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Abstract

Cellulose Nano Crystal (CNC) are naturally derived nanoparticles with a slender shape that own
remarkably highaspect ratio. Due to its mechanical properties with Young modulus in the range of
120160 GPa and proven biocompatibility, CNC is an attracteveoparticle for many applications.

In the acidbased method of CNC production, the particles develop naturally negative charges,
inducing an electrostatic repulsion between CNC patrticles and, consequently, when suspended in the
water, a stable suspensidgpon introducing a coagulant, such as NaCl above a threshold value in
the CNC suspension, phase separation happens where the system evolves toward gelation. The
individual CNC particles, through aggregation, contribiatdouilding a 3D gel fractal struate.

Where a porous seffimilar 3D structure spans in spattee design and synthesis of CN@sed gels

are tunable and flexible. Mechanical properties of the hydrogels can also be tuned when CNC is
coupled with polymers such as Polyvinyl alcohol (PVA).

Herein, the CN&based gelation process is monitored, and the formed gels are characterized. The
zeta potential and Dynamic Light Scattering are employed to measure the hydrodynamic radii and
the surface charges of particles in different Gé@gulant loadigs. The gel morphology and CNC
cluster fractal dimensions are recorded using Scanning Election Microscopy (SEM) and
Transmission Electron Microscopy (TEM). The Ci¥@sed gel behavior under large amplitude
strains is also characterized by Aorear rheolog. The gel collapse behavior and the $edfling
dynamics of CN@based gels are also quantified using fluorescence recovery after photobleaching
(FRAP) analysis.

It is shown that CNCs can coagulate upon increasing the ionic strengthroédium,where the
mechanical stability of the CNBased gels (i.estorage modulus), is an increasing function of NaCl

and CNC concentration. Ndmearity of the gel was shown to be more influenced by NacCl
concentration. The addition of PVA makes the CNC hydsogeechanically robust, where two
jumps in values of storage modulus as a function of frequency is observed. The jumps are attributed
to the network formation between CNCs and Gpilymer. Finally, the FRAP analysis using
Confocal Laser Scanning Microscopmveals that the CNC mobility in gel media is influenced by
both CNC and NaCl concentration. The result of this study can be used in controlling CNC hydrogels
properties, such as the gel se#faling and mechanical properties, and in assemblinD ay&irogel
structure with CNC. In practice, the developed CbdSed hydrogels can be used in tissue

engineering.
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CHAPTER 1: Introduction

Nanomaterials have greatility in many applicationsncludingmedicine tablet productioioards

in electronicsscaffolds ilbiomaterials, anderogels irenergy storage/production.k&y constituent

of nanomaterials with the option of beirepewable is cellulos@roducedn the shape of cellulose
nanocrystals (CNCsyanafibrillated cellulose and cellulosewith bacteria origin[1-3]. These
nanoparticles can be obtained frmariousnaturalsourced ellulose;celluloseis most generated
plant materialin nature. These nanoparticlase advantageous overorganic materials, such as
biocompatibility, biodegradabilityand good mechanical properties. Nanocellulose in either of these
three shapeshas poential usage in many areas, including but not limited to: scaffolds, surface

coatings, hydrogels, polymer composites, and as an emulsifier.

Programs running worldwide afecusing on thextensivedevelopment of nanocellulose products
such asSuomen Nanasluloosakesku$4]; Technical Association of the Pulp and Paper Industry
(TAPPI) [5] andjoint companief FPInrovationsand CelluForce[5]. From these organizations,

CNCs are commercially available at laggeantities with uniform properties and high purity.

The main goal for researabn CNCs is to fully exploit the incredible physical and chemical
properties of CNCs in various applicatiomsstinct properties of CNCshasled them to be used
vastly indifferent polymers as reinforcing agents. There are, however, challenges faceds such a
tuning the interactions between CNCs and polymairices an@chieving uniform distribution and
dispersion of CNCs in matrices. Moreover, CNC on its own can be assembled into films and gels.
The very shape of CNCs enables them to behave like liquid crystals orTiberad shape of CNCs

can enable them to gentzalifferent morphologies as a nanostructure, this potential caused them to

have varioudinal properties and functions.

Addressing multiple healtrelated problems using engineered and biocompatible materials is a
common practice in the industrial worldevelopment of scaffolds can be put forth as an example

for tissue engineering applicatiorissue engineerings agrowing interdisciplinary realm of science
involvesusage andievelopment of bigelated materials, cell biologwnd celmatter exchanges

Mainly regeneration tissue and promotion of tissue functions are targeted in thidt fed$. targets

to replace defective or damaged organs inside the body or tissues that have been heavily damaged.
Many requirements are envisioned for scaffoldshsas mechanical properties, biocompatibility,

1



degradability, cell adhesion, to name a féhechanical propertieare among key parameters for
fabrication of scaffoldsMechanical strength isharacterizedby the impact resistance pfoducts

with the aim & maintaining the scaffold mechanicallyduring implantation[6, 7] and after
implantation. The nog common mechanical tests to evaluate scaffold include tensile and
compressive test3his thesis focuses on the development of engineered hydrogelsaaliutiise

nanocrystals (CNCjuitable for performing as a scaffold.

