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Abstract

Cellulose nanofiber (CNF) is the most abundant and renewable natural polymer on

the planet. Nowadays, since the environmental problems are becoming severe every year,

the development of materials based on green materials such as CNF is of great signifi-

cance. Because of its unique properties such as high specific surface area, high mechanical

strength, reactive surface, biocompatibility, biodegradability, and non-toxicity, CNF has

become a very attractive biological material. [1] The surface reactivity allows surface

modification, hence the modification of cellulose to improve biocompatibility is a very

attractive solution. In this dissertation I have used two methods to modify CNF to en-

hance its adhesion to cells and biodegradability and analyzed the principles of these two

methods in order to achieve precise control.

The first method is the grafting of concentrated polymer brushes onto CNF. Polymer

brush grafting is a practical surface grafting technique that can easily alter the phys-

ical and chemical properties of the surface, such as hydrophilicity, elasticity, and cell

adsorption. Concentrated polymer brushes (CPBs ), that is, grafted chains at very high

concentrations which exhibit unique entropic properties, and CNF grafted with CPBs

(CNF-CPBs)can flocculate with cells to form flocs, [2] which is promising as a 3D cul-

ture system. There is a possibility that this flocculation phenomenon can be explained by

the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory that guides colloidal flocculation,

but further proof is needed. According to the DLVO theory, the flocculation phenomenon

is influenced by the surface charge and spatial location. Therefore, in Chapter 2, CPBs

with different charges were introduced on the CNF surface and co-cultured with cells. The

results demonstrated that larger flocs could be obtained at appropriate zeta potentials.

In Chapter 3, CNF-CPBs with different fiber lengths were synthesized, and flocculation of

the three cell types was observed. Larger flocs are formed in samples of CNF-CPBs with

shorter fiber lengths. Equally important was the fact that all three cells exhibited the

same flocculation phenomenon. The results proved that flocculation based on CNF-CPBs
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and cells can be explained by the DLVO theory and has the potential to be applied to a

broader range of cell lines. In conclusion, this is the first time the DLVO theory has been

used to explain the flocculation phenomenon in cells and CNF-CPBs.

The degradability of materials is also an essential indicator of the adaptability of bio-

materials. [3] In this study, the Malaprade reaction introduces dialdehyde into CNF ,

which can be degraded by the Maillard reaction triggered by the Schiff base reaction of

dialdehyde CNF with amino acids in the body. Furthermore, the effect of reaction con-

ditions on the reaction rate, CNF molecular weight, and crystalline index in this series

of reactions was systematically investigated in order to better understand and control

the degradation behavior of CNF. Briefly, the molecular weight decreased in both the

oxidation and decomposition reactions. Crystalline index studies demonstrated that the

Malaprade reaction occurred in crystalline region, which leads to a decrease in the crys-

tallization index. While the degradation reaction occurs mainly in the amorphous region,

hence the increase in a crystalline index after the degradation reaction.

In this thesis, the biocompatibility of CNF was enhanced by surface grafting of CPBs

and triggering the Maillard reaction for CNF based on oxidation of CNF, and the princi-

ples of the reaction were explored for precise control.

Keyword: cellulose nanofiber; concentrated polymer brush; flocculation; DLVO theory;

surface charge; fiber length; Malaprade reaction; Maillard reaction
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Chapter 1

General Introduction
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1.1 Biomaterials

Biomaterials are generally defined as inert materials designed to interact with biolog-

ical systems to evaluate, treat, enhance or replace any tissue, organ, or function of the

body. [1] Recently, Doherty et al. has proposed a new definition, that is, ”A biomate-

rial is a substance that has been engineered to take a form which, alone or as part of a

complex system, is used to direct, by control of interactions with components of living

systems, the course of any therapeutic or diagnostic procedure, in human or veterinary

medicine.” [2]As a comprehensive discipline, biomaterials integrate chemistry, materials

science, bioengineering, and medicine. In the past 50 years, the application of biomateri-

als, including medical and non-medical aspects, has grown to more than 100 billion U.S.

dollars. [3]

Modern biomaterials can be traced back to the 1970s when materials were developed

to retain the physical properties (mostly) of replacement locations while minimizing toxic

reactions. [4]Due to the human body’s defense mechanism, when any body material used

as an implant enters the human body, it triggers a series of reactions called foreign body

reactions. This reaction is similar to the general wound healing reaction, except that

the wound healing inflammation will subside on its own, and the foreign body reaction

will cause continuous chronic inflammation around the implant. [5]As the trigger point

of the foreign body reaction, the step of non-specific protein adsorption is critical. [6]In

order to reduce this risk, various metals, ceramics, and other biologically inert tissue

reaction materials have been extensively explored and studied, and this is also the first

generation of biomaterials. [7]After then, with the advancement of biochemistry, the de-

velopment of the second generation of biomaterials has focused on biomaterials that can

trigger controllable effects and reactions in the physiological environment. [8]Nowadays,

for third-generation biomaterials, researchers are exploring biologically-based tissue re-

pair and regeneration methods to stimulate specific cellular responses at the molecular

level. More materials such as polymers (natural polymers or synthetic polymers) and

composite materials are used in biomaterials, and more and more applications have been

developed in tissue engineering scaffolds, sustained drug release, and medical diagnostic

imaging. [9–11]The concept of biomaterials has been further expanded, not only for the
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development of implants but also for drug development or a deeper understanding of life

activities. These studies have made outstanding contributions to extending the human

life span and improving the quality of life.

1.1.1 Biocompatibility of Biomaterials

The ideal biomaterial should be biocompatible, which was first defined in the 1980s as

having an appropriate host response in a specific application. [12]Although the definition

is still slightly general, the overall biocompatibility needs to consider the toxicity of the

material itself, the components derived from microorganisms, the mechanical properties,

and the interaction of the biomaterial with surrounding proteins and cells. [13]Mechan-

ical properties include providing physical support according to different purposes, such

as bone repair, blood vessel or in vitro culture system, etc., in which biomaterials need

to provide physical support for compression or stretching. [14–16] In addition, the micro-

scopic physical structure of biological materials can also provide physical stimulation to

cells and trigger particular physiological responses. These reactions are essential for cell

growth. [17]

When biological materials come into contact with cells and the cells are physically

stimulated, some tissue molecules, especially proteins with high surface activity, get at-

tracted to the material’s surface through electrostatic attraction. [18] There are various

determinants in protein adsorption, such as the protein molecules’ structure, the dehy-

dration of the material surface, the protein distributed at the interface, and the surface

structure of the protein. [19] Therefore, protein adsorption is a complicated process due

to a combination of many factors.
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1.1.2 Modification of Biomaterials

Although the mechanism is complex, effective control of protein adsorption is very im-

portant. It is not only the starting point for the foreign body reaction of the implant, as

mentioned above. It is also a key determinant of in vitro cell culture, including the subse-

quent cell adsorption, proliferation, and differentiation processes. [20] Thus, the physical

and chemical properties of the surface of biomaterials determine their biocompatibility.

Various methods, such as surface polymerization, plasma treatment, peptide grafting.

Biomaterials with different properties have been constructed, as shown in Figure 1.1. [21]

Figure 1.1: Scheme of the key surface parameters and processes in directing biological
responses to biomaterials. [21]

One of the essential surface properties is biodegradability. Biodegradable materials

do not need to be removed from the living body by means such as surgery, so biological

materials have advantages in more applications. [22] For example, for the application of

tissue engineering cell scaffolds cultured in vivo or in vitro, after the material is resorbed,

there should be no traces of implants or scaffolds, so the defect sites in the body are

gradually replaced by the original tissue. [23, 24] And cells cultured in vitro are easier to

recover. [25]
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In summary, biological adaptability largely depends on Bulk and surface propertity.

The polymers used for biomaterials are generally natural or synthetic, while common

degradable natural polymers such as polysaccharides and proteins, on the other hand,

are degradable synthetic polymers such as polyesters and polyphospholipids. [26] The

degradation products of polysaccharides in the biological environment are beneficial to

the human body. [27]Many polysaccharides have been developed, such as chitosan, chitin,

cellulose and so on, which have been widely used in in vivo and in vitro cell culture and

drug delivery. [28–30]

5



1.2 Chemical reactions of polysaccharides

Polysaccharides are the most commonly used biological materials and have a wide

range of sources in nature. More importantly, polysaccharides have a large number of

reactive groups and a wide range of molecular weight, which allows a variety of modifica-

tions to be applied. Here, several common reactions related to polysaccharide degradation

are introduced.

1.2.1 Malaprade reaction

Periodate can react with adjacent hydroxyl groups in polysaccharides, such as cellulose,

to form a dialdehyde group,known as Malaprade reaction. This reaction can be carried

out very rapidly under mild conditions. [31]

The Malaprade reaction was first reported in 1928 for compounds with hydroxyl groups

on adjacent C atoms. [32] As shown in Figure 1.2, in the first step, a complex of a periodate

and an adjacent hydroxyl group is formed. Then, the complex disproportionate to form

a dialdehyde and iodate. At the same time, the aldehyde state is not stable and can be

rapidly converted to a semi-formaldehyde by reacting with the hydroxyl groups of adjacent

unoxidized glyoxal residues in the polymer chain. [33, 34] Furthermore, dialdehydes can

be further converted to form different reactive groups. Many biomaterials based on the

Malaprade reaction have been successfully developed. [35, 36]
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Figure 1.2: General scheme of Malaprade oxidation of polysaccharides. [33]

1.2.2 Schiff base reaction

Schiff bases are compounds containing an imine or methylimine character group (-

RC=N-) and are usually formed by the nucleophilic addition of carbonyl-containing alde-

hydes and ketones to primary amines, as shown in Figure 1.3. This reaction is named

after the researcher Hugo Joseph Schiff in honor of his first description of the formation

of a Schiff base by the condensation of two aldehydes and amines in equal amounts in

1864. [37]

7



Figure 1.3: The reaction of Schiff base

Schiff bases have a wide range of applications and are of great research value in drug

discovery, catalysis and anti-corrosion due to their C=N functional groups and electronic

effects. [38,39] In particular, Schiff bases are among the most commonly used ligands for

metal complexes, supporting the flexible design of different metal complexes. [40]

For polysaccharides, the Schiff base reaction involves the cross-linking of a macro-

molecule containing alcohol, amine, or hydrazide functional group with an aldehyde to

form a dynamic covalent imine bond, resulting in a hydrogel network. Another advantage

of the Schiff base reaction is that the reaction conditions are mild, and therefore hydrogels

with self-healing properties can be made for cell embedding and controlled drug delivery

applications. [41] The Schiff base reaction can also be easily triggered on polysaccharides

by the dimer produced by the Malaprade reaction. It has been reported that dextran-

based hydrogels can be easily developed for drug retardation under mild conditions using

the Malaprade and Schiff reactions. [42]
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Figure 1.4: Schematic illustration for the formation and stimuli-sensitive degradation
of Dex-SS hydrogels synthesized via disulfide-containing Schiff base reactions between
polyaldehyde dextran and cystamine. [42]

1.2.3 Maillard reaction

Maillard reaction is a non-enzymatic reaction between the carbonyl group of reducing

sugar and the amino group of amino acid, peptide, or protein. The reaction route depends

on the type and concentration of reactants, temperature, time, pH, and water activity. [43]

The reaction is divided into three main stages. In the early stages, reducing sug-

ars are condensed with compounds bearing free amino groups to produce N-substituted

glycosamines. The N-substituted glycosylamines rearrange to form Amadori rearrange-

ment products (ARP). In subsequent stages, ARP degradation depends on the system

pH. When pH ≤ 7, the product is furfural or hydroxymethylfurfural (HMF). At pH >

7, the decomposition of the Amadori compounds consists mainly of a few enolizations

to produce 2,3-terminal, dicarbonyl compounds, followed by fission products containing

various pyruvic alcohols, pyral, and diacetyl. All these products are highly reactive and

participate in further reactions. Among them, dicarbonyl compounds react with amino

acids to form aldehydes and alpha-amino ketones. This reaction is known as Strecker

degradation. [44]

The final stage undergoes a complex and unclear series of reactions of cyclization, dehy-

dration, reverse porosity expansion, rearrangement, isomerization, and further condensa-
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tion, culminating in the formation of brown nitrogen-containing polymers and copolymers,

collectively referred to as melanoidins. [45]

Figure 1.5: Maillard reaction scheme adapted by Hodge. [45]

From previous studies, it is known that the oxidation of dextran and the amine un-

dergo a Schiff base formation reaction, after which the Maillard reaction cleaves the dex-

tran backbone. [46] Figure 1.6(A) shows the Maillard reaction pathway between reducing

sugars and amino acids. In particular, Figure 1.6(B) shows the mechanism of molecular

cleavage of dextran oxidation due to the reaction with amines. Oxidation of the alde-

hyde group of the dextrose produces an amino group and a Schiff base (reaction 1). The

1,2-enamine is then produced by Amadori rearrangement (reaction 2). Finally, further

degradation shows that the backbone breaks at C5 (reaction 3) and is converted to 1- and

3-deoxy ions. Methylenes are present during the formation of 3-deoxy ions via Amadori

rearrangement and lead to Strecker degradation and the formation of melanoidin, which
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is thought to be responsible for the formation of brown compounds during polysaccharide

degradation. [46]

Figure 1.6: (A) Maillard reaction pathway for the reaction of aldehyde saccharides and
amino acids. (B) Molecular scission mechanism of oxidized dextran by the reaction with
amine
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1.3 Cellulose nanofiber (CNF)

1.3.1 Cellulose

In 1838, French chemist Anselme Payen revealed by elemental analysis that the resis-

tant fibrous solids that remain after processing various plant tissues are of the molecular

formula represented by C6H10O5. [47]The following year, in 1839, this plant component

was first described as “cellulose” in a study submitted by Payan to the French Academy

of Sciences. [48]

Cellulose is ubiquitous in plant cell walls and is its most important structural and

reinforcing component. It is the most abundant natural polymer on earth, also found in

bacteria, fungi, algae, amoebae, and aquatic organisms, and consists of repeating units of

D-glucose linked by β-1,4 bonds Figure (1.7). Unlike starch and other polysaccharides,

the glucose units in cellulose are linked by β-1,4 glucosidic bonds, and the hydroxyl groups

other than the 1,4 position are hydrogen-bonded within and between molecules resulting

in a plate-like molecules arrangement. Hydrogen bonding in cellulose affects the solubility,

swelling, and critical physical properties of the cellulose structure. [49]

Figure 1.7: Structural formula of cellulose

12



It is interesting to note that although two dehydrated glucose units make up a de-

hydrated cellulose disaccharide, which forms the repeating unit of a cellulose polymer.

However, the degree of cellulose polymerisation (DP) is usually expressed as the number

of dehydrated glucose units. Each dehydrated glucose unit has three hydroxyl groups (on

the C2, C3 and C6 atoms), which give the cellulose molecule a high degree of functionality.

