 – 6.25 (m, 2H, e-H, a-H), δ = 

4.08 (m, 2H, -NCH2-), δ = 3.60 (s, 3H, -NCH3-), 2.08 – 2.03 (t, 2H, -CH2C(O)OH-), and 

1.67 – 1.54 (m, 18H, 2-CH3, 2’-CH3, -NCH2CH2CH2CH2-). 

6.5.4. Fluorescent labelling of PHEA37 

The preparation of fluorescently labelled PHEA37 was carried out by using 

synthesized cyanine 5 acid under mild reaction condition. Cyanine dye (3 mg, 4.59 

μmol) and N,N′-Dicyclohexylcarbodiimide (DCC) (11 mg, 53.40 μmol) were dis-

solved in anhydrous DMF (1.5 mL) and stirred at room temperature for 30 min. After 

that, PHEA37 (700 mg, 0.15 mmol) and 4-(dimethylamino)pyridine (DMAP) (7 mg, 

57.30 μmol) dissolved in anhydrous DMF (1 mL) were added to the solution and 

stirred overnight.  The obtained mixture was then dialysed against methanol (1 kDa 

MWCO) to remove unreacted fluorescent dye, followed by removing the solvent and 

drying under vacuum. 

6.5.5. Hydrolysis kinetics of PDMAEA12 in PBS at pH 7.4 

 The hydrolysis of PDMAEA12 in phosphate buffer saline (PBS) at pH 7.4 was 

performed at room temperature and at 37 °C. Firstly, 7 mg of PDMAEA12 was dis-

solved in the mixture of D2O and 2 × concentrated PBS (1: 1 v/v) at the concentration 

of 2.35 mg mL-1. After that, two NMR tubes were filled with 650 μL of solution and 

incubated at room temperature and 37 °C. The 1H-NMR measurements (400 MHz) 

were performed at different time intervals: 15 min, 20 hr and 40 hr. The percentage 

of hydrolysis was calculated according to following equation based on the integrated 

intensity of signals at δ = 3.62 ppm and 3.81 ppm. (I = intensity of the peak) 

Hydrolysis (%) =  
I3.62

I3.62  + I3.81
 ×  100 
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6.5.6. Investigation on the factors affecting surface grafting efficiency 

 In this approach, PHEA37 was employed as a model polymer to be grafted 

on CNFs under various solvent systems. The CNFs gel (876 mg containing 5 mg of 

dry solid, 4.62 μmol of -COOH groups) and PHEA37 (11.9 mg, 2.57 μmol) were added 

to each glass vial. In this experiment, less viscous CNFs gel was used to obtain an 

efficient surface modification reaction (Chapter 3). The mixture was then dissolved 

in different solvent system, followed by slow addition of cyclohexyl isocyanide (8.78 

mg, 0.08 mmol, 10 μL). Figure 6.29 illustrates the different solvent systems applied 

in this experiment. To be noted here is that CNFs gel itself contain approximately 1 

mL of water content. Therefore, the final solvent volume and concentration was cal-

culated by taking the water content of CNFs gel into account. After stirring overnight, 

the obtained dispersion was dialysed against milli-Q water (12 – 15 kDa MWCO) for 

two days to remove organic solvent, small molecules, and free polymers, followed 

by freeze drying. The dried samples were redispersed in methanol and centrifuged 

at 14000 rpm for 10 min. The washing by centrifuge was repeated several times to 

completely remove unattached polymer chains. Then dialysed against water for one 

day to remove methanol, followed by freeze drying. The dried polymer-grafted CNFs 

samples were analysed via UV-Vis. 

 

Figure 6.29. Synthesis of PHEA37-grafted CNFs under various solvent systems. 
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6.5.7. Co-grafting of PHEA37-Cy5 and PDMAEA12 onto CNFs via Passerini 

Reaction in organic solvent 

 

Scheme 6.8. Schematic illustration for the preparation of polymer-grafted CNFs via Pas-

serini reaction under mild conditions. 