1-1 Cellulose

Cellulose with the molecular structure depictedrigure 1.1, is abundant in nature

OH

OH

] O HO o+

HO O o)
OH

} OH ]

Figure 1.1 Molecular structure of Cellulos&he picturewas reprinted from Wikipedia

According to thedepicted structure of cellulosBigure 1.1), three hydroxyl groups on the side of
chains could promote hydrogen bonding between chains, which yield a highly concentrated crystal
system[8]. Theoretically, the crystalline part of CNC could get to one hundred percent. However, if
the external extraction of amorphous regions issufticient the normal attainable crystallinity
range is between 55 to 90%ded on different cellulosic sources and reaction condif@jns

Generaly, this waterinsoluble biomacromolecule is an important part of plant cells where it grants

the plant high tensile strengtfigure 1.2 depicts thevoodstructure at different length scales. Meters

(the whole tree), centimeters (tleosssection), millimeters (size of growth rings), tens of
micrometers (cellular level), micnoeters & layered structure within plant cell walls), tens of
nanometers (cellulose fibrils) and nanometer (hemicellulose and [b@jnLCellulose is not only

found in plants, as it also has sources in several animals such as tunicates, and to a lesser degree in
microorganisms such as bacteria (A. xylinum, A. hansenii), algae (Chaetomorpha and Cladophora),

fungi (mycelium or yeast cellipvertebrates, and amoebgrotozoal3].
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Figure 1.2 Cellulose structures in trees from lagjgeto moleculescale Figurereproduced from referenjd®]

Due tocellulose being rooted in nature and hydrophilicity, it has been widely researched and studied
for more than 150 years. Currenthpplications for cellulose range from construction, the food
industry, paper industry, biomaterigdéd pharmaceutical$1]. Moreover, properties of CNCs such

as biodegradability, renewability, ef@endliness is also a major driving force behind further

developments of these products.
1-1-1 Cellulose atthe nanoscale

Nanocellulose, in the form of CNCs, is a promising nhanomateriat#mbe produced alow cost.

It also has special properties such as high strength, lightweight, liquid crystalline behavior,
biodegradability and general biocompatibilitj2, 3]. CNCs also have been named as cellulose
nanowhiskers or nanocrystalline cellulose (NCC) and nanofibrillated celludis®eas is micro
fibrillated cellulose (MFC) or cellulose nanofibrils (CNEXL-13].

Cellulose nanocrystals and natfilarillated cellulose are the most widatyanufactured fiberd/ith

more new manufacturing faciliseand technologies, it is expected that the cost will be controlled in
3



an acceptable range (below $10/kg) in the future to further promote the use of nanocellulose in a
variety of application§l4, 15] Cellulose being aconomial and environmentally friendly material
Is estimated to vastly contribute to technologyha 21st centuri5].

1-1-2 Cellulose nanocrystals

Cellulose nanocrystals are rgapedparticles with afew nanometer diameterand lengthghat

spans rangeom hundreds of nanometers to microns. CNCs, in comparison to cellulosic fibers,
have advantages such lagher length, higher surface area, and additional mechanical properties.
Studies have shown that CNCs display low cytotoxicity with a range of animal and human cell types
[16-20]. Moreover, it has been corroborated that CNCs pose low ecotoxicological risk and toxicity,
whether oral or dermais minimal[16, 20] Therefore, in 2013, CNCs have been validated as the
very first safe nanomateri al on [2ER2li r onment Ce

Sulfuric acid is commonly used ftire manufacturing of cellulose nanocrystals through eliminating
amorphous regions inside the native cellulose and then fabricating thestpidsisuspensions with
negative charges on the surfa@s.a result of treatingiith the acid (i.e.esterification reaction with
hydroxyl groups)the -SO# groups are generated and installed on the surface of nanocrystalline
cellulose. Through reaction time, one can tune the extent of conversion of hydroxyl groups on the
crystalline regions into sulfate grouf#3]. As will be covered in subsequent sections for biomedical
applications, cellulose fibrils are able to provide mechanical support to the cells that th@#host
Since cellulose is of a natural origin, biocompatibil2$] and biedegradability are othdraitsthat

make it an attractive biocompatible material. The reported average length of CNCs changes between
200-600 nm, while the width varies substantially between 3 nm to 50 nm. In rare cases, the cross

sectional area will get to higher values due to thediggregations of nanoparticlgs].

The ordered crystalline pmons of nanocrystalline cellulose could also highly influence the
penetration of organic solvents and take in of water. Consequently, the ordered crystalline portions
decrease thaumberof bounded waters and fabricate a very difficult path for trananu# of gas

and watef27]. Thus, CNCs with qualities such as high stiffness and baadker abilityproperties

can be a good reinforcement agent in biopolymers.