Reactions using hydroxyl groups include esterification, etherification, selective oxidation,

graft copolymerization, and intermolecular crosslinking, as shown in 1.8. [50]

Figure 1.8: Selected pathways for regioselective functionalization of cellulose. [50]
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1.3.2 CNF

Cellulose particles with at least one-dimensional nanoscale (1-100 nm) are denoted

as nanocellulose. With high strength and stiffness, low weight, and biodegradability,

nanocellulose is a promising candidate for the production of bio-nano materials. Generally

nanocellulose includes cellulose nanocrystals (CNC) and cellulose nanofibres (CNF), which

are primarily of plant origin, and bacterial cellulose (BC), which is produced by bacteria.

[51]

BC can be manufactured by a variety of bacteria in a medium containing glycogen

and has the advantage of not requiring the presence of plant-derived impurities such as

lignin. [52] However, the large-scale production of BC is a great challenge due to the need

for bottom-up synthesis from starting glycogen in appropriate culture dishes. [51] CNC

fabrication was first reported in 1949 as a rigid material in the form of nanoscale rods

obtained by dissolving amorphous areas through acid treatment. [53]

CNF is an excellent renewable material, typically made by mechanical decomposition,

with a diameter of approximately 10-50 nm and a length of over 500 nm. [54] CNF has a

higher aspect ratio than CNC and can be obtained in different lengths depending on the

source. [55] In recent years, the development of pre-treatments such as TEMPO oxidation

and enzymatic treatment has facilitated mechanical decomposition, allowing CNF to be

produced at a further reduced cost and with more excellent commercial attractiveness.

[56,57] CNF also has a structure similar to that of natural ECM. There have been reports

in the past that CNF suspension can support cell growth. [58] CNF is, therefore, very

promising as a biomaterial. However, CNF has some drawbacks, such as the very low

degradability of CNF in vivo, which limits its application as an implant, and the lack

of protein binding sites on CNF, making it difficult for cells to attach to CNF. [59, 60]

In this research, I expect to improve the biocompatibility of this promising material by

improving the shortcomings of CNF to expand its application as a biomaterial.
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1.4 Surface modification

As mentioned above, surface properties are significant for the biocompatibility and

functionality of biomaterials. Due to the diversity of functions, polymers can be used for

surface modification to provide hydrophilicity, adhesion, colloidal stabilization, biological

activity. [61–63]

There are two general techniques for surface modification with polymers, namely ph-

ysisorption and covalent bonding. In general, covalent bonding is more attractive as it

allows for a higher graft density and does not have the disadvantages of physisorption,

such as low thermal stability. [64] Polymers introduced by covalent bonding are also re-

ferred to as grafting. Polymers have been grafted onto planes, nanoparticles, or other

natural or artificial polymers. [65] For grafting on the solid surface, the configuration in

the solution changes as the grafting density increases. [66] At low grafting density, since

the distance between the grafting sites is greater than the size of the chain, the grafted

polymer chains will not overlap, and there will be almost no mutual influence, thus pre-

senting the so-called “pancake” or “mushroom” conformations. Grafted chains are pulled

away from the surface to form a brush as the grafting density increases due to the repulsive

force between the grafted chains as shown in Figure1.9. [67]

Figure 1.9: The conformation of the graft on the substrate surface changes with the
graft density.
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The polymer brush is a remarkable structure in which one end of the long-chain

polymer molecule is tied to the surface or interface, and the other end is stretched due to

volume repulsion. [68] Based on the adjustment of the thickness and chemical composition

of polymer brushes, polymer brushes have been widely used in lubrication, biomedical

surfaces, colloidal stability, and other directions. [69, 70] There have been many reports

on the use of polymer brushes for cellulose. Carry out surface modification to obtain

better water solubility and cell adsorption. [71, 72]

1.4.1 surface-initiated atom transfer radical polymerization (SI-

ATRP)

There are two common ways to graft polymers to surfaces or substrates, the “graft-to

method”, and the “graft-from” method (Figure 1.10). [64] The graft-to method involves

the synthesis of a free polymer and then anchoring the polymer by reacting the functional

groups at the end of the polymer with the surface. The advantage of this method is

that the polymer is pre-polymerized, and therefore the grafted polymer can be easily

characterized. However, higher density polymer brushes are difficult to achieve as the

polymer grafted first strongly prevents grafting of subsequent polymers. In contrast,

a bottom-up grafting approach (graft-from) can overcome the spatial barrier between

polymers to allow for higher concentrations of polymer brushing. [73]

Figure 1.10: Representative preparation strategies of polymer brushes: (A) graft-to
method, (B) graft-from method.
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Various polymerization techniques such as ring-opening polymerization, anionic poly-

merization, cationic polymerization, and living radical polymerization (LRP) have been

utilized for this grafting method. [74, 75] However, ring-opening, anionic and cationic

polymerization methods are limited by the harsh reaction conditions and water-sensitive

catalysts. [76] The most widespread of these is living radical polymerisation (LRP), ow-

ing to its tolerance to impurities and versatility for various monomers. [77] Recent studies

have also shown that surface-initiated LRP can substantially increase the graft density

and form well-defined higher concentrations of polymer brushes. [78,79]

Among the surface-initiated LRPs, a large number of reports indicate that surface-

initiated atom transfer radical polymerization (SI-ATRP) is the most widely used tech-

nique because it does not require complicated operation steps and can obtain controllable

polymer brushes. [74, 77, 80, 81] The first surface-initiated polymerization (SI-ATRP) us-

ing ATRP technology was reported in 1997. Cu(I)/bpy was used as a catalytic system

and successfully grafted poly(acrylamide) (PAM) brush onto silica gel. [82]

Atom Transfer Radical Polymerization (ATRP) is a particularly attractive method

of grafting polymer brushes. Compared with other controllable polymerization methods,

ATRP has fewer restrictions on its use; for example, it can provide the possibility of

polymerizing a variety of monomers in water, ambient temperature, and other conditions,

and at the same time has high kinetics. [75] Generally, ATRP is carried out by transition

metal complexes with redox activity (most commonly copper catalysts). As shown in

Figure 1.11 The copper catalyst Cu(I)/ligand in the lower oxidation state reacts with the

initiator (haloalkane), resulting in the production of active free radicals and Cu(II)/ligand.

The formed free radicals react with the monomer to initiate polymerization. At the same

time, the active free radicals can also make the growing free-radical chain dormant by

reacting with the higher oxidation state of Cu(II)/ligand. This activation and dormancy

are repeated randomly at all sites, so macroscopically, all polymer chains grow slowly

simultaneously, hence they are controllable. [83] When the initiator is fixed on the surface

of the substrate, it can initiate SI-ATRP to obtain highly controllable graft chains with

uniform lengths.
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Figure 1.11: General mechanism of ATRP.

1.4.2 Concentrated polymer brushes (CPB)

For polymer brushes, new definitions have been made according to different graft

densities (σ). Among them, a highly concentrated polymer brush (CPB) based on SI-

ATRP has been reported. Compared to the typical semi-dilute polymer brush (SDPB),

the graft density (σ) in a highly-concentrated polymer brush is more than an order of

magnitude higher and displays unique characteristics, that is clearly different from that

of SDPB. [77,84,85]

Among two types of polymer brushes, the folding state of the graft chains can be seen

in the relationship between the length of the graft chains and the degree of polymerization.

For polymer brushes, σ influences the surface extension of the graft chains and thus their

physical properties. [86] σ is defined as the number of grafted polymer chains per unit area

of the substrate surface. Theoretically, as σ increases, the graft chains get closer to each

other, and the effect of steric hindrance extends the graft chains further. [74] Theoretical

studies have reported that the relationship between the length of the graft chain and σ is

summarized as
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h ∝ Nσk (1.1)

Where h is the average length of the polymerization brush, N is the degree of poly-

merization and k is the exponent of σ, usually between 0 to 1, depending on σ and

solvent. [87,88] In suitable solvents, SDPB has a k value of 1/3, while CPB can reach an

impressive 1. [77, 84, 85] It can be seen here that the graft chain of CPB is almost fully

extended in suitable solvents. Thus, it has an extremely high compression resistance,

superlubricity, and size rejection effects. [77, 85, 89] Based on its unique physicochemical

properties, many applications have been developed in recent years based on CPB, such

as anti-fouling, antibacterial, and cell culture. [90–92]

It has also been reported that introducing anionic polymers into CNF through SI-

ATRP can introduce unique entropic properties to CNF and effectively facilitate the

adsorption of CNF to cells and the occurrence of cellular flocculation. [71] This floc-

culation phenomenon seems to be explained by the Derjaguin-Landau-Verwey-Overbeek

(DLVO) theory, according to which the interaction forces between charged indications

can be considered as a balance between van der Waals(vdW) and electrostatic forces. [93]

Although initially used to explain colloidal stability, the DLVO theory has been widely

used to explain the phenomenon of bacterial adsorption, in which the bacterial cell is

treated as a colloidal particle. [94] A large number of materials for bacterial adsorption

have been developed based on this approach. [95–97] For the phenomenon of cell floccula-

tion with adsorbent polymers, such as CPB-grafted CNF, can be explained by the DLVO

theory when cells are considered as colloidal particles; it provide a fascinating guide for

the development of new 3D cell culture methods.
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1.5 Research purpose

Despite its many advantages in the biomedical field, CNF’s low cytosolic adsorption

and inability to degrade in vivo limit its application. In previous studies, CPB-grafted

CNF exhibited good cytosolic adsorption and was able to flocculate with cells and en-

hance cellular function. The DLVO theory may provide a theoretical explanation for this

phenomenon. In this study, I examined this idea. If the cell flocculation phenomenon

of CNF-CPBs can be explained by the DLVO theory, it will provide a clear theoretical

guidance for the application of CNF-CPBs as biomaterials, especially for the development

of 3D cell culture methods. According to the DLVO theory, the flocculation phenomenon

is related to the surface charge and the molecular weight (fibre length) as a flocculant.

Therefore, the effects of surface charge and different fibre lengths on flocculation phe-

nomena are investigated in Chapters 2 and 3, respectively, and explained using DLVO

theory. Finally, the degradation mechanism of CNF was investigated using the Malaprade

reaction and is presented in Chapter 4. It is expected that the application of CNF-CPB

as biomass material will be further broadened in the future by endogenous degradation

empowerment.
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[47] A. Payen. Mémoire sur la composition du tissu propre des plantes et du ligneux.

Comptes Rendus, 7:1052–1056, 1838.

[48] A. Brogniart, A. B. Pelonze, and R. Dumas. Report on a memoir of m. payen, on

the composition of the woody nature. Comptes Rendus, 8:51–53, 1839.
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2.1 Chapter Introduction

When designing and developing biomaterials for tissue engineering and regenerative

medicine, it is essential to consider the physical and chemical properties of the biomate-

rial’s surface to modulate the effect on the cells. [1] In recent years, as the understanding

of the extracellular matrix (ECM) has increased, more and more 3D cell culture materials

have been developed. The most significant advantage of 3D cell culture over 2D culture

is that it can better mimic the in vivo microenvironment, reducing the gap between in

vitro culture and the biologic environment. [2] This makes it highly advantageous for drug

development or cancer research, as it has been shown that results based on traditional 2D

culture systems vary considerably from the reality. In order to achieve 3D culture, cell

scaffolds also need to provide cells with an ECM-like surface to provide a platform for cell

adsorption, value addition, and differentiation. Polymer brush grafting is an attractive

means of modifying surface properties and can mimic the structure of ECM well to induce

cell adsorption and growth. [3, 4] There have been reported that polymer brush-coated

materials used in 3D cell culture can increase cell adsorption and influence cell growth

and cell function. [5, 6]

Polymer brushes are unique structures in which one end of the polymer chain is grafted

onto the surface, and the other end extends outwards due to repulsion between the graft

chains. [7] Many methods such as anionic, cationic, and ring-opening polymerization have

been used to graft polymer brushes, and the most widely interesting method is living

radical polymerization (LRP), as this method allows precise control of many important

parameters, including brush thickness, composition, and graft density. [8] Recently, it has

become possible to form concentrated polymer brushes (CPB) with constant growth and

ultra-high graft density on materials by applying surface-initiated LRP. [9–11] The graft

density is more than an order of magnitude higher than conventional semi-dilute polymer

brushes (SDPB) and CPB. In suitable solvents, the graft chains of the swollen CPB are

highly stretched to almost full length. This unique polymer brush structure gives the

swollen brushes unique properties such as extreme compression resistance, superlubricity,

and size rejection effects. [12–14] Compared to SDPB, CPB brushes also confer a higher

level of compatibility with biological materials and therefore have good prospects for
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application on the biological side. [11]

In past studies, PSSNa was grafted onto the surface of CNF (CNF-PSSNa) by atom

transfer radical polymerization (SI-ATRP, an LRP method), which can flocculate with

HepG2 cells and can enhance cell function. [15] This flocculation phenomenon with CNF-

PSSNa concentration is relatively consistent with that described by the classic Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory when we consider cells and CNF-PSSNa as

colloidal particles and absorbent polymers, respectively. [16] According to DLVO theory,

the flocculation of colloidal particles and absorbent polymers is caused by a balance of

van der Waals and electrostatic forces, so the importance of investigating the relationship

between surface charge and flocculation behavior cannot be overstated. However, the

CNF-PSSNa surface charge variation was not addressed in the study here. It is, therefore,

necessary to introduce different surface charges on the CNF surface to demonstrate the

variation with cellular flocculation.

In this study, four charged polymers were introduced on the CNF surface using

SI-ATRP. In addition to PSSNa (containing anionic sulfonic acid), Poly (acrylic acid)

(PAA) (containing anionic carboxylic acid), poly(2-(dimethylamino) ethyl methacrylate)

(PDMAEMA) (containing cations primary amine salt), and Poly([(2-methacryloyloxy)

ethyl]trimethylammonium chloride)(PDMTAC) (containing cationic quaternary ammo-

nium salt) were used. [17–19] All are commonly used polymers for biomaterials with the

same main chain portion and have been used in antibacterial or cell culture applications.

It is worth noting that the carboxylic acid group of PAA is challenging to synthesize via

ATRP as it reacts with the catalyst of ATRP. Therefore, we adopted a synthetic route by

first synthesizing poly (tert-butyl acrylate) (PtBA) and then converting PtBA to PAA

by hydrolysis. [18]

This is the first paper to discuss the flocculation of cells and CNF-CPB using DLVO

theory. Herein, CPBs with different charges and potentials were grafted on the CNF

surface (CNF-CPBs), and the DLVO theory was used to explain the flocculation of these

CNF-CPBs with cells(Figure 2.1). Since cells are not colloidal particles, cationic CNF-

CPBs lead to cell death duo to cytotoxicity. [20] For anionic CNF-CPBs, CNF-PSSNa

with a smaller zeta-potential can form larger flocs and has better gene expression than

PAA with a larger zeta-potential. The results demonstrated that appropriate electrostatic
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interactions are essential for floc formation and improved cell function. This finding is

helpful for the development of CNF-CPB in regenerative medicine scaffolds and drug

discovery studies.