The covalent tethering of homopolymers onto CNFs was performed via a 

three-component Passerini reaction under mild conditions. The dried CNFs (10 mg, 

16.5 μmol of -COOH groups) was dispersed in DMF (0.3 mL) in a glass vial and soni-

cated using the bench sonicator for 15 – 30 min. On the other hand, PHEA37 (20 mg, 

4.32 μmol) dissolved in DMF (0.2 mL) was added to three vials containing 35 mg, 25 

mg, and 10.7 mg of PDMAEA12, followed by the addition of mixture to the CNFs dis-

persion. Finally, the cyclohexyl isocyanide (17.56 mg, 0.16 mmol, 20 μL) was slowly 

added to the mixture. After overnight stirring at room temperature, the polymer 

modified CNFs were collected by precipitating in water (1.5 mL) and centrifugation 

at 15000 rpm for 10 mins. The purification was repeated six times until almost clear 

supernatant was achieved. After freeze drying the collected modified cellulose na-

nomaterials, the samples were submitted for characterizations using UV-Vis, FT-IR, 

DLS and 1H-NMR. Table 6.2 listed the initial ratios of CNFs and homopolymers 

added to perform the surface modification reaction. 
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Table 6.2. The initial ratio of CNFs, PHEA37 and PDMAEA12 for surface modification reac-

tion. 

Sample 

number 
Components 

Initial mass ratio of 

CNFs: PHEA37: PDMAEA12 

(mg) 

Initial molar ratio of 

-COOH groups from CNFs: 

PHEA37: PDMAEA12 

(mol) 

1 
CNFs: PHEA37: 

PDMAEA12 

 

10: 20: 35 1: 0.25: 1.04 

2 10: 20: 25 1: 0.25: 0.74 

3 10: 20: 10.7 1: 0.25: 0.31 

Calculation of grafting efficiency  

 The determination of grafting efficiency was performed using two charac-

terizations: fluorescent spectrophotometer and UV-Vis. Firstly, the calibration 

curves for both polymer chains: PHEA37-Cy5 and PDMAEA12, were prepared by dis-

solving in milli-Q water. 

Calibration curves of PHEA37-Cy5  

via fluorescent spectrophotometer: The standard solutions were obtained by serial 

dilution of 0.125 mg mL-1 to 0.0312, 0.0156, 0.0078, 0.0039, and 0.0020 mg mL-1. 

The excitation and emission wavelengths were 648 nm and 657 nm. 

via UV-Vis: The standard solutions were obtained by serial dilution of 249.60 μg mL-

1 to 124.80, 62.40, 31.20, 15.60, 7.80 μg mL-1. 

Calibration curves of PDMAEA12  

via UV-Vis: The standard solutions were obtained by serial dilution of 499.2 μg mL-1 

to 249.6, 124.8, 62.4, 31.2, 15.6, and 7.8 μg mL-1. 

Calculation of grafting efficiency 

 The polymer-grafted CNFs were dissolved in milli-Q water at the concentra-

tion of 1 mg mL-1. The sample was firstly submitted to fluorescent spectrophotome-

ter for the determination of the amount of grafted PHEA37-Cy5 by taking the ad-

vantage of conjugated cyanine 5 fluorescent dye which has the emission at λmax = 
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657 nm (PDMAEA12 was not fluorescent). Second, the obtained mass of PHEA37-Cy5 

from fluorescent spectrophotometer was used to calculate the possible UV-Vis ab-

sorption intensity by using a standard curve. Third, the total amount of grafted pol-

ymers on the surface of cellulose nanomaterials was determined by UV-Vis absorp-

tion intensity, from which the calculated intensity of PHEA37-Cy5 was subtracted. The 

remaining intensity was equal to the intensity of PDMAEA12, which was converted 

to mass by using its calibration curve. 

Hydrolysis kinetics of (PHEA37-Cy5-PDMAEA12)-g-CNFs in PBS at pH 7.4 

The hydrolysis of synthesized polymer-grafted CNFs in phosphate buffer 

saline (PBS) at pH 7.4 was performed at room temperature and at 37 °C. Firstly, 1 

mg of nanoparticles was dissolved in the mixture of D2O and 2 × concentrated PBS 

(1: 1 v/v) at the concentration of 0.5 mg mL-1. After that, two NMR tubes were filled 

with 650 μL of solution, sonicated for 15 min to obtain fully dispersed nanoparticles, 

and incubated at room temperature and 37 °C. The 1H-NMR measurements (400 

MHz) were performed at different time intervals: 15 min, 20 hr and 40 hr. The per-

centage of hydrolysis was determined by comparing the integrated intensity of sig-

nals at δ = 3.62 ppm and 3.83 ppm. The calculation was carried out by using follow-

ing equation.  (I = intensity of the peak) 