CNC owns a high inherent elastic modulus, which is the most important mechanical parameters for
fabrication of nanocomposites materigd8]. Somer eport s predi ct that Your
is approximatelha few folds higher than steel or magnesium metal mixt[#8f Theoretically, the

elastic modulus of CNCs could reach 145 G®,and Youngdés modul us has
100 GPa to 200 GPa depending on the cellulose sojdtkdn the following sectionsuspension,

and gels of CNCs will be discussed.

1-2 CNC in colloidal suspensims and ge$

To employ colloid as a term for a suspension, the mixture constituent must not settle at all, or it
should at minimum take a long time to settle. Moreover, the size of the particles suspended inside
the continuous phase should vary, betwegpr@aimately 1 nm to 1000 nm. CNCs, due to their

diameters being in nanometric size, fulfill the requirement to be considered colloid in water.

Colloidal stability isgovernedoy V, theinteraction potential between particle and specifically by the
amount of the energy barrier aV. | f the ener
aggregation is prevented. On the contrary, if the energy barrier drops below kT (k is the Boltzman
constant and T represents temperature), then aggregation gets initiated, if the other neighboring
particles get in proximity. Ithe presence of enough salt, the condition of having energy barrier
dipping below kT occurs. Under this condition, CNC p#eticadhere, and depending on CNC
concentration, collapser a 3D gel can be readily obtain¢8R]. For instance, in a study carried out

by Cherhalet al.[33], due to the slender shape of their CNCs upon the gradual addition of salt, the

system changed intospacefilling gel at low concentration of CNC.

A stabilizedcolloid consists of particles that are disallowed to aggregate due to repulsive forces.
However, when the existing repulsive interactive forces become weaker or get screened through the
incorporation of a coagulant, particles start to aggregate. Accordingly tiverteraction potential

acting between particles becomes positive, the aggregation process is limited by solely Brownian
diffusion of the particles, a regime also known dausion-limited aggregation (DLA). Upon
reaching to intermediate values, the @ggtion gets slower since a higher number of collisions are
needed for successful aggregation, a regime also knovimiéed reactionaggregation (RLA).

Placement in either of these zones occurs depending on the salt concentration ksatGhEem.



Diffusion-limited aggregation (DLA) ia regimewnhere because dBrownian motions, hanoparticles

go through random walk fashion movement anentually assembte form aggregates. The clusters
fabricated in the aforesaid process are called Brownian. tresein, we have briefly performed
monte Carlo simulations in a lattice forl2and 3D diffusion and found fractal dimensions of
clusters. The DLA attachment models of colloids were first introduced by Witten and $adider

In their models, a nucleus particle was fixed at a certain dtthen particles were set loose into

the system one after another to migrate onto the clusters. Each particle migrates to a neighboring
particle in the cluster until it becomes part of itisltaccepted that a cluster formed this way has a
self-similarity property in all considered length scales. The fractal dimension associated with the
formed clustersl.68+0.05935] in 2D and 2.5 +0.0834] in 3D. In DLA simulations, when a particle

joins an existig cluster, it becomes stuck. However, if one defines a probability of sticking then the
particles would stick to the cluster at a probability between 0 and 1 which in the present work, we
refer to it as sticking probability and found the fractal dimena®a function of sticking probability

for 2-D and 3D (seeFigure 1.3 andFigure 1.4). The simulations have been conducted with kill
zone boundary conditionand the initial particles number was set at 500000. If the cluster size were
to exceed the simulation box, the simulation would become terminated. Fractal dimensions were
estimated using image J and its box counting module. For each point on the igraf#tioans have

been run 20 timesnd results show the average values with the standard deviation.
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Figure 1.3 Fractal dimension as a function of sticking probability i® 2nd 3D.
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Figure 1.4 Depiction of $mulated fractal structures withsticking probability of 1 and 0.5 shown

1-2-1 Parametersaffecting aggregation and gelation of CNCs

One of the goals of rod suspension preparatioitsigpplicability in a networked stateRod
suspension is preferable to be in the state of jammed or gelled to produce required mechanical
properties. dmmingis a reference to arrested state of the parkiietically, while, gelled state is a
reference to the structure formed with particles at the gelled $taesfore knowing mechanism

that leads to either of these two states is important. The forces between colloidal particles normally
involves, eletrostatic, depletion forces or the nature of the force is frictional. These forces cause the

particles to form networks of rods without interaction or fractal clusters.

Forces acting between particles dictate whether the system is at the jammed astatellEdrces
acting between rod particles are either attractive Van der Waals fomdelydrogen bonding or
repulsive such aslectrostatic forces. Van der Waals forces and hydrogen bonding interactions
between CNC happens naturally when two CNC pastigket in proximityto one another. For the
case of CNCs, due theacid involvedin themethod of production, there @& inherently negative
charge on CNCs. Electrostatic forces are dubemegative charge on the CNC surface that keeps

two CNC particles separateghd they act at long distances.

Now that the nature of forces has been reviewed, questions about the neaghgudh forces and
their impact must be considered. For the case of CNC suspension, quantificaiiestcgngth of

forces can happen using quantityoddokeT