Figure 2.1: Cellar flocculation using CNF-CPBs with different surface charge.
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2.2 Materials and methods

2.2.1 Materials

2-Bromoisobutyryl bromide (BiBB, 97%) was bought from Alfa Aesar, Co., Inc., Ward

Hill, United States. anhydrous pyridine, N-methylpyrrolidone (NMP), toluene, CuBr

(99.99%), CuBr2 (99.99%), tert-Butyl acrylate (tBA, wako), anisole, Pentamethyldiethylen-

etriamine (PMDETA), 2-(Dimethylamino) ethyl methacrylate (DMAEMA), DMF super

dehydrated and sodium dodecyl sulfate (SDS) were purchased from Wako Pure Chemi-

cals, Osaka, Japan. p-Styrenesulfonic acid sodium salt(SSNa, 99.9%), poly(ethylene gly-

col) methyl ether 2-bromoisobutyrate (PEGBr, Sigma Aldrich), 1,1,4,7,10,10-Hexamethy-

ltriethylenetetramine (HMTETA, 97%), and [2-(methacryloyloxy) ethyl] trim- ethyl am-

monium chloride (MTAC, 75 wt%) were obtained from Sigma-Aldrich, Missouri, United

States. 2,2’-bipyridine (bpy, 99.9%) was purchased from Nacalai Tesque, INC., Kyoto,

Japan. Ethyl 2-Bromoisobutyrate(EBIB) and Trifluoroethanol (TFE) were bought from

TCI, Kyoto ,Japan. Dichloromethane and Trifluoroacetic acid (TFA) were obtained from

KISHIDA CHEMICAL Co., Ltd., Japan. All the chemicals above were directly used

without further purification.

2.2.2 Synthesis of CNF-Br

CNF-Br was prepared according to a previous study. [15] To begin this process, the wa-

ter in CNF suspension (2 g dry mass; 12.3 mmol per anhydroglucose unit) was successively

displaced to acetone via repeated centrifugation. For further dehydration, the precipitate

was then resuspended into an NMP-toluene solution (400 ml/200 ml) and distilled for 5 h

at 160 °C where the anhydrous CNF slurry in NMP was yielded. Subsequently, Anhydrous

pyridine (11.9 mL, 148 mmol) and BiBB (9.16 mL, 74.1 mmol) were added at 0 °C and

stirred at room temperature. Finally, the initiator-modified CNF (CNF-Br) suspended in

methanol was obtained via four times methanol wash by centrifugation at 9,000 rpm for

15 min.
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2.2.3 SI-ATRP of SSNa

SI-ATRP of SSNa from CNF-Br was carried out according to our previous report. [15]

Briefly, A methanol (2.5 mL) solution of CuBr (1.5 mM), CuBr2 (0.65 mM), and 2,2-

bipyridine (5.0 mM) were prepared in a glove box purged with N2 gas (UNIlab, MBRAUN

GmbH, Germany). It was then transferred to the mixture of miliQ water (7.5 ml), SSNa

(0.44 M), PEGBr (1.7 mM), and CNF-Br (20 mg), which was purged with N2 gas. The

polymerization solution was allowed to perform at 30 °C for 5h. The 1H Nuclear magnetic

resonance (1H NMR) was carried out with a ESC-400 spectrometer (JEOL, Tokyo, Japan)

in D2O to determine the conversion. The number-average molecular weight (Mn) and

polydispersity index (Mw/Mn) were determined using PSSNa-calibrated gel permeation

chromatography (GPC) system, which was performed with Shodex GPC-101 (Tokyo)

equipped with two Shodex gel columns SB-804HQ (Tokyo). LiCl (10 mM) in acetoni-

trile/water (4/6, v/v) was used as eluent, with 0.8 mL/min flow rate (40 °C). PSSNa

standards were used as the reference. The grafting density (σ, chains/nm2) of PSSNa

estimation by sulfur content analyzed using Elemental analyses (EA) at the Microanalyt-

ical Laboratory of the Institute for Chemical Research, Kyoto University, as mentioned

in our previous report. [15]

2.2.4 SI-ATRP of tBA

The mixture of tBA (3.63 M), EBIB (18.0 mM), PMDETA (18.2 mM), and CNF-Br (5

mg) in anisole (2.0 g) was deoxygenated by bubbling with N2 for 10 min. The mixture was

transferred to a Schlenk tube containing CuBr (18.2 m) under an N2-purged glove box.

The polymerization was allowed in an oil bath at 90 °C for 20 min. When the reaction

was finished, an aliquot of the polymer solution was diluted with Tetrahydrofuran (THF)

and passed through a column filled with alumina to remove the copper-ligand complex.

The resulting aliquot of mixture was diluted with THF and analyzed by GPC, which

was performed by Shodex GPC-101 equipped with Shodex KF-804L column. THF was

used as eluent, with 0.8 mL/min flow rate (40 °C) to investigate Mn and Mw/Mn. The

polystryrene (PS, PstQuick, TOSOH)) standards were used as reference. The conversion
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rate was determined by 1H NMR analysis. To determine the σ of PtBA, the known amount

of PtBA and CNF-Br were mixed and subjected to measure FT-IR. The calibration graph

was prepared by the integrated ratio of carbonyl group peak (1740 cm−1 ) of CNF-Br and

the increasing of carbonyl group peak after adding PtBA. The graft amount of PtBA was

estimated by using calibration graph.

2.2.5 Hydrolysis of PtBA to Poly(acrylic acid) (PAA)

Free polymer (PtBA, 0.1 g) was then dissolved in CH2Cl2 (10 ml) followed by cooling

down in an ice bath for 20 mins. After that, TFA (4 ml) was added, and the reaction was

carried out at 25 °C under stirring for 24 h. After the reaction, the free PAA was vacuum

dried and subjected to GPC. CNF-PtBA was hydrolyzed to CNF-PAA using the similar

condition. The obtained CNF-PAA was washed with miliQ water and stored until use.

2.2.6 SI-ATRP of DEMEMA

The DMF solution (3 mL) of CuBr (18.9 mM), CuBr2 (8.1 mM), and HMTETA (27.0

mM) were prepared under N2-purged glove box. It was then transferred to the mixture

of DMAEMA (2.7 M), EBIB (13.2 mM), and CNF-Br (10 mg), which was purged with

N2 gas for 5 min. The SI-ATRP of DEMEMA was allowed in a water bath at 30 °C for

45 min. The polymer solution was also purified with an alumina column. After that, the

purified solution was diluted with DMF and then subjected to GPC using a HLC-8220

instrument (TOSOH Corporation, Tokyo, Japan) with a Shodex LF-804 column (40 °C)

and 10 mM LiCl in DMF as the eluent with a flow rate of 0.8 mL/min. The poly(methyl

methacrylate) (PMMA) standards were used as reference to determine Mn and Mw/Mn.

The 1H NMR was used to investigate the conversion rate. The nitrogen content measured

by EA was used to estimate σ.
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2.2.7 SI-ATRP of MTAC

To a Schlenk tube equipped with a magnetic stirring bar was added the mixture of

MTAC (1.19 M), EBIB (7.0 mM), water (1.6 g), and CNF-Br (40 mg). The mixture was

deoxygenated under N2 gas for 10 min. The copper-ligand complex of CuBr (15.9 mM) and

bpy (31.8 mM) in TFE (11.1 g) was prepared under N2-regulated glove box. The solution

of the copper-ligand complex was then transferred to the mixture in that of Schlenk tube.

The polymerization has proceeded at 30 °C for 30 min. The polyethyene glycol (PEG)-

calibrated GPC system of free solution of PMTAC was performed to determine Mn and

Mw/Mn, and the conversion rate was determined by 1H NMR analysis. Briefly, GPC was

performed with Shodex GPC-101 equipped with two Shodex gel columns SB-804HQ using

acetonitrile/water (1/1, v/v) contained 0.5 M acetic acid and 0.2 M NaNO3 as fluent and

used PEG (TSK standard, TOSOH) as standards reference. As for the σ estimation was

calculated by nitrogen content measured by EA.

2.2.8 Calculation of graft density

The graft density (σ, groups/nm2) refers to the number of polymer brushes grafted

on a unit surface area of CNF, which can be calculated by the following equation

σ =
A×NA

Mn × S
(2.1)

where A(g/g) is graft amount which means weights of grafted PSSNa per unit CNF,Mn

is Avogadro number and S (nm2/g) is surface area. The determination of A was calculated

by FI-IR measurement or EA as mentioned. S was estimated from the diameter (20 nm)

and density (1.5 g/cm3) of the CNF.

σ describes the grafting density of the polymer on the CNF surface. And the effective

graft density (σeff ) was expressed as the grafted density of the peripheral outermost

surface using a fully stretched core-shell model, [21] which was assumed as
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σeff = σ × (r0/r) (2.2)

r is the radius of the polymer grafted CNF and was estimated as (r = r0 + DP*l),

where DP is the polymerization degree of the grafted polymer, and l is the length of per

monomeric unit (l = 0.25 nm for SSNa, tBA, DMAEMA and MTAC).

Dimensionless graft density (σ∗) describing the proportion of the CNF surface area

occupied by the grafted polymer is calculated based on σ and is given by the following

equation

σ∗ = σeff × Sc (2.3)

Here Sc is the cross-sectional area of different polymer brushes respectively, which

was estimated using the length of per monomeric unit l, and the density of monomers (1

g/cm3).

2.2.9 Cleavage of grafted polymers from CNF

The CPBs were cleaved from CNF to confirm the coincident Mn of the free polymer.

The cleavage of CNF-PSSNa was detailed as an example. The CNF-PSSNa (20 mg) was

dispersed in 10 ml of KOH solution (1 mol/L). The hydrolysis was performed by reflux at

95 °C for 24 h. The mixture was neutralized with HCl solution (1 mol/L) and centrifuged

at 12,000 rpm for 10 min. The CNF residual was precipitated while the PSSNa part

was dissolved in the aqueous phase. The PSSNa solution was purified by dialysis against

water (MWCO = 3.5 kD, Spectra Pore® 3) and subjected to lyophilization. Mn of cleaved

CPBs was determined by GPC.
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2.2.10 Zeta-potential measurement

The zeta potential was determined on Zeta-potential & Particle size Analyzer ELSZ-

1000 (Otsuka Electronics Co., Ltd., Japan) for 0.5 wt% CNF-CPBs suspension in PBS.

The CNF-CPBs were washed with PBS for 5 times and further redispersed in PBS to

reach the concentration of 0.5 wt%. Their zeta potential was investigated using zeta flow

cells (Otsuka Electronics Co., Ltd.). In addition, the zeta potential of CNF-CPBs after

protein adsorption was also investigated. The CNF-CPBs (10 mg) were suspended in 10

mL of medium containing 10% fetal bovine serum (FBS, Sigma-Aldrich Co. LLC, St.

Louis, United States) and incubated at 37 °C for 1 h. The CNF-CPBs were collected by

centrifugation (12000 rpm, 10 min), washed with PBS 5 times to remove unabsorbed pro-

tein. Subsequently, redispersed with PBS at 0.5 wt% zeta-potential analysis was carried

out. All measurements were performed in triplicate.

2.2.11 Protein adsorption test

CNF-CPBs were suspended at 0.5 wt% in 1 ml of low glucose Dulbecco’s modified

Eagle’s medium (DMEM, Thermo Fisher Scientific, Inc., Massachusetts, United States),

containing 10% FBS. After incubation at 37 °C for 1 h, the CNF-CPBs were collected

and washed with PBS several times to remove unbound proteins. To recover adsorbed

proteins, the CNF-CPBs were then placed in 1 ml of 5% SDS, vortexed and sonicated

several times. The supernatants were collected and subjected to determine the protein

concentrations with BCA assay kit using an albumin BSA standard curve according to

the manufacturer’s instruction (Thermo Fisher Scientific). The absorbance of the BCA

solutions was then measured at 570 nm using a microplate reader (Infinite M Nano+,

Tecan Japan Co., Ltd., Kawasaki, Japan). The adsorption test was triplicated for average.
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2.2.12 Cell cultures

Human hepatocellular carcinoma cells (HepG2) (Cellular Engineering Technologies

Inc., Iowa, United States) were cultured in DMEM containing 10% (v/v) fetal bovine

serum (FBS) and 1% (v/v) penicillin/streptomycin (Thermo Fisher Scientific) at 37 °C

in a humidified incubator with 5% CO2.

2.2.13 Cell culture with CNF-CPBs

Cells were gently added in DMEM containing 10% FBS with CNF-CPBs in different

concentrations (0.005, 0.05, and 0.1 wt%), respectively. Cells density was adjusted to

1×105 cells/mL. The mixtures were then seeded on 24-well plates (Greiner Bio-One, North

Carolina, United States) with 1 mL per well. The medium was changed every 2-3 days.

2.2.14 Confocal laser microscope observation

After incubation, the flocs (aggregation of cells and CNF-CPBs) were gently washed

with PBS, and 4% paraformaldehyde in PBS was added to fix for 30 min at 25 °C. After

removing the solution and washed with PBS, 0.1% Triton X-100 in PBS was carefully

added to permeabilized cells. Again washed with PBS after 15 mins, and 1% bovine

serum albumin (BSA) in PBS was used to incubate with flocs for 30 min. The flocs

were then incubated in the solution of Alexa Fluor 555-conjugated phalloidin (Invitrogen,

California, United States) and DAPI at 4 °C, overnight to visualize F-actin and nuclei,

respectively. Flocs were washed with PBS, mounted on a slide glass with SlowFade™

Diamond Antifade Mountant (Invitrogen), and observed cell aggregation by a confocal

laser microscope (TCS SP5, LEICA Microsystems GmbH, Germany).
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2.2.15 Quantitative real-time polymerase chain reaction (RT-

qPCR)

albumin (ALB) and hepatocyte nuclear factor 4α (HNF4A), were selected for analysis.

After 7 days of incubation, The RNA was extracted and purified using Qiagen RNeasy

Mini kit (QIAGEN) according to the manufacturer’s protocol. In brief, the flocs were

collected and washed with PBS. The RNeasy Lysis Buffer was applied for the lysis of cells

before RNA isolation. The samples were kept at -80 °C until use. Then the samples were

crushed by a electric tissue grinde with a 1.5ml pestle (Mini Cordless Grinder, Funakoshi

Co. Ltd., Tokyo, Japan). After centrifugation, the homogenized lysate was collected, 70%

ethanol was added, and mixed well by pipetting. The samples were subsequently passed

through RNeasy spin column. The total RNA binded into the column. The RNA was

purified by washing with Buffer RW1 and Buffer RPE, respectively. The extracted RNA

was eluted from the column by RNase-free water. The RNA concentration was measured

by a NanoDrop 2000 spectrophotometer (Thermo Scientific), and 15 ng of extracted RNA

was subsequently reacted with PrimeScript RT reagent kit (TAKARA) at 37 °C for 15

min and 85 °C for 5 sec to synthesize the cDNA by reverse transcription. The expression

levels of target genes and housekeeping genes were conducted using LightCycler® 480

SYBR Green I Master (Roche, Germany). The primers used for qPCR are listed in

Table 2.1. The reaction mixture of 2x Master mix (7.5 µL), forward and reverse primers

(0.15 µL, 50 µM stock), cDNA (5.0 µL), and DEPC water (2.2 µL) was then performed on

LightCycler480. Expression of the target genes was normalized to that of the housekeeping

gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Table 2.1: Primers used in RT-qPCR analysis.