Hydrolysis (%)  =  
I3.62

I3.62  + I3.83
 ×  100 

6.5.8. In vitro stability of (PHEA37-Cy5-PDMAEA12)-g-CNFs  

 In this experiment, Dulbecco’s Modified Eagle’s Medium (DMEM) was used 

as cell culture medium. In a glass vial, freeze-dried polymer-g-CNFs (100 μg contain-

ing 5.2 nmol of PDMAEA12) was suspended in 1 mL of milli-Q water and sonicated 

using a bench sonicator for 15 min, followed by the addition of 1 mL of DMEM (2 × 

concentrated). Blank sample was prepared by dispersing polymer-g-CNFs (100 μg 

containing 5.2 nmol of PDMAEA12) in 2 mL of milli-Q water. Then the stability of the 
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particle size in cell culture medium was measured by DLS after stirring at various 

time points: 0 hr, 1 hr, 2 hr, 4 hr, 6 hr and 8 hr at room temperature. 

6.5.9. Binding MIP-1α chemokines on (PHEA37-Cy5-PDMAEA12)-g-CNFs 

via electrostatic interaction  

Investigation on the particle size distribution by DLS 

 The experiment was performed in pH 7.4 phosphate buffer saline (PBS) and 

the general plan is as follow. Firstly, freeze-dried polymer-g-CNFs (100 μg, 7.8 nmol 

of PDMAEA12) was suspended in 1.5 mL of PBS (pH 7.4) and sonicated for 15 min to 

obtain clear suspension. Then MIP-1α (62.5 ng, 8.01 μmol) was added to the suspen-

sion every 2 hr and the size analysis was carried out by using DLS. The blank sample 

was prepared using the same procedure but not adding chemokines. Here, the reac-

tions were performed under cold condition to slow down the hydrolysis rate of 

PDMAEA12. 

Investigation on MIP-1α binding at different nanoparticle concentrations via 

BDTM cytometric bead array (CBA) assay 

The amount of MIP-1α bound onto (PHEA37-Cy5-PDMAEA12)-g-CNFs was 

quantified via CBA assay by using BioLegend’s LEGENDplexTM multi-analyte flow as-

say kit. The analysis was kindly performed by a member of Biro group in School of 

Medicine at UNSW, Australia. The detailed procedure is as follows: 

Step 1: Three nanoparticle samples were prepared by suspending (PHEA37-Cy5-

PDMAEA12)-g-CNFs in 1 mL of PBS (pH 7.4) at the concentration of 500 μg 

mL-1, 250 μg mL-1 and 125 μg mL-1. The dispersions were then sonicated 

using a bench sonicator under cold condition to achieve clear dispersion. 

Subsequently, 54.4 ng of MIP-1α was added to each nanoparticle dispersion 

and stirred for 4 hr under cold condition to achieve MIP-1α-(PHEA37-Cy5-

PDMAEA12)-g-CNFs. Then the unbound MIP-1α was collected by using 
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Amicon® ultra-0.5 centrifugal filter 30K devices (volume up to 500 μL) and 

centrifuging at 14000 × g for 20 min.  

Step 2: The unbound MIP-1α solutions, control samples: 54.4 ng of MIP-1α in 1 mL 

of PBS as positive control, and PBS as negative control, and standard sam-

ples were incubated with capture beads for 2 hr in a V-bottom 96 well plate. 

The plate was then centrifuged at 250 × g for 5 min. After discarding the 

supernatant, the plate was washed with 200 μL of wash buffer per well, fol-

lowed by centrifugation and discarding the supernatant.  

Step 3: 25 μL of detection antibodies was added to each well. After incubation for 1 

hr, the plate was centrifuged, followed by discarding the supernatant. After-

wards, 25 μL of streptavidin-phycoerythrin (SA-PE) was added to each well 

and then the plate was incubated for 30 min. After that, the plate was 

washed by following the previous process: centrifuging, discarding the su-

pernatant, and washing with 200 μL of wash buffer.  

Step 4: Finally, the analyte bound beads were resuspended in 150 μL of wash buffer 

and transferred to FACS tubes for the determination by a flow cytometer. 

The fluorescent intensity of SA-PE was read for MIP-1α captured beads and 

the concentration of unbound MIP-1α onto nanoparticles was calculated 

based on the known standard curve.  