2.2.16 Live/dead assay

After removing the medium, The mixture of cells and CNF-CPBs cultured for 7 days

were washed with PBS, and 500 µL of the staining solution was then added directly to

culture wells. To produce the staining solution, calceinAM (20 µL, Dojindo Molecular

Technologies, Maryland, United States) and ethidium homodimer-1 (20 µL, FUJIFILM

Wako Pure Chemical Co., Ltd., Osaka, Japan) was added into PBS (10 mL). Fluorescence

images were obtained under a fluorescent microscope (BZ-X800, Keyence Co., Ltd., Osaka,

Japan) after 30 min of incubation.

2.2.17 Statistical Analysis

All data are expressed as mean ± standard deviation (SD). To compare data among

more than 3 groups, a two-way ANOVA with Tukey’s test was used. Differences with less

than 0.05 P values were considered statistically significant.
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2.3 Results and Discussion

2.3.1 Preparation of CNF-CPBs

The synthesis of CNF-CPBs was carried out in two steps, as shown in Figur 2.2A.

First, the initiation site for polymerization was introduced, and then the charged poly-

mers (PSSNa, PtBA, PDMAEMA and PMTAC) were grafted from CNF-Br by SI-ATRP

(Figure 2.2B).

First, ATRP conditions were optimized under homogeneous condition using EBIB

instead of CNF-Br. Figures 2.3-2.6 show first-order kinetic plot and Mn and Mw/Mn vs

conversion for the polymerization of SSNa, tBA, DMAEMA and MTAC. For the polymer-

ization of SSNa [15] (Figure 2.3), the first-order plot was almost linear, indicating that

the radical concentration was constant throughout the examined polymerization time.

However, the plot did not cross the origin. This was probably because the polymerization

started before heating at 30 °C. Mns were almost equal to the theoretical value. Mw/Mn

(PDI) was relatively low (∼1.3) (Figure 2.3). Furthermore, as shown in Figure 2.4, the

first-order plot of the polymerization of tBA [18] tended to be linear for the first 20 mins,

after which it rapidly plateaus, indicating that the free radicals were rapidly deactivated

after 20 mins. The Mns was lower than the theoretical value line, reasonably because PS

was used as standards for the calibration curve of the GPC measurements. PDI was be-

tween 1.1 and 1.4. As for PDMAEMA [22] (Figure 2.5), the first-order curve was almost

linear and the radical concentration remains essentially constant. Mns started to show a

large deviation after conversion equals 10%, which may due to different polymer (PMMA)

was used to make the standard curve. PDI increases with conversion and stabilizes after

conversion above 20% in a narrow range (∼1.27). Moreover, for the polymerization of

MTAC (Figure 2.6), the first-order plot passes through the origin and was relatively lin-

ear. This indicates that the reaction was stable in terms of radical concentration within

the experimental time. It is worth mentioning that the standard for PMTAC were also

different polymer (PEG). the PDI was relatively narrow (1.3∼1.4).

These results indicate that a controlled polymerization reaction occurs under the given

conditions. After examining the solution polymerization, the subsequent SI-ATRP was
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carried out under the condition that conversion=20% for all monomers.

Figure 2.2: Scheme of SI-ATRP, (A) Synthesis steps of CNF-CPBs. (B) Chemical
formula represented by R group in different CNF-CPBs.

Figure 2.3: Plot of (A) ln([M]0/[M]) vs time and (B) Mn, Mw/Mn vs conversion of
ATRP SSNa at 30 °C. [PEGBr]/[SSNa]/[Cu(I)Br]/[Cu(II)Br]/[bpy] = 1/200/0.7/0.3/2.
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Figure 2.4: Plot of (A) ln([M]0/[M]) vs time and (B) Mn, Mw/Mn vs conversion of
ATRP of tBA at 90 °C. [EBIB]/[tBA]/[Cu(I)Br]/[PMDETA] = 1/200/1/1.

Figure 2.5: Plot of (A) ln([M]0/[M]) vs time and (B) Mn, Mw/Mn vs conversion of
ATRP of DMAEMA at 30 °C. [EBIB]/[DMAEMA]/[Cu(I)Br]/[Cu(II)Br]/[HMTETA] =
1/200/1.4/0.6/2.

Figure 2.6: Plot of (A) ln([M]0/[M]) vs time and (B) Mn, Mw/Mn vs conversion of
ATRP of MTAC at 30 °C. [EBIB]/[MTAC]/[Cu(I)Br]/[bpy] = 1/150/2/4. The solid line
represents the calculated values.
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Based on the results of ATRP, four charged polymers were grafted onto CNF by SI-

ATRP. The results are summarized in Table 2.2 The table displays the Mn and PDI of

the free polymer. It is known that free polymer is a good indicator for Mn and PDI of

grafted polymer.

Therefore, we cut out the graft polymer from CNF via alkaline hydrolysis and con-

firmed the molecular weight by GPC measurement. Figure 2.7 shows the GPC traces.

The side chains of PMATC and PDEMAMA are also cleaved by hydrolysis, as shown

in Figure 2.7, so the molecular weight changes. Therefore, the free polymers were also

hydrolyzed, and GPC measurement was performed. For each type of polymer, the re-

sults were almost the same for the grafted polymer and its free polymer, which means

that the graft chain and the free chain grew in the same activation and inactivation fre-

quencies, therefor the free polymer value could be used for the indicator of the grafted

polymer. [23] The graft amounts of SSNa, PMTAC, and PDMAEMA were determined by

elemental analysis. The graft amount of tBA was calculated from FT-IR measurements

since there is no specific element that can be used for calculation. σ was determined

from the graft amount, Mn,theo, and surface area as show in Equation (2.1). The effective

graft density of the outermost surface of the CNF-CPB is estimated from the core-shell

model as in Equation (2.2), based on the fact that for CPB the grafted polymer is highly

stretched to show more than 80% of the full length. [10] Dimensionless graft density (σ∗)

on the surface of CNF-CPBs was estimated base on σeff and the cross-sectional area as

show in Equation (2.3). According to the definition of CPB graft density (σ∗ > 0.1), each

brush can be categorized into CPB. [10] The results are in accordance with the previous

report. [15]
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Table 2.2: Characteristic of CNF-CPBs.

Figure 2.7: GPC charts of free and cleaved polymer (A) CNF-PSSNa, (B) CNF-PAA,
(C) CNF-PMTAC and (D) CNF-PDMAEMA. The solid red lines in chemical structures
represent the cleaved site.
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To obtain CNF-PAA, CNF-PtBA was hydrolyzed. The FT-IR chart of CNF-Br, CNF-

PtBA and CNF-PAA was shown in Figure 2.8. The peak at 1580 cm−1 (as indicated by the

arrow) which derived from the tert-butyl group was significantly reduced after hydrolyzed

reaction. It should be noted that FT-IR results didn’t provide a quantitative indication

of hydrolytic conversions.

Figure 2.8: FT-IR spectra of CNF-Br, CNF-PtBA and CNF-PAA.
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2.3.2 Protein adsorption

Cell attachment usually starts with the adsorption of non-specific proteins. [24] There-

fore, protein adsorption determination of the material is essential. Protein adsorption of

CNF-CPBs was determined using fetal bovine serum (FBS) as the protein source, as it is

usually added to the cell culture medium.

The Figure 2.9 shows that CNF-PSSNa and CNF-PMTAC, possessed significant pro-

tein adsorption capacity. In contrast, PDMAEMA and PAA had almost no protein ad-

sorption. In general, it is known that electrostatic forces are the primary driver of protein

adsorption, especially for proteins with opposite charges. [25] Therefore, the reason of

difference in protein adsorption may be caused by the fact that CNF-CPBs have different

electrical charges may be attributed to different charges.

Figure 2.9: Protein adsorption on CNF-CPBs.
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2.3.3 Zeta potential

Zeta potential measurements were taken to characterize the surface charging of CNF-

CPBs in PBS buffer and summarized in Table 2.3. For pristine CNF-CPBs, the CNF-

PSSNa and CNF-PAA surfaces are negatively charged, while CNF-PDMAEMA and CNF-

PMTAC are positively charged.

For anionic CNF-CPBs, CNF-PSSNa has a higher surface potential and higher protein

absorption amount. This trend was similar in cationic CNF-CPBs, where CNF-PMTAC

with higher surface potential also adsorbed more protein relative to CNF-PDMAEMA.

The results are consistent with our previous observations that electrostatic forces can drive

protein adsorption and that protein adsorption increases when the charge increases. [25]

Afterwards, CNF-CPBs were subjected to zeta-potential measurements after protein ad-

sorption. Interestingly, the anionic CNF-CPBs remained negatively charged after protein

adsorption. Among them, the CNF-PSSNa potential decreased substantially, while the

CNF-PAA remained almost unchanged. The cationic CNF-CPBs remained positively

charged. Among them, the potential of CNF-PMTAC is substantially reduced, while

CNF-PDMAEMA is only slightly reduced.

The change in surface charge (decrease in zeta potential) of the anionic and cationic

CNF-PSSNa and CNF-PMTAC after protein adsorption is evident from the charged prop-

erties of the attracted proteins. It has to be mentioned that the mechanism of protein

adsorption is still a complex issue. In addition to electrostatic gravitational forces, space

forces, hydrogen bonding and protein structure should be considered, all of which lead to

the adsorption of electrically repulsive proteins on the surface. [26] This explains the fact

that CNF-PMTAC adsorbs more proteins than CNF-PDMAEMA, but with little change

in surface charge. Nevertheless, experiments demonstrate that electrostatic gravity still

dominates the adsorption kinetics.
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Table 2.3: The Zeta-potential of CNF-CPBs with and without protein adsorption in
PBS.

2.3.4 Flocculation of HepG2 cells with CNF-CPBs

HepG2 cells were cultured with CNF-CPBs to verify the effect of different surface

charges on the cellar flocculation phenomenon. HepG2 cells without CNF-CPBs were

used as controls. Furthermore, to observe the effect of different concentrations, three dif-

ferent concentrations of 0.1%, 0.05%, and 0.005% of CNF-CPBs were used for this study.

After incubation, the results are shown in Fgiure 2.10, the phase-contrast micrographs of

different CNF-CPBs cultured with cells for 1, 4, 7 and 14 days. Cell flocculation (floc)

can be observed in most samples from the fourth day of culture onwards. While no floc

was observed in the control group and samples in 0.005% of CNF-PDMAEMA and CNF-

PMTAC. In order to further discuss the relationship between the charge of CNF-CPBs

and cell flocculation, the floc sizes were measured.
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Figure 2.10: Phase-contrast micrograms of the flocs of HepG2 and CNF-CPBs cultured
for 1, 4, 7 and 14 days. [HepG2]0= 5 × 105 and CNF-CPBs = 0.005, 0.05 and 0.1 wt%.
Scale bar = 200 µm. (A) CNF-PSSNa, (B) CNF-PAA, (C) CNF-PDMAEMA and (D)
CNF-MTAC.
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Figure 2.11: Floc size of cells after co-culturing with CNF-CPBs as a function of cultured
time.

The size of flocs obtained with increasing incubation time were shown in Figure 2.11.

For cationic CNF-CPBs, the cells formed smaller flocs than with the anionic polymers.

And, at a low concentration of 0.005%, the cells did not flocculate. In addition to this,

cationic polymers do not increase the size of flocs, rather become constant. The cells may

die in the floc. Hence live/dead staining is used to verify whether the cells are alive or

dead.

Therefore, Live/dead assay was used to analyze 0.1% and 0.05% samples of CNF-

PDMAEMA and CNF-PMTAC. A commonly used Live/dead assay method was used in

which live cells were stained by calcein-AM to green fluorescence, and dead cells were

stained by ethidium homodimer-1 to red fluorescence. As shown in Figure 2.12, almost

no green fluorescence was observed for all control samples (CNF-PDMAEMA and CNF-

PMTAC). The results confirmed that, as we suspected, the survival of the cells is meager

due to the cytotoxicity of the poly-positive macromolecules. [27]

For anionic CNF-CPBs, the flocs formed with cell flocculation all increase with incu-

bation time. However, the flocs of CNF-PAA were significantly smaller. Apparently, it is

necessary to optimize the surface charge in order to create large flocs. Herein we focused

on the flocculation phenomenon of CNF-PSSNa and CNF-PAA, attempting to explain the

flocculation of CNF-CPBs with cells using the DLVO theory. Admittedly, the adsorption
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of cells is a complex phenomenon, and therefore it is incredibly challenging to provide a

complete theoretical explanation. However, the DLVO theory has been used to explain

the adsorption of bacteria and was first reported in 1971. [28] According to this theory, we

treat the cell as a colloidal particle, and its flocculation behavior with adsorbent polymers

can be explained by the balance between van der Waals (vdW) and electrostatic forces.

The adsorbent polymers, in this case, are CNF-PSSNa and CNF-PAA.

For the same CNF-CPBs, more CNF-CPBs were wrapped around the cells in the

higher concentration samples, and electrostatic repulsion between the CNF-CPBs resulted

in smaller flocs. This is consistent with the above experimental results that the floc

size in the presence of high concentrations of CNF-CPBs is smaller than that of low

concentrations. Furthermore, when we compared CNF-PSSNa and CNF-PAA, CNF-

PAA had a higher surface charge and higher electrostatic repulsion relative to CNF-

PSSNa. These electrostatic repulsions make it more difficult to form larger flocs due to

the greater distance between CNF-PAA coated cells. The results also confirmed that the

flocs formed under the same conditions were larger than CNF-PAA in the presence of

CNF-PSSNa. Based on these results, we found that the DLVO theory can be used to

explain the flocculation of anionic CNF-CPBs with cells. It implies that other cell lines

may also exhibit the same flocculation phenomenon as CNF-CPBs.

Figure 2.12: Live/dead assay of HepG2 cells co-cultured with CNF-PDMAEMA and
CNF-PMTAC for 7 days in concentration of 0.1% and 0.05%, Green fluorescence indicates
calceinAM stain in the live cells and red fluorescence indicates the ethidium homodimer-1
stain in the dead cells.HepG2 = 1.0 × 105 cells/mL.

56



2.3.5 Confocal laser microscopy observation

Although flocs of different sizes were obtained, the distribution of cells in the flocs

still needs to be verified. Three-dimensional confocal imaging was used to determine the

location of the floc cells.

Figure 2.13 shows the results after 7 days of culture, For PSSNa and PAA, the cells are

present in a uniformly dispersed manner within the flock. As for the cationic polymers,

the cells were present in the flock, however, the number was much smaller than the anionic

CNF-CPBs. This is due to the fact that the cells were dead.

Figure 2.13: Confocal laser microscopy images of the HepG2 cells and positively charged
CNF-CPBs (in 0.1%, 0.05% and 0.005%) flocs cultured for 7 days. Nuclei were counter-
stained with DAPI (blue), and F-actin was stained with phalloidin (red). HepG2 = 1.0
× 105 cells/mL; Scale bar=75 µm.
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2.3.6 RT-qPCR

In order to further evaluate the effect of the CNF-CPBs culture system on cell function,

RT-PCR analysis was performed on HepG2 after co-culture with CNF-CPBs. Two liver

specific genes were selected for characterization because HepG2 is a liver-derived cell:

albumin (ALB), which is commonly used to evaluate the protein-secreting function of

the liver, and hepatocyte nuclear factor 4α (HNF4A), which has a broad impact on the

regulation of liver-specific genes. [29,30]

PCR was not performed on the floc of the cationic CNF-CPBs group because the RNA

was rapidly broken back down within a few hours after cell death. [31] The gene expression

of ALB and HNF4A in HepG2 after co-cultured with CNF-PSSNa and CNF-PAA for 7 day

is shown in Figure 2.14. An interesting phenomenon was observed for anionic CNF-CPBs.

For CNF-PSSNa, gene expression and floc size increased at decreasing concentrations,

which is reasonable because in the 3D cell culture system, gene expression generally

increase when the spheres size increase. [32] CNF-PAA, on the other hand, demonstrates

the opposite result. Floc size increases at lower concentrations, however gene expression

decreases. This may be due to other factors such as surface microstructure. Furthermore,

for both genes, the experimental group (HepG2 cells co-cultured with CNF-CPBs with

an anionic surface) did not grow significantly relative to the control group. Appropriate

extension of the culture time may allow for more pronounced gene expression differences

relative to the control (2D culture). [33]
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Figure 2.14: Relative RNA expression of HepG2 cells co-cultured with CNF-CPBs for
7 days, normalized with control. The significances, calculated against the control, are
marked as *: p < 0.05, **: p < 0.01. HepG2 = 1.0 × 105 cells/mL.
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Based on the above studies, the results of HepG2 cells co-cultured with CNF-CPBs

for 7 days are summarized in Table 2.4. All cells of the cationicCNF-CPBs died due

to cytotoxicity and no gene expression was observed. In CNF-PSSNa and CNF-PAA,

CNF-PSSNa had a greater range of floc sizes, reaching a maximum at 7 days of culture.

Likewise, the maximal values of specific gene expression were higher. In order to improve

floc size and cell function, it is important to have an appropriate surface charge according

to DLVO theory. Therefore CNF-PSSNa is even more valuable for further research.

Table 2.4: Summary of CNF-CPBs properties.
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2.4 Conclusions

In this chapter, four CNF-CPBs with different anionic or cationic polymers on their

surfaces respectively were used in culture with cells, and they exhibited different cell

flocculation phenomena explained by the DLVO theory.

The zeta potential shown a decisive influence on protein adsorption and subsequent

cell flocculation. When comparing different charges, the cationic CNF-CPBs proved to be

cytotoxic, leading to cell death. In anionic CNF-CPBs, the size of flocculation is influenced

by the concentration of CNF-CPBs as well as the zeta potential. When the concentration

of CNF-CPBs is decreased, the size of flocs increased. On the other hand, CNF-PSSNa

with a lower value of zeta potential after adsorption of proteins induces larger flocs. Also,

anionic CNF-CPBs formed flocs with cells that increased the expression of liver-specific

genes and were most highly expressed when forming larger flocs with CNF-PSSNa. In

conclusion, the comparison between the anionic strong electrolyte PSSNa and the weak

electrolyte PAA is an essential issue in this chapter, and the significant differences in size

and function of the flocs obtained prove that the surface potential is highly influential,

which is consistent with the description of the DLVO theory. This is highly beneficial for

the future exploration of CNF-CPBs based tissue engineering and drug development.
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Chapter 3

Cellular flocculation using

concentrated polymer

brush-modified cellulose nanofibers

with different fiber lengths
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3.1 Chapter Introduction

Two-dimensional (2D) cell culture is widely used in medical and biological research

as a powerful platform optimized for cell adsorption and growth. [1] It is a simple, fast,

and cost-effective method. [2] However, in native tissues, extracellular matrix (ECM) and

neighboring cells influence cell performance, and due to planar growth, limited biochemical

information is provided by 2D cell cultures. [3] Recently, three-dimensional (3D) cell

culture has attracted immense interest due to its similarity to tissue environment. [4]

Differences between 3D and 2D cell culture have been observed in protein expression,

enzyme activity, cell activity, proliferation, and toxicity. [5] Reports indicate that 3D cell

culture is more conducive to drug development (Parkinson’s drugs, anti-cancer drugs,

etc.) and bioengineering (regenerative medicine), than 2D cell culture. [6–9]

3D cell culture is of two types depending on the physical support: scaffold-free, based

on overhanging and low-attachment plates; and scaffold-dependent, based on natural and

artificial synthetic scaffolds. [10] Despite extensive research, most of these technologies

have limitations. Scaffold-free methods require complex operating procedures and tech-

nical optimization, while scaffold-dependent outcomes depend on material sources and

processes. Previous studies report that cell proliferation, differentiation, and growth can

be limited by pore size and interconnectivity. [11] With the development of drug screening

and tissue engineering, more advanced 3D culture techniques need to be developed. [12–15]

The preparation of CNFs was first reported as a suspension of cellulose whiskers by

sulfuric acid hydrolysis. [16] Thereafter, mechanical and/or chemical disintegration of veg-

etation afforded CNFs with 3–50 nm diameter and more than 500 nm length. Cellulose is

one of the most abundant natural polymers on earth. [17] In recent years, owing to their

biocompatibility, high surface area, and mechanical properties, plant-derived CNFs have

been investigated for use in biomedical research. [18] Unlike bacterial cellulose, which is

widely used in biomaterials, plant-derived CNF length can be controlled by source vari-

ation. [19, 20] This provides greater flexibility for CNF-based biomaterial development.

Additionally, plant-derived CNFs have a size and structure similar to natural ECM, en-
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abling support of cell growth. [21] ECM not only allows cell adsorption, but also provides

the cells physical support, [22] triggering cell function-determining reactions, making the

biomaterial nanostructure extremely important. [23] Oxidized CNF is degradable via in-

vivo reactions with amino acids, indicating its potential as a degradable scaffold. [24]

Therefore, plant-derived CNF could be a good 3D cell culture material.

A novel 3D cell culture scaffold using CNF surfaces modified with concentrated poly-

mer brushes (CNF-CPBs) has been developed. [25] Previous reports indicate that surface-

initiated living radical polymerization (LRP) on various materials can form well-defined

concentrated polymer brushes (CPBs). [26–28] Compared to traditional semi-dilute poly-

mer brushes (SDPBs), CPBs have high graft density, causing unique properties, such

as compression resistance, enhanced lubrication, and size-exclusion effect. [29–31] As re-

ported in an earlier publication, grafting charged CPBs onto CNF improves its dispersibil-

ity, and flocculation is driven by electrostatic interactions. [25] Floc size depends on the

CNF-CPBs concentration, and the process similar to colloidal phenomena. [32]

Previous experiments have shown that cells co-cultured with CNF-CPBs form flocs.

The classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory could provide a theo-

retical explanation for this flocculation. According to this theory, colloidal flocculation

depends on the molecular weight (fiber length) of the flocculant. [33] Using this theory,

flocculation of cells and CNF-CPBs should be dependent on the CNF-CPBs length, and

independent of the cell type. In this study, cell type and CNF length were systematically

changed to investigate the validity of the DLVO theory in explaining the flocculation

process. Concentrated poly(p-styrenesulfonic acid sodium salt) (PSSNa) brushes were

grafted onto CNFs (CNF-PSSNa) of different length by surface-initiated atom trans-

fer radical polymerization (SI-ATRP), followed by cell cultures with three different cell

lines at different concentrations. The three cell types spontaneously flocculated with

CNF-PSSNa. By comparing the floc size, cell activity, and specific gene expression, the

adsorption behavior of CNF-PSSNa and cells were analyzed using colloidal flocculation.

Floc size was dependent on the CNF-PSSNa length, and different cell lines showed similar

flocculation. The expression of specific genes in 2D cell culture was compared to 3D cell

culture systems for future applications (Figure 3.1).
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Figure 3.1: Use of CNF-PSSNa for 3D cellular flocculation. (a) Cells form floc with
CNF-PSSNa. (b), (c) Floc size could be controlled via fiber length and concentration.
(d) Enhancement of specific genes of cell in flocs.
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3.2 Materials and methods

3.2.1 Materials

Five types of CNFs (approximately 2 wt% in aqueous slurry) with different fiber

lengths were purchased from Sugino Machine, Ltd., Toyama, Japan. 2-Bromoisobutyryl

bromide (BiBB 97%) was purchased from Alfa Aesar Co., Inc., Ward Hill, United States.

Anhydrous pyridine, N -methylpyrrolidone (NMP), toluene, CuBr (99.99%), CuBr2 (99.99%),

sodium dodecyl sulfate (SDS), and bovine serum albumin (BSA) were obtained from FU-

JIFILM Wako Pure Chemical Co., Ltd., Osaka, Japan. p-Styrenesulfonic acid sodium

salt (SSNa, 99.9%), poly(ethylene glycol) methyl ether 2-bromoisobutyrate (PEGBr),

and paraformaldehyde were purchased from Sigma-Aldrich Co. LLC, St. Louis, United

States. 2,2’-Bipyridine (bpy, 99.9%), t-butyl alcohol, and Triton X-100 were purchased

from Nacalai Tesque, Inc., Kyoto, Japan. Alexa Fluor 555 phalloidin and ProLong Gold

antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI) were obtained from Thermo

Fisher Scientific, Inc., Waltham, MA, USA. All the chemicals were used directly without

further purification.

3.2.2 Synthesis of CNF-Br

CNF-Br with different lengths were prepared according to a previous study. [25] Syn-

thesis results are shown in Table 3.2.

3.2.3 SI-ATRP of SSNa from CNF-Br

SI-ATRP of SSNa from CNF-Br was carried out using the method reported in a

previous publication. [25] After polymerization, the CNF-PSSNa was washed with water.

The number-averaged molecular weight (Mn) and polydispersity index of the free polymer

were determined by gel permeation chromatography (GPC; Shodex GPC-101, Tokyo,

Japan) equipped with columns (LF804 (300 × 80 mm; bead size = 6 µm; pore size =

20–3000 Å), Shodex, Tokyo, Japan) using water and acetonitrile (6:4) with 10 mM LiCl
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as an eluent at a 0.8 mL/min flow rate. The number-average molecular weight (Mn) and

the polydispersity index (PDI) of the free PSSNa were estimated by the calibration data

of PSSNa standards (Sigma Aldrich). The graft density of PSSNa was determined by

elemental analysis (EA), according to previous report. [25] Results are summarized in

Table 3.2.

3.2.4 Atomic force microscopy (AFM) measurement

Fiber length was analyzed using the MFP-3D Origin (Oxford Instruments, Abingdon,

United Kingdom). For measurement, different lengths of 0.01 wt% CNF-PSSNa were

spin-coated (3000 rpm x 1 min, MIKASA MS-A100) on a poly(ethylene imine)-adsorbed

silicon substrate. An AFM instrument equipped with an OMCL-AC160TS-R3 cantilever

(Olympus, Tokyo, Japan) was used in tapping mode, with 10 × 10 µm2 scanning area

and 1.5 Hz scanning rate. The results of AFM are processed with open-source software

Gwyddion, and images including AFM and subsequent images analyzed by ImageJ.

3.2.5 Zeta potential measurement

Zeta potential measurements were carried out on a Zetasizer Nano ZS (Malvern Instru-

ments, Ltd., Malvern, United Kingdom) for 0.1 wt% CNF-PSSNa suspensions in Milli-Q

water and phosphate buffer saline (PBS). All measurements were performed in triplicate.

3.2.6 Protein adsorption test

CNF-PSSNa (0.5 wt%) were suspended in 1 ml of low glucose-Dulbecco’s modified

Eagle’s medium (DMEM, Thermo Fisher Scientific, Inc., Massachusetts, United States),

containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Inc.). After incuba-

tion at 37 °C for 1 h, FBS was removed, and the CNF-PSSNa was washed with 10 mL

PBS five times to remove unbound proteins, placed in 1 ml SDS (5%), vortexed, and

sonicated several times to recover the adsorbed proteins. Supernatants were collected for
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protein concentration determination by a bicinchoninic acid (BCA) assay kit, using an al-

bumin BSA standard curve, according to the manufacturer’s instructions (Thermo Fisher

Scientific, Inc.). The absorbance of the BCA solutions wase measured at 562 nm using a

microplate reader (Infinite M Nano+, Tecan, Ltd., Männedorf, Switzerland). Adsorption

tests were performed in triplicate.

3.2.7 Cell cultures

HepG2, L929 (American Type Culture Collection, Manassas, United States), and

hTERT (immortalized human chondrocytes, Applied Biological Materials, Inc., Rich-

mond, Canada) cells were used. Cells were cultivated in DMEM with 10% (v/v) FBS and

1% (v/v) penicillin/streptomycin (Nacalai Tesque, Inc.) at 37 °C in a 5% CO2 incubator.

After three or four passages, the cells were harvested by trypsin/EDTA treatment, and

subsequently used for the evaluation of CNF-PSSNa.

3.2.8 Cell culture with CNF-PSSNa

The cells were mixed with CNF-PSSNa solutions of different lengths with different

concentration (0.005, 0.05, and 0.1 wt%), at 5×105 cells/mL density for hTERT, and

1×105 cells/mL density for HepG2 and L929 cells. The mixtures were cultured for up

to 3 weeks, changing the medium every 2 days. Phase-contrast micrographs of cells with

CNF-PSSNa were acquired using a fluorescence microscope (BZ-X800, Keyence Co., Ltd.,

Osaka, Japan).

3.2.9 Confocal laser microscope observation

The cells with CNF-PSSNa were washed with PBS, fixed with 4% paraformaldehyde,

washed with PBS, treated with 0.1% Triton X-100 for permeabilization (15 min), washed

with PBS, and incubated with 1 wt% BSA (30 min). For visualized F-actin, the samples

were incubated with Alexa Fluor 555 phalloidin (1 h in the dark), mounted on glass slides
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embedded in DAPI. For staining of cadherin, sample was incubated with primary antibody

E-Cadherin ((4A2) Mouse mAb #14472, Cell Signaling Technology, MA, US) over night

after block by BSA. Followed by washed with PBS and then cultured for 2 hours in the

dark with presence of secondary antibody Goat Anti-Mouse IgG H&L (ab150116, Abcam,

Cambridgeshire, United Kingdom). The sample was then embedded in DAPI. Obversion

was performed with a confocal laser microscope, FV1000D (Olympus, Tokyo, Japan).