6.5.10. Biological experiments of (PHEA37-Cy5-PDMAEA12)-g-CNFs 

In vitro cell viability assay  

 The cytotoxicity tests for the polymer-grafted CNFs were carried out by a 

standard sulforhodamine B colorimetric proliferation assay (SRB assay). The breast 

cancer cell line MCF-7 was seeded in 96-well cell culture plates at a density of 4000 

cells per well and incubated at 37 °C in 5 % CO2 for 24 hr. The samples were then 

sterilized by UV irradiation for 15 min in a bio-safety cabinet and then the growth 

medium (Dulbecco’s Modified Eagle’s Medium, DMEM) was replaced with 100 µL of 

fresh 2 × concentrated medium. Subsequently, 100 µL of serially diluted samples (2 

× dilution) starting from 1 mg mL-1 to 0.0039 mg mL-1 were added to the plates. After 
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incubation at 37 °C for 48 hr, the culture medium was removed and the live cells 

were fixed in 10 % (w/v) trichloroacetic acid (TCA) for 30 min at 4 °C, followed by 

washing the plates five times with milli-Q water. Then, the TCA-fixed cells were 

stained by adding 100 µL of 0.4 % (w/v) SRB dissolved in 1 % acetic acid. After leav-

ing the plates for 20 min in dark, SRB was decanted and the plates were washed five 

times with 1 % acetic acid to remove unbound dye. After removing the excess of 

moisture by air-drying for a few hours, 200 µL of 10 mM Tris buffer was added to 

each well and left for 5 min to solubilize the dye (SRB). The absorbance was deter-

mined at 490 nm using a Bio-Rad BenchMark Microplate reader. The obtained data 

were analyzed and plotted using GraphPad Prism 8.0, in which non-treated cells 

were used as controls. The cell viability was calculated using optical density (OD): 

Cell viability (%) =
OD490,sample − OD490,blank

OD490,control − OD490,blank
 × 100 

 

In vitro cellular uptake study by Laser Scanning Confocal Microscopy (LSCM) 

 MCF-7 cell lines were used to observe the cellular uptake of polymers-

grafted CNFs at different time intervals. Firstly, cells were seeded in 35 mm fluoro dish 

(World Precision Instruments) at the density of 1 × 105 per dish and cultured in 2 mL of 

DMEM cell culture medium at 37 °C in 5 % CO2 for 24 hr. When the cells reached suf-

ficient confluency, the medium was replaced with 1 mL of fresh 2 × concentrated medium 

and 1 mL of sample dispersion (500 μg mL-1 in pH 7.4 PBS). After incubating the cells 

at 37 °C for 2 hr and 8 hr, the cells were washed three times with PBS. The cells were 

then stained with Hoechst 33342 for 10 mins, followed by gentle washing three times 

with PBS. Then the cells were mounted in PBS and observed under a Zeiss LSCM 800 

laser scanning confocal microscope system equipped with a Diode laser: 405, 488, 561 

and 640 nm and an argon laser and a DPSS 561-10 laser (excitation wavelength: 405 nm 

and emission wavelengths: 490 – 590 nm, respectively) connected to a Zeiss Axio Ob-

server.Z1 inverted microscope (Air 20×/0.8 NA objective). The Zen Blue 2.5 Imaging 

software was used for image acquisition and processing. 
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In vitro cellular uptake study by flow cytometry 

Cellular uptake studies of nanoparticles (PHEA37-Cy5-PDMAEA12)-g-CNFs 

were performed by flow cytometry. Firstly, MCF-7 cells were seeded in 6-well plates 

at a density of 3 × 105 cells per well and incubated at 37 °C in 5 % CO2 for two days. 

Then the cultured medium (DMEM) was replaced with 0.5 mL of fresh 2 × concen-

trated medium and 0.5 mL of sample solution. The final concentration of nanoparti-

cles was 250 μg mL-1. After incubating the cells with sample solution at 37 °C for 2 

hr and 8 hr, the cell monolayer was washed with cold PBS three times and treated 

with trypsin/EDTA to detach the cells. After that, the cells were collected, centri-

fuged and resuspended in cold Hank’s buffer. The cells suspension was submitted 

for flow cytometry analysis on BD FACSCantoTMII Analyser (BD Biosciences, San 

Jose, USA, excitation wavelength = 645 nm and emission wavelength = 660 nm), and 

the results were collected by analysing at least 20,000 cell events. Raw data was an-

alysed using FlowJo software and the results were reported as the median of the 

distribution of cell fluorescent intensity. 

Penetration and uptake of nanoparticles in 3D tumour spheroids  

 The analysis was kindly performed by a member of Biro group in School of 

Medicine at UNSW, Australia. The detail protocol for the preparation of tumour 

spheroid in collagen/mt-CNFs (cancer-associated fibroblasts) matrix is as follows. 