3.2.10 Terminal deoxynucleotidyl transferase dUTP nick end la-

beling (TUNEL) assay

After 3 weeks, cells cultured with CNF-PSSNa were washed with PBS and fixed with

4% PFA. Cell viability was determined by the TUNEL assay according to the manu-

facturer’s instructions (MK500, Takara Bio, Inc., Shiga, Japan). Cryo-sections (3 µm

thickness) were washed with Milli-Q water and PBS, 100 µL permeabilization buffer was

applied and kept on ice for 2–5 min. After PBS-washing the slides, 50 µL labeling reaction

mixture (consisting of 5 µL Terminal deoxynucleotidyl transferase (TdT) Enzyme and 45

µL Labeling Safe Buffer) was applied. Samples were incubated at 37 °C (60–90 mins).

The reaction was terminated by PBS-washing the slides (5 mins) thrice. The nuclei were

stained with DAPI (30 mins at 25 °C), washed with PBS, treated with SlowFade Dimond

Antifade Mountant (Thermo Fisher Scientific, Inc.), and observed under a fluorescent

microscope.

3.2.11 Quantitative real-time polymerase chain reaction (qRT-

PCR)

Two genes, ALB and NH4a, were selected for analysis. Gene expression profiles of

cells cultured in 2D and 3D, for up to 14 days, were determined using qRT-PCR. Af-

ter culturing, the cells were collected using a pipette and PBS-washed thrice. Cell lysis

was performed using a grinder (FastPrep-24 5G, MP-Biomedicals, Santa Ana, United

States) and RNA extraction was performed using the RNeasy Mini kit (QIAGEN, Venlo,
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Netherlands), following the manufacturer’s protocol. RNA concentration was measured

by spectrophotometry (NanoDrop, Thermo Fisher Scientific, Inc.). Reverse transcription

of cDNA was carried out using the PrimerScript RT reagent kit (Takara Bio, Inc., Shiga,

Japan) and qRT-PCR was carried out on a LightCycler 480 system (Roche, Basel, Switzer-

land). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was selected as an

endogenous control. Primers used in this study are listed in Table 3.1.

Table 3.1: Primers used in qRT-PCR.

3.2.12 Statistical Analysis

All data are expressed as mean ± standard deviation (SD). To compare data among

more than 3 groups, a one-way ANOVA with Tukey’s test was used. Differences with less

than 0.05 P values were considered statistically significant.
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3.3 Results and Discussion

3.3.1 Preparation of CNF-PSSNa

CNF-PSSNa were synthesized as described in a previous publication (Figure 3.2). [25]

Table 3.2 shows the characteristics of the original CNF materials used here, and the

samples obtained after the two-step reaction (esterification, followed by polymer grafting

using SI-ATRP). Here, commercially available CNFs of five different lengths were used,

namely, ultralong, long, standard, short, and ultrashort, with degree of polymerization

values of 800, 750, 650, 200, and 200, respectively, and viscosities of 7500, 7000, 3000,

2000, and 700 mP.s, respectively (measured by a B-type viscometer with 60 rpm rotation

at 25 °C).

After esterification, elemental analysis (EA) was carried out to calculate the degree

of substitution of 2-bromoisobutyryl moieties (DS), and the average number of hydroxyl

groups substituted to 2-bromoisobutyryl per anhydroglucose unit (Table 3.2). The DS

values around 0.22–0.57 were in the same order with the values reported previously, con-

firming the surface introduction of the SI-ATRP initiators was high enough for the sub-

sequent polymer grafting. [25] After the SI-ATRP of SSNa on CNF-Br, free PSSNa was

simultaneously obtained during the grafting, which was used as a reference for obtaining

the number-average molecular weight (Mn) and the polydispersity index (PDI) of the

graft chains, Mn was found to be 9000 with a PDI of around 1.2. Graft density (σ) was

calculated based on the sulfur content measured by EA, where σ was 1.0 chains/nm2. [25]

On the other hand, dimensionless graft density (σ∗) was estimated by the product of σ

and the cross-sectional area of per monomeric unit of PSSNa, which was calculated by

assuming the polymer density as 1 g/cm3 and the length of per monomer unit (SSNa)

as 0.25 nm. According to the definition of CPB graft density (σ∗ > 0.1), each brush can

be categorized into CPB. [30] The σ∗ was higher than the theoretical value (it is theo-

retically impossible to exceed 1.0), and this is because the calculations were done using

by assuming the CNF surface area, density as well as the length of monomer unit. The

results are in accordance with the previous report. [25] Studies confirmed that all CNFs

were covered with similar CPBs.
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CNF-PSSNa lengths were confirmed by AFM (Figure 3.3). Fiber lengths are sum-

marized in Table 3.2. As expected, we can obtain the CNF-PSSNa with five different

lengths.

Figure 3.2: Overview of the two-step synthesis.
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Figure 3.3: AFM images of different fiber lengths of CNF-PSSNa. The arrow indicates
the isolated and dispersed fiber used for measurement.

Table 3.2: Properties of CNF-PSSNa.
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3.3.2 Preparation of CNF-PSSNa

Zeta potentials of the CNF-PSSNa were measured in MilliQ water and PBS buffer

(Table 3.3). Surface charges influence cell interactions. As shown in Table 3.3, the similar

Zeta-potentials among the CNF-PSSNa samples confirmed similar CPBs coatings on the

CNFs. Zeta potential depends on the dispersion medium, and showed different values in

water and PBS due to polyelectrolyte charge-shielding by PBS. [34]

Table 3.3: Zeta-potentials of CNF-PSSNa in water and PBS.
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3.3.3 Protein adsorption

Protein adsorption of CNFs was investigated before and after PSSNa grafting. Protein

adsorption properties of a biomaterial influence its biocompatibility and interactions. [35]

Figure 3.4 shows the FBS protein adsorption by CNFs at 37 °C for 1 h. Regardless of

the length of the fiber, approximately the same amount of protein was attached on each

CNF-PSSNa. Unmodified CNF showed negligible protein adsorption (0–0.001 mg/mg).

Surface charge of polymers affect protein adsorption, and the unchanged surface charge

of CNF explained its unaltered protein adsorption.

Figure 3.4: FBS adsorbed by pristine and CNF-PSSNa.
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3.3.4 In-vitro culture

To investigate cell adhesion mechanism of the novel 3D cell culture approach used here,

the influence of CNF length, CNF-PSSNa concentration, and different cell-lines (HepG2,

L929, and hTERT) were investigated which originate from liver, skin, and cartilage tissues,

respectively. Cells co-cultured with CNF-PSSNa of five lengths at three concentrations

(0.1, 0.05, and 0.005 wt%) were used for the experiment. Figure 3.5 shows phase-contrast

micrographs of HepG2 cells cultured with short-length CNF-PSSNa for up to 21 days.

The results of cell culture with CNF-PSSNa are shown in the supplementary material

(Figure 3.8 - 3.7). Cells spontaneously flocculated with CNF-PSSNa from the 4th day of

cell culture. The floc size increased with cultivation time. Floc sizes were measured using

the largest inner diameter of the floc (Figure 3.9). Results are summarized in Figure 3.10.
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Figure 3.5: Phase-contrast micrographs of the HepG2 and short CNF-PSSNa flocs,
cultured for 1, 4, 7, 14, and 21 days. [HepG2]0= 5 × 105 cells, CNF-PSSNa=0.005, 0.05
and 0.1 wt%. Scale bar=200 µm. Typical flocs are represented by dotted circles in the
Day 21 image.
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Figure 3.6: Phase-contrast micrographs of L929 and CNF-PSSNa ((A) Ultra long, (B)
Long, (C) Standard, (D) Short and (E) Ultra Short) flocs cultured for up to 21 days.
[L929]0= 5 × 105 and CNF-PSSNa=0.005, 0.05, and 0.1 wt%. Scale bar=200 µm.
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Figure 3.7: Phase-contrast micrographs of hTERT and CNF-PSSNa ((A) Ultra long,
(B) Long, (C) Standard, (D) Short and (E) Ultra Short) flocs cultured for up to 21 days.
[hTERT]0= 5 × 105 and CNF-PSSNa=0.005, 0.05 and 0.1 wt%. Scale bar=500 µm.
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Figure 3.8: Phase-contrast micrographs of HepG2 and CNF-PSSNa ((A) Ultra long,
(B) Long, (C) Standard and (D) Ultra Short) flocs cultured for up to 21 days. [HepG2]0=
5 × 105 cells, and CNF-PSSNa=0.005, 0.05, and 0.1 wt%. Scale bar=200 µm.

Figure 3.9: Measuring floc size using the longest inner diameter, indicated by the double
arrow.
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Figure 3.10: Average floc sizes after up to 21 days incubation for (A) HepG2, (B) L929
and (C) hTERT, with CNF-PSSNa.
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Floc size increased with increase in cultivation time due to the addition of new cells

to the floc, indicating a dynamic 3D cell culture system. Compared to the scaffold-free

culture method, this method spontaneously forms size-controllable flocs, without the use

of complicated equipment or operations. [10] Incorporating cells into pre-formed scaffolds

is challenging due to their limited pore size and porosity, and the developed method offers

significant advantages over it. [36]

Figure 3.11A shows floc sizes of cells co-cultured for 7 days with CNF-PSSNa respec-

tively. The floc size decreased with increase in CNF-PSSNa concentration and length. and

increased with increase in cultivation time (Figure 3.11B). It is challenging to explain floc-

culation behavior of cells and CNF-PSSNa in a complex biochemical environment. Here,

the DLVO alternating stability theory, first used to explain the adsorption of bacteria in

1971, was employed. [37] According to it, adsorption in this system is based on the cells

being regarded as colloidal particles, and reversible adsorption is based on the van der

Waals (vdW) force-electrostatic force balance of the polymer. HepG2, L929, and hTERT

cells co-cultured with CNF-PSSNa formed spherical flocs, exhibiting similar variations in

floc size with change in CNF-PSSNa length and concentration. Therefore, this 3D cell

culture system formed flocs of controllable sizes with different cell types.

Though the classic DLVO theory is based on the vdW and electrostatic interaction,

here, we considered the additional contribution of the steric interaction arising from the

CNF-PSSNa wrapped around the cells on the cellular flocculation. On increasing the fiber

concentration, cells wrapped with negatively charged CNF-PSSNa were more dispersed,

owing to electrostatic and steric repulsion from both of the CPBs and CNF, resulting in the

smaller floc sizes as the CNF-PSSNa concentration increased. [38] This is also supported

by the fact that, as shown in Figure 3.12, very high (1 wt%) CNF-PSSNa concentration did

not form any flocs with cells, but stably dispersed individual cells in the culture medium.

A longer fiber adsorbed on the cell surface generates larger steric repulsion based on

its rigidity. Therefore, longer fibers form smaller flocs, and vice-versa. We reasonably

concluded that the cellular flocculation conducted by the CNF-PSSNa was systematically

explained by the CNF length and concentration. HepG2, L929, and hTERT cells co-

cultured with CNF-PSSNa formed spherical flocs, exhibiting similar variations in floc size
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with change in CNF-PSSNa length and concentration. Therefore, this 3D cell culture

system formed flocs of controllable sizes with different cell types.

Figure 3.11: Floc size of cells after co-culturing with CNF-PSSNa (A) For 7 days, (B)
As a function of culture time.
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Figure 3.12: Fluorescence micrographs of HepG2 and CNF-PSSNa flocs cultured for
up to 7 days stained with calcein-AM where the live cells appear as green fluorescence.
[HepG2]0= 5 × 105 and CNF-PSSNa=1 wt%. Scale bar=200 µm.

3.3.5 Cell floc morphology by confocal laser microscopy

Immunostaining and 3D confocal imaging were used to determine floc cell locations.

Phase separation causes floc cells in the same layer to have inconsistent growth environ-

ments, making in-vitro culture analysis difficult. As shown in Figure 3.13 and Figure

3.14, after 21 days of cell culture in different concentrations of CNF-PSSNa, HepG2 and

L929 cells were evenly distributed in the floc. CNF-PSSNa concentrations of 0.05 and

0.005 wt% formed independent large flocs. At high concentrations (0.1 wt%), small flocs

were observed to bind together. This was consistent with the phase contrast micrographs.

Similar variations were observed on culturing hTERT cells with 0.1 and 0.005 wt% CNF-

PSSNa with different lengths, as shown in Figure 3.15. The three cell types were evenly

accumulated in the flocs formed by different concentrations of CNF-PSSNa. On the other

hand, the presence of E-cadherin was observed in the flocs (Figure 3.16), proving the

cell-cell contact in the flocs. With increase in culture time, new cells were dispersed in

the flocs, without phase separation and formed stable flocs.

88



Figure 3.13: Confocal laser microscopy images of the HepG2 cell and CNF-PSSNa ((A)
Ultra long, (B) Long, (C) Standard, (D) Short and (E) Ultra Short) flocs cultured for
21 days. Nuclei were counterstained with DAPI (blue), and F-actin was stained with
phalloidin (red). Scale bar=100 µm.
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Figure 3.14: Confocal laser microscopy images of the L929 cell and CNF-PSSNa ((A)
Ultra long, (B) Long, (C) Standard, (D) Short and (E) Ultra Short) flocs cultured for
21 days. Nuclei were counterstained with DAPI (blue), and F-actin was stained with
phalloidin (red). Scale bar=100 µm.
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Figure 3.15: Confocal laser microscopy images of the hTERT cell and CNF-PSSNa
flocs cultured for 21 days. Nuclei were counterstained with DAPI (blue), and F-actin was
stained with phalloidin (red). Scale bar=100 µm.
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Figure 3.16: Confocal laser microscopy images of the HepG2 and CNF-PSSNa flocs
cultured for 7 days, showing nuclei (blue) and E-cadherin (red). Scale bar=50 µm.
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3.3.6 TUNEL assay

In spherical 3D cell culture, internal cells cannot obtain sufficient nutrients during

spheroid growth, leading to cell apoptosis. [39] To determine internal cell viability, a

TUNEL assay was performed on floc sections after 21 days of cell culture, for different

CNF-PSSNa lengths (Figure 3.17). The TUNEL assay is a method to quantify apoptotic

cells by labeling the free 3-hydroxyl termini of DNA fragmentation, utilizing exogenous

TdT. [40] Cells were stained with DAPI and TUNEL (apoptotic cells). The proportion

of apoptotic cells is the integrated density of TUNEL fluorescence/DAPI fluorescence

(background fluorescence has been removed). Cell viability results are shown in Figure

3.18.

Cells co-cultured with 0.1 wt% CNF-PSSNa displayed high survival rates and neg-

ligible TUNEL fluorescence. CNF-PSSNa provide a nutrient channel for the floc cells,

improving their viability. Using 0.005 wt% CNF-PSSNa, both HepG2 and L929 cells

exhibited low cell viability. Samples co-cultured with ultrashort CNF-PSSNa showed the

lowest survival rates due to the accumulation of metabolic waste and insufficient diffusion

of oxygen and nutrients to the center of larger flocs. [41]

Differences in cell viability of the different cell types were observed. At 0.005 wt%

CNF-PSSNa concentration, unlike HepG2 and L929 cells, the hTERT cells exhibited a

high survival rate. This discrepancy could be attributed to the fact that the hTERT cells

are cartilage cells having strong adaptability to hypoxic conditions. [42]
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Figure 3.17: Fluorescence micrographs for floc cross-sections using grafted CNF with
(A) HepG2, (B) L929 and (C) hTERT cultured for 21 days, showing nuclei (blue) and
apoptotic/necrotic cells (green). Scale bar=100 µm.
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Figure 3.18: Integrated density ratio of DAPI fluorescence in TUNEL assay for the
following cell types: (A) HepG2, (B) L929, and (C) hTERT.

3.3.7 RT-PCR

RT-PCR was performed on HepG2 cells co-cultured with CNF-PSSNa to determine

hepatocyte-specific functions. The albumin (ALB) levels and hepatocyte nuclear factor,

4α (HNF4A), were measured. One of the vital functions of the liver is the secretion of

proteins such as ALB. [43] HNF4A is a nuclear receptor having a wide range of effects on

the regulation of liver-specific genes. [44]

As shown in Figure 3.19, ALB and HNF4A gene expressions exhibited differences with

an increase in cultivation time. A significant difference was observed with the control

group (2D cultured cells) after 14 days of cell culture. Figure 3.20 shows the normalized

RNA amounts of CNF-PSSNa samples having different lengths, after 14 days of cell

culture. Expression of HNF4A in the experimental group increased significantly compared

to the control group. With floc size increase, the expression of HNF4A decreased. ALB

gene expression increased after 14 days culture and on decreasing CNF-PSSNa length and

concentration. In particular, Short and Ultrashort CNF-PSSNa samples at 0.05 and 0.1

wt% showed expression level more than three and four times higher than the 2D control,

respectively. However, Short and ultra-short 0.0005 wt% CNF-PSSNa samples showed
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low gene expression levels. Similar to the TUNEL assay observations, the flocs of these

samples had large diameters, causing inner cell necrosis, leading to a decrease in overall

gene expression. Expression of both genes after 14 days culture was significantly higher

than that of the control (2D cell culture). Thus, the cell culture system was confirmed to

influence 3D culture, as previously reported, and promote differentiation. [45,46]

Figure 3.19: Relative RNA expression of HepG2 co-cultured with CNF-PSSNa for up
to 14 days normalized with control of day 14.
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Figure 3.20: Relative RNA expression of HepG2 cells co-cultured with CNF-PSSNa for
up to 14 days, normalized with control. The significances, calculated against the control,
are marked as *: p<0.05, **: p<0.01.

Results of HepG2 cells cultured for 14 days are listed in Table 3.4. Decrease in CNF-

PSSNa concentration increased floc size. At high CNF-PSSNa concentrations, cells could

not bind to all CNF-PSSNa and flocculated on the fibers (represented by floc in the table).

In contrast, at low concentrations, cells and CNF-PSSNa flocculated into independent

spherical flocs (represented by spheroids in the table). A large floc volume (at 0.005

wt% CNF-PSSNa concentration) was not conducive to cell survival and specific gene

expression. It was found that it is necessary to adjust the fiber length and concentration

of CNF-PSSNa in order to use it as a new 3D culture field that provides high cell viability

and improves of cellular functions.
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Table 3.4: Summary of HepG2 cells culture results for 14 daysa.
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3.4 Conclusions

In this chapter, cell flocculation by CNF-CPBs was explained using DLVO theory,

which conclusively established that the cell flocculation of CNF-PSSNa depends on the

length of CNF. Moreover, different types of cells adhere to the surface of CNF and spon-

taneously form flocs. The size of the flocs is greatly affected by the concentration and

length of CNF-PSSNa. By optimizing the fiber length and concentration of CNF-PSSNa,

flocs with a controllable size can be obtained with a high survival rate and enhanced

cellular functions. Additionally, the enhancement of liver-specific gene expression by 3D

cellular flocculation was confirmed. The method used is very easy to implement and can

greatly benefit drug development and in vitro tissue research. Therefore, the technology

described in this study can be used as a new 3D culture method for drug discovery and

regenerative medicine.
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Chapter 4

Control of degradability of

aldehyde-introduced oxidized

cellulose
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The biodegradability of biomaterials is an essential characteristic for evaluating the

biocompatibility of a material, which means that the material does not need to be re-

moved by surgery or other methods. [1] Depending on the application, such as drug

delivery, implants, tissue engineering scaffolds, etc., there are different requirements for

the degradability of the material. Therefore, biomaterials with controlled degradation

conditions (for example, time dimension) are important to expand the application. [2–4]

In addition to the degradation time, the processability of material and the cytotoxicity of

the degradation products also need to be considered. [5]

Cellulose is a green material because it is the most abundant organic compound on

the planet and is renewable. [6] Due to its biocompatibility, environmental degradability,

and renewable properties. [7] However, cellulose has a weakness, that is, it cannot be

degraded in human tissues. [8] In the previous two chapters of the study, materials based

on cellulose nanofibers (CNF) were developed to flocculate with cells and have a promising

future as 3D culture scaffolds, but the degradation of CNF makes broader applications

challenging. Therefore, there is a significant necessity to investigate ways to improve its

biodegradability.

Our laboratory investigates the use of Schiff bases to form hydrogels with amino groups

(e.g., polyamines) by introducing aldehydes into polysaccharides via a Malaprade oxida-

tion reaction. It has been found that in this system, triggering the Schiff base formation

reaction causes a Maillard reaction that breaks down the sugar backbone, thus allowing

the hydrogel to break down in vivo. [9] It is thought that cellulose, which has the same

glucose unit as a repeating unit, can also be broken down by the above reaction. The

biodegradability of polysaccharides, including cellulose, can be conferred by reactions with

amino acids abundant in the organism.

The Malaprade reaction is a precise oxidation reaction. It can find adjacent hydroxyl

groups to generate a ring-opening product with two aldehyde groups at the C2 and C3

positions of the glucopyranose unit. [10] The characteristic of this reaction is that it can

highly retain the material’s machinery and structure features. [11] Furthermore, oxidized

dextran was degraded by triggering the Maillard reaction, and the resulting products

were harmless to the body. [9] In addition, CNF is composed of crystalline regions and
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amorphous regions. [12] The composition ratio of these two regions affects the degradation

control and physical properties of CNF. [13] Therefore, the oxidation and degradation sites

in the above reactions also need to be investigated.

In this study, the oxidation of cellulose and CNF with periodate was carried out,

and the decomposition of the oxidation products in amino acid solutions was evaluated

to better understand and control the decomposition reaction by adjusting the oxidation

regulation of periodate. In the future, aldehyde groups can be introduced on the sur-

face of CNF grafted with concentrated polymer brushes to give it the ability to degrade

biologically, which can facilitate cellular recycling or in vivo degradation to broaden its

application.
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4.1 Materials and methods

4.1.1 Materials

Cellulose powder was purchased from Sigma Aldrich, St. Louis, United States. CNF

suspension was obtained from Chuetsu Pulp & Paper, Takaoka, Japan. Sodium periodate

, iodine solution (0.05 mol/L), sulfuric acid (special grade), sodium hydroxide solution (1

mol/L), sodium thiosulfate solution (0.1 mol/L), soluble starch, glycine were bought from

Nacalai Tesque Co., Ltd., Kyoto, Japan.

4.1.2 Fabrication of oxidized cellulose scaffold

Sodium periodate (0.5-7.5 g) and distilled water (50 g) were placed in a 100 ml beaker

and stirred at 50°C until the sodium periodate was dissolved. Three g of cellulose powder

was added to the solution and the mixture was stirred at 50°C for 1 hour. Then, the

mixture was washed with distilled water while filtered. The cellulose oxidized with various

concentrations of sodium periodate were placed in silicone rubber molds of a specific size

(diameter: 1 cm, depth: 3 mm) and freeze-dried. The surface of freeze-dried oxidized

cellulose was then observed using scanning electron microscopy (SEM, TM3030 plus,

Hitachi, Japan). The oxidized cellulose (OC) below was referred to as OC-X, where X

indicates the concentration of sodium periodate.

4.1.3 Fabrication of CNF hydrogel

CNF suspension (10 g) was placed in a beaker with the surface as flat as possible.

Forty g of 5 mol/L sodium hydroxide solution was slowly and carefully added to the

beaker to avoid distorting the CNF suspension. The beaker was allowed to stand at room

temperature for 12 hours. The weakly gelatinized sample, which had lost its mobility, was

then neutralized by immersion in a 4% dilute acetic acid solution for 6 hours and then

washed under running water for 12 hours to prepare the CNF hydrogel.
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4.1.4 Fabrication of CNF sheet

The 20 g CNF suspension is diluted to a solution concentration of 0.2% and stirred,

then filtered by extraction using a membrane filter. After filtration, the non-absorbent

side of the concentrate sheet (not the surface of the filter membrane) is pressed onto a

PTFE sheet, and the other side is made by stacking three sheets of filter paper on top of

the filter membrane. The CNF sheet is made by sandwiching it between brass molds, hot

pressing it for 3 to 4 hours (60°C, 10 to 15 MPa), keeping it sandwiched with the molds,

and putting it in a dryer machine to dry completely.

4.1.5 Oxidization of CNF sheet and hydrogel

The CNF sheets and hydrogels were cut into 1 cm diameter circles, added to five

concentration gradients of 1%-15% sodium periodate solution, and oxidized at 50 °C for

60 minutes. For the CNF sheets, additional experiments were carried out with various

times (5-240 minutes) and temperature (70 °C and 90 °C) in a 1% sodium periodate

solution, respectively. The oxidized CNF (OCNF) elow was referred to as OCNF-X,

where X indicates the concentration of sodium periodate. The water content of the

OCNF hydrogel was calculated as the weight of the dried OCNF hydrogel compared to

the weight of the OCNF hydrogel after drying the surface water.

4.1.6 Aldehyde introduce rate determination

The prepared OC, oxidized CNF (OCNF) sheets, and OCNF hydrogels were thor-

oughly dried in oven, and 0.05 g of each sample was placed in a 100 ml beaker with 10 ml

of distilled water. As a control, 10 mL of distilled water was added to 100 mL beaker. The

aldehyde introduced rate of the prepared samples was assessed by the iodometric method.

Briefly,20 mL of a 0.05 mol/L I2 solution and 20 mL of a 1 mol/L NaOH solution were

added to the sample beaker and stirred for 15 minutes. After that, 15 mL of H2SO4

(6.25 v/v%) was added, followed by stirring for 1 minute at room temperature. Then 0.1

109



mol/L Na2S2O3 solution was used for titration. Additionally, starch solution was added

as an indicator. The calculation of the Aldehyde group introduced rate was given on the

chemical equation shown in Figure 4.1, where 1 mol of aldehyde group reacts with 1 mol

of I2 under basic conditions, and 1 mol of I2 reacts with 2 mol of S2O3
2−.

Figure 4.1: Reaction equation in iodometry, (1) reaction of aldehyde group with I2 under
basic conditions, (2) Reaction of excess I2 with Na2S2O3.

4.1.7 Degradability of OC and OCNF sheet in glycine

For OC, 0.2g of dry sample was immersed in 1-15% glycine solution, and the reac-

tion was allowed to proceed at room temperature. After reacting for a specified time,

OC was filtered with Whatman 42 paper and washed with distilled water 3 times, and

dried in a 50 °C oven. The weight of OC before and after the degradation reaction was

recorded. In order to simulate the degradation in the biological environment, 0.2 g of

OC-10 was soaked in low glucose Dulbecco’s modified Eagle’s medium (DMEM, Thermo

Fisher Scientific, Inc, Massachusetts, United States) containing 10% (v/v) fetal bovine

serum (FBS), incubated at 37 °C, and the weight loss was also recorded.

For OCNF sheet, 0.2g of dry sample was soaked in 1-15% glycine solution. The

reaction was allowed to proceed at room temperature and reflected the prescribed time.

The sample was then filtered with filter paper and dried.
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4.1.8 Other measurements

FT-IR measurement was performed on CNF sheet samples oxidized with different

concentrations of sodium periodate at 50 °C for 1 hour.

Wide-angle X-ray diffraction (WAXD) analysis was obtained by an automatic multi-

purpose X-ray diffractometer (XRD) (Smart lab, Rigaku, Tokyo, Japan) over a range

of 2θ = 5–30°. In order to verify the crystallinity index (CI) changes of cellulose and

CNF sheet before and after oxidation and degradation reactions, various samples were

thoroughly dried in a desiccator and ground into a powder with a mortar, followed by

performing WAXD analysis.

The molecular weight change of CNF before and after oxidation reaction and degra-

dation reaction was measured by viscosity method using the ISO 5351/1-1981 standard.

Briefly, the CNF sample was added to 0.5M cupri-ethylenediamine (CED) solution and

stirred for 30 minutes to prepare cellulose samples with a concentration of 0.005%. Mea-

sure the viscosity of different samples with a capillary viscometer. The falling time is

counted with a stopwatch, where the falling time of the sample is t, and the falling time

of the CED solution is t0. As a calculation, Specific viscosity is defined as

ηsp = t/t0 − 1 (4.1)

The limiting viscosity is defined as

η = ηsp/(c(1 + 0.28× ηsp)) (4.2)

Where c is the number of viscometer.
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4.2 Results and Discussion

4.2.1 Oxidized cellulose characterization

Cellulose powder was molded by freeze-dried after an oxidation process. In the case

of untreated cellulose and oxidized cellulose with a low oxidant concentration, the powder

remains in powder form even after freeze-drying; the higher the concentration of oxidant,

the more the freeze-dried oxidized cellulose tends to retain its shape. It is well known

that cellulose is held together by intramolecular and intermolecular hydrogen bonding,

and therefore dried cellulose powders do not easily fuse by redispersing in water and freeze

dried. [14] The fusion of cellulose oxidized with high concentrations of oxidizing agents

may occur due to the partial dissolution of the surface due to the oxidation treatment

and allows the oxidized cellulose to be placed in specific molds to control the shape as the

freeze-dried OC-15 shown in Figure 4.2.

Figure 4.2: Freeze-dried oxidized cellulose powder (OC-15).
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The spongy OC was observed using SEM (Figure 4.3). In OC-10 there were pores on

the surface, but they were unevenly distributed near the surface. Samples with higher

aldehyde introduction rates had larger surface pore sizes compared to OC-10. The required

pore size of the scaffold material depends on the application and cell type. Although there

is no standard range, materials with pore sizes of 20-1500 µm are commonly used in bone

tissue processes, and with a pore size of approximately 2µm have been reported. [15, 16]

Thus, the porous properties of OC-10, OC-12, and OC-15 may allow cells to access the

interior for growth.