Spheroid preparation 

 To generate spheroids, WM-983c melanoma cells at the density of 1000 

cells in 50 μL of complete media were seeded in ultra-low-attachment 96-well plate 

and incubated at 37 °C over the weekend. 

Background on mt-CAFs (KPC SKPCE40) 

 Cancer-associated fibroblasts (mt-CAF) cells were derived from a highly 

metastatic pancreatic cancer mouse model: Pdx1-Cre; LSL-K-rasG12D/+; LSL-

p53R172H/+ (KPC). 
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Matrix preparation (≈ 2.5 mg mL-1) 

 The matrix preparation was performed under cold condition. 9.4 μL of 1 N 

NaOH was added to 414 μL of collagen (pipette tips stored at -30 °C), followed by 

the addition of 97.44 μL of 10 × MEM. Here, the collagen was thoroughly mixed to 

achieve the homogeneous suspension. Next, 109.16 μL of the mt-CAF/FBS suspen-

sion was added. Then, approximately 200 μL of collagen/mt-CAF mixture was trans-

ferred to each well of a 24-well plate and incubated for approximately 4 – 5 min. 

After that, the prepared spheroids were transferred carefully into an Eppendorf 

tube, followed by the subsequent addition of 300 μL of collagen/mt-CAF suspension. 

The mixture (spheroids in collagen/mt-CAF matrix) was carefully transferred into 

well on top of the collagen/mt-CAF layer, followed by incubation for 45 min to so-

lidify. Afterwards, 500 μL of culture medium: DMEM containing 10 % FBS and 1 % 

penicillin-streptomycin, was added to the matrix. The obtained matrices were incu-

bated for a day, followed by the addition of 500 μL of culture medium. 
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7.1. Conclusion  

The tunable surface properties of cellulose nanomaterials provide versatile 

scaffolds for their use as drug carriers for intravenous injection. To achieve this goal, 

it is necessary to modify the cellulose nanomaterials with specific functional mole-

cules. However, the success of surface modification depends on several factors in-

cluding the nature of cellulose nanomaterials and the reaction conditions.374, 386, 504 

In this thesis, the efficient modification strategies were explored to generate func-

tional cellulose-based nanomaterials with enhanced or new characteristics which 

are compatible for delivering anti-cancer therapeutics. More specifically, synthetic 

polymers were covalently tethered onto TEMPO-oxidized cellulose nanofibers 

(CNFs) by two different approaches: NICAL and Passerini reactions. Successfully, 

NICAL reaction provided the self-fluorescent polymer-grafted CNFs carriers which 

could be monitored once inside the cells. On the other hand, Passerini reaction was 

found an efficient method to design polymer functionalized CNFs and incorporate 

cytokines (MIP-1α) for the purpose of cancer immunotherapy. The designed nano-

particles ((PHEA37-Cy5-PDMAEA12)-g-CNFs) were found having the capability of elec-

trostatically binding MIP-1α, high cellular uptake, non-toxicity, as well as in vitro 

stability in biological fluid. Hence, our studies not only highlight the surface modifi-

cation techniques to efficiently modify plant-derived cellulose nanofibrils (CNFs) 

but also the design of CNFs for their use in cancer immunotherapy. The contribu-

tions of the thesis on the design and synthesis of functional CNFs aim to extend the 

benefits of bio-based nanoparticles as drug delivery system. 

In Chapter 3, native celluloses derived from cotton linters were converted 

to individual nanofibers less than 10 nm wide by mechanically assisted TEMPO 

(2,2,6,6-tetramethyl-1-piperidinyloxy)-mediated oxidation. Microfibrils formed by 

electrostatic repulsion of anionic charges after TEMPO-oxidation were individual-

ized into nanofibrils (CNFs) dispersed in water upon ultrasonic treatment at the 

concentration of 0.1 – 0.2 % (w/v). Upon HCl treatment at pH ≈ 2, CNFs were ob-

tained with high acid concentration on the surface (1.65 mmol g-1 of dry CNFs), pKa 

of 5.22, 56 % crystallinity and degradation temperature at 252 °C.  