Figure 4.3: SEM images of OC oxidized with different concentrations of NaIO4 in various
magnification.
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4.2.2 Aldehyde introduction rate of oxidized cellulose

The sodium periodate oxidation breaks the bond at the C2-C3 position of the glucose

unit of the cellulose repeating unit and introduces the aldehyde group. The rate of

introduction of the aldehyde group was determined by iodine titration. Figure 4.4 shows

the aldehyde group introduction rates of OC at different concentrations of the oxidizing

agent. The rate of aldehyde introduction increases with increasing concentrations of

sodium periodate. The rate of aldehyde introduction was lowest at 10.95% when oxidized

with 1% periodate and increased to 81.57% when the oxidant concentration was 15%. This

suggests that the rate of aldehyde introduction can be controlled by the concentration of

the oxidant.

Figure 4.4: The aldehyde introduction rate varies of cellulose with the concentration of
NaIO4.
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4.2.3 Degradation of oxidized cellulose

To verify the effect of the aldehyde introduction rate on the degradation of OC in

glycine. The weight loss of OCs with different aldehyde introduction rates in the 5% of

glycine solution with degradation time is shown in Figure 4.5. It can be seen that, overall,

the degradation does not continue over 4 days, but rather the weight plateaus after a

relatively rapid reaction (about 24 hours), which indicates that the degradation reaction

will be concentrated on the first day. On the other hand, as the aldehyde introduction

rate increased, more weight was lost. At an aldehyde introduction rate of 81.57%, OC

was dissolved entirely in the 5% glycine solution. In contrast, at an aldehyde introduction

rate of 10.95%, the weight loss was just under 10%. Furthermore, it was observed that

the 81.57% sample with a higher aldehyde introduction rate reached the top of the curve

before the 48.7% sample, which may be since the high aldehyde introduction rate led to

a reduction in hydrogen bonding in the OC, which allowed the amino acids to penetrate

easily into the OC and therefore the reaction rate was higher. This confirms that the rate

of aldehyde group introduction can control the weight loss of OC in amino acids.

Figure 4.5: Weight loss of oxidized cellulose with various aldehyde introduction rates in
5% glycine solution in different culture time.
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To verify the effect of aldehyde group introduction rate and glycine concentration on

the solubility of oxidized cellulose in glycine as amino acid, different OC were placed into

different concentrations of glycine solution to observe the decomposition status. The Fig-

ure shows the visual results of the solubility state of OC-15 (81.57% aldehyde introduction

rate) after 24 hours of immersion in glycine solutions at 0-15% concentration. OC-15 was

dissolved entirely in the 1-15% glycine solution within 24 hours. In distilled water (0%),

the cellulose oxide retains its shape. The higher the concentration of the glycine solution,

the darker the color of the solution in which the cellulose oxides are dissolved. The color

reaction is most likely a colored substance resulting from the Maillard reaction during

the breakdown of cellulose, which is evidence that the decomposition process involves a

Maillard reaction.

Figure 4.6: Images of OC-15 in different concentration of glycine after depredated 24
hours.
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Figure 4.7 shows the weight loss of OC-15 at different glycine concentrations as a

function of degradation time. It can be seen that OC-15 wasessentially completely de-

graded within 120 minutes in both 10% and 15% glycine solutions. Conversely, the rate

of degradation of OC-15 decreased with decreasing amino acid concentrations. In the

1% glycine solution, OC-15 reached 100% weight loss after approximately 25 hours. The

results demonstrate that amino acid concentration can also OC degradation rate. The

higher the amino acid concentration, the faster the OC degradation.

Figure 4.7: Weight loss of OC-15 at room temperature in different concentrations of
glycine.

To verify the degradation of OC in the in vitro culture environment, OC-10 was

immersed in cell culture medium, containing 10% FBS. Figure 4.8 show the undissolved

fraction as a result of drying. The change of the sample from white to brown is also

evidence of a Maillard reaction. The weight loss over time is shown in Figure 4.9. Similar

to in the glycine solution, the reaction peaked and remained constant in weight loss within

1 day, and the maximum weight loss of OC-10 in DMEM was similar to that in 5% glycine,

both around 60%.
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Figure 4.8: Images of OC-10 degraded in DMEM with different time.

Figure 4.9: Weight loss of OC-10 in DMEM with different time.
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4.2.4 Characterization of OCNF hydrogel

It has been confirmed that oxidized cellulose can be degraded in glycine and cell culture

media and can be adjusted by the introduction rate of aldehyde groups. The subsequent

research is mainly based on sheets and hydrogel made by CNF. Focus on confirming the

changes in the molecular weight and crystallinity of cellulose during the entire reaction.

For OCNF hydrogel, As shown in Figure 4.10, the introduction rate of aldehyde groups

increased as the concentration of sodium peroxide increased. When the sodium peroxide

concentration is 15%, the aldehyde group introduction rate of CNF hydrogel is about

80%. The size change and water content of CNF hydrogel after oxidation reaction are

shown in Figure 4.11. As the degree of oxidation increases, the size and water content of

CNF hydrogels decrease. This may be because the hemiacetal formed by the combination

of aldehyde groups shortened the distance between CNF chains.

Figure 4.10: The aldehyde introduction rate varies of CNF hydrogel with the concen-
tration of NaIO4.
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Figure 4.11: (A)Image of OCNF hydrogel, (B) size and water content of OCNF hydrogel
in different concentration of NaIO4.
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4.2.5 Characterization of oxidized CNF sheet

A CNF sheet with a thickness of 2µm has been made. After the oxidation reaction,

the aldehyde group introduction rate of the OCNF sheet is shown in Figure 4.12. The

aldehyde introduction rate of the OCNF sheet oxidized under the same conditions is 52%

relative to the maximum 80% aldehyde group introduction rate of the OCNF hydrogel.

This may be due to the fact that the sheet is obtained by pressing. Compared with

the small specific surface area of the hydrogel, sodium periodate is more challenging to

penetrate and contact the CNF inside the sheet.

The FTIR results of OCNF sheets with different aldehyde introduction rates are shown

in Figure 4.13. As the degree of oxidation increases, two characteristic peaks appear at

1740 and 880 cm−1. The peak near 1740 cm−1 is attributed to the carbonyl, group. [17]

and the peak around 880 cm−1 has some shift with the increase of oxidation degree. This

peak should be attributed to the formation of hemiacetal bonds between aldehyde groups

and adjacent hydroxyl. groups. [18] The two characteristic peaks increased with the

increase of oxidation degree, which proves the results of the aldehyde group introduction

rate.

Figure 4.12: The aldehyde introduction rate varies of CNF sheet with the concentration
of NaIO4.
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Figure 4.13: FT-IR results of OCNF sheet with various aldehyde introduction rate.
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4.2.6 Changes in molecular weight of CNF sheet

The two most common techniques for measuring the molecular weight (degree of poly-

merization) of cellulose are viscometry and gel permeation chromatography (GPC). Since

the viscometry method is simple to perform and has been extensively validated, it is also

more tolerant of measuring cellulose (and possibly lignin) of plant. origin. [19] Therefor

the molecular weight of CNF sheets is measured by dissolving the cellulose in a CED so-

lution. The degree of polymerization is calculated from the limiting viscosity eta obtained

from the viscosity measurement,

DP = η/K (4.3)

The constant value K=0.57. The molecular weight of CNF is simply calculated as

DP×162.14 (molecular weight of glucose residue). The result of viscosity determination

is shown in Figure 4.14. It can be seen that periodic acid will rapidly reduce the molecular

weight of CNF at the beginning of the oxidation reaction and increase the concentration

of periodic acid. Both the reaction time and the reaction temperature can further reduce

the molecular weight of CNF. The reaction time decreased rapidly in the first hour and

then tended to be flat. As for the reaction temperature, it can be seen that the molecular

weight has dropped by about half when the reaction temperature is 90 °C relative to

50 °C. In contrast, increasing the concentration of periodic acid is the most significant

reduction in CNF molecular weight. Reacting at 50 °C in 15% periodic acid for one hour

reduces the molecular weight of CNF to about 1/54.

In order to verify the molecular weight change of OCNF during degradation. The

OCNF sheet, which was reacted in 10% periodic acid for 1 hour at 50°C, was placed in

a 5% glycine solution. The molecular weight change with degradation time is shown in

Figure 4.15. The molecular weight drops rapidly in the first 5 hours and then remains

stable. It shows that the degradation reaction based on Schiff base reaction on OCNF is

a relatively fast process.
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Figure 4.14: Molecular weight of OCNF sheet oxidized with different (A) concentration
at 50 ℃ for 1 hour, (B) time in 1% NaIO4 at 50 ℃, and (C) temperature in 1% NaIO4

for 1 hour.
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Figure 4.15: Molecular weight of OCNF-10 sheet during the degradation in 5% glycine.
The dashed line is the approximate curve.
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4.2.7 Changes in crystallinity index (CI) of CNF sheet

CNF contains crystalline (ordered) and amorphous (disordered) regions. The reactiv-

ity of these two regions in the periodate acidification and degradation reactions is very

worthy of determination. Generally speaking, the amorphous area is more likely to react

with acid, so the amorphous area can be removed by acid hydrolysis to obtain nano-sized

cellulose nanocrystals. [20]

In this study, WAXD measurement was carried out on CNF sheet according to conven-

tion. [21] The resulting peaks were fitted by the deconvolution method. Four crystalline

peaks (101, 10I, 021, and 002) were separated by the Voigt function. CI was calculated

from the ratio of the area of all crystalline peaks to the total area. Figure 4.16 shows the

effect of different concentrations of periodic acid acidification on the CI of CNF sheet. It

can be seen that as the degree of oxidation increases, the molecular weight decreases while

the CI also decreases. This shows that periodic acid can react with the crystalline area

and reduce CI. The CI changes during the decomposition process. As shonw in Figure

4.17, OCNF sheets oxidized with 5% and 10% periodic acid that were degraded in 5%

glycine, respectively. During the decomposition process, the molecular weight of OCNF

decreased, but the CI increased significantly. Especially for OCNF oxidized by 10% peri-

odic acid, its CI increased from 0.36 to 0.84, which was a significant change. The above

results prove that CNF sheet degradation caused by the Schiff base mainly occurs in the

amorphous region.
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Figure 4.16: CI of OCNF sheet with defferent concentration of NaIO4 at 50 ℃ for 1
hour.
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Figure 4.17: CI of OCNF sheet degraded in 5% glycine for 48 hours, (A) OCNF-5 and
(B) OCNF-10.
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4.3 Conclusions

In this study, cellulose powder and CNF were used in order to precisely control the

degradation in the body through the Malaprade reaction. The effects of various reaction

conditions on the degradability, as well as the changes in the molecular weight of CNF

and CI in the process, were studied.

The porous material using OC was made based on the Malaprade reaction and had

holes that allowed cells to grow. By adjusting the concentration of sodium periodate, the

introduction rate of aldehyde groups can be controlled, and the increase of the introduction

rate of aldehyde groups can increase the weight loss of OC in amino acids. Moreover, the

degradation reaction rate increases with the increase of glycine concentration. Through

research on CNF, it is found that CNF is allowed to be endowed with biodegradability in

the same way. In the oxidation reaction, the molecular weight decreases significantly, and

the trend of change is inversely proportional to the amino group introduction rate, which

can be carried out in the air by changing the reaction temperature, reaction time, and

sodium periodate concentration. During the degradation process, the molecular weight

of CNF does not decrease significantly. Finally, the oxidation reaction based on sodium

periodate can react with the crystalline area and cause the CI to decrease, and the sub-

sequent Schiff base reaction reacts more with the non-qualitative area to increase the CI.

Providing CNF with biodegradability can significantly broaden its applications, such as

intelligent cell scaffolds that facilitate the recovery of cultured cells in vitro or implanta-

tion in the body. The results of the changes in the molecular weight and CI of CNF in

the Malaprade and Schiff base reaction can allow for better design and development of

new biomaterials based on CNF.
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Chapter 5

General Conclusion
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In this study, through systematic conditional design, firstly, the DLVO theory was used

to explain the flocculation phenomenon of CNF and cells based on grafted concentrated

polymer brushes. Secondly, the degradation of CNF based on the Malaprade reaction and

Maillard reaction was explored.

In Chapter 2, four concentrated polymer brushes (CPBs) with different zeta poten-

tials were successfully grafted on CNF (CNF-CPBs) as PSSNa, PAA, PDMAEMA, and

PDMTAC. The zeta potential was found to be decisive for flocculation by cellular exper-

iments. Among them, cationic CNF-CPBs caused cell death. For anionic CNF-CPBs,

floc size increased with increasing incubation time, and floc size increased with decreasing

concentration. The former proved that the cells kept growing, while the latter was due

to the fact that more CNF-CPBs were wrapped around the cells in higher concentrations

and larger flocs were difficult to form because of the charge repulsion between the cells

wrapped with CNF-CPBs. On the other hand, PSSNa with a lower zeta potential formed

larger flocs with the cells compared to CNF-PAA, demonstrating that a suitable zeta

potential can promote cell flocculation. Moreover, CNF-PSSNa was further investigated

in Chapter 3 using CNF-PSSNa as it can form larger flocs and enhance cell function.

The effect of fiber length on the flocculation of CNF-CPBs with cells was demonstrated

in Chapter 3, where PSSNa was grafted onto each of the five fiber lengths of CNF in the

form of concentrated polymer brushes and was well characterized. Three types of cells

were used to culture with CNF-PSSNa. The results of the cell cultures demonstrated

that the floc size became larger when the fiber length was reduced. The spatial repulsion

of CNF-CPBs was considered to explain this flocculation phenomenon and when long

CNF-PSSNa was adsorbed onto the cell surface, the cells were more difficult to approach

each other because of the combined effect of charge repulsion and spatial repulsion.

The explanation of the flocculation phenomenon in Chapters 2 and 3 is consistent with

that described by the DLVO theory. More importantly, the three cells demonstrate the

same flocculation phenomenon, demonstrating the universality of the theoretical expla-

nation and suggesting the possibility of future application to a wider range of cell lines.

Further results demonstrate that when CNF-CPBs-based cells are flocculated, the cells

can be uniformly dispersed in the flocs and cell function can be enhanced.
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In Chapter 4, cellulose and CNF are oxidized by the Malaprade reaction to improve

the biocomposition properties. For cellulose, which can be made porous by periodate

acidification and freeze-drying, the aldehyde group introduced by the oxidation reaction

can react with glycine in a Schiff base reaction and trigger the Maillard reaction to break

the main chain. The rate of aldehyde group introduction affects the cellulose weight loss

and the glycine concentration is related to the rate of degradation. A CNF sheet was then

produced, and it was verified that CNF can also be degraded by the above reactions. The

molecular weight of CNF decreases rapidly during the oxidation reaction and the oxidant

concentration has the greatest effect on the molecular weight change. Amorphous domains

make the crystallinity of CNF increase.

This thesis provides two different methods of modifying CNF to improve its cellular

adsorption and decomposition. Both techniques were investigated by changing the con-

ditions in order to precisely regulate them. These studies will contribute to the future

development of CNF-based biomaterials. In future research, a combination of both tech-

niques can be employed to produce CNF-CPBs with biomass degradation properties for

applications such as the development of 3D cell culture systems.
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