Then, we started exploring the surface functionalization pathways to graft 

polymers onto cellulose nanofibrils (CNFs). In Chapter 4, the nitrile imine-
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carboxylic acid ligation (NICAL) reaction was employed to chemically click between 

tetrazole-terminated hydrophilic polymer chains, synthesized via reversible addi-

tion-fragmentation chain transfer (RAFT) polymerization, and acid (-COOH) groups 

on CNFs under UV irradiation in aqueous media at room temperature. The resulting 

polymer-grafted CNFs were obtained with self-fluorescent properties, which can be 

used to track the nanoparticles when internalized by the cells. Moreover, the time- 

and dose-dependent bioactivity of doxorubicin (DOX) loaded PHEA-g-CNFs (poly(2-

hydroxyethyl acrylate)-grafted CNFs) against MCF-7 cancer cells was observed. 

Nevertheless, the grafting efficiency of polymers attached on CNFs was insufficient; 

therefore, we further attempted another alternative approach so-called three-com-

ponent Passerini reaction as discussed in Chapter 5. Passerini is the versatile ap-

proach between three components (an acid group on CNFs, an aldehyde end func-

tionality of polymer chain, and a cyclohexyl isocyanide) in one pot under ambient 

conditions. The underpinning idea was to use thermo-responsive polymer 

(PNIPAm/poly(N-isopropylacrylamide)) as a model polymer. The polymer-grafted 

cellulose nanofibrils (PNIPAm-g-CNFs) were obtained with high polymer grafting 

efficiency (36 % within 0.5 hr of reaction time) and thermo-responsive properties. 

To be noted here is that the high grafting efficiency was obtained when the reaction 

was performed under concentrated conditions in water, more specifically in CNFs 

gel itself without additional solvent. This simple and versatile approach opens up 

the opportunity to modify cellulose nanomaterials with a large variety of polymer 

chains maintaining high structural integrity and aqueous dispersibility. 

In Chapter 6, by using Passerini reaction, we designed cellulose-based na-

nomaterials ((PHEA37-Cy5-PDMAEA12)-g-CNFs) containing two types of polymer 

chains on the surface to efficiently bind chemokines (MIP-1α) for their use in cancer 

immunotherapy. The underpinning idea was to bind the anionic chemokines onto 

cationic PDMAEA and release via hydrolysis in aqueous media.  It was investigated 

that the synthesized nanoparticles exhibited high in vitro stability in biological fluid 

and non-toxicity against MCF-7 cancer cells. Moreover, the successful penetration of 

nanoparticles into in vitro 2D (MCF-7 cancer cells) and 3D models designed by using 

WM-983c melanoma cells embedded in collagen/mt-CAFs matrix were observed.  
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7.2. Recommendations for Future Works  

This thesis discussed the application of NICAL and Passerini techniques to 

produce functional cellulose nanomaterials with unique properties suitable for drug 

delivery application. In Chapter 6, the design of cellulose-drug delivery system for 

the purpose of cancer immunotherapy was discussed. It was found that the prepared 

nanoparticles ((PHEA37-Cy5-PDMAEA12)-g-CNFs) successfully penetrated 3D tumour 

spheroid and enabled binding immunostimulators (MIP-1α) via electrostatically in-

teraction. The project aims to suppress cancer cells by simply activating natural kill-

ing T-cells. 

However, the drug release behaviour of synthesized nanoparticles needs to 

be improved. The fast degradation of PDMAEA due to the hydrolysis behaviour of 

ester linkages on polymer chains might be a problem in drug delivery application. 

The designed nanoparticles MIP-1α-(PHEA37-Cy5-PDMAEA12)-g-CNFs seem to have 

tendency to cause early release of MIP-1α prior to entering the targeted site. Once 

anionic chemokines released, the cationic PDMAEA on cellulose nanoparticles might 

interacts with natural killing T cells and other healthy cells leading to undesired side 

effects. In this regard, an alternative strategy is required to deliver therapeutics to 

specific site and provide controlled release therapy.  

Considering this, it is recommended to alleviate this problem by replacing 

PDMAEA with polycations carrying amide linkages as amides resist hydrolysis than 

ester bonds (Scheme 7.1). This approach is expected to optimize the design of cel-

lulose-based drug delivery system for specific cancer treatment with improved effi-

cacy and reduced side effects of premature release. The future will be monitoring 

the release of MIP-1α from cellulose-based nanoparticles in 3D tumour spheroid 

with embedded natural killing T-cells. This experiment will help to understand the 

stimulation behaviour of chemokines to T-cells for cancer elimination.  
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Scheme 7.1. Overall scheme for an alternative design of cellulose-based nanomaterials for 

binding and controlled release of immune chemokines (MIP-1α). 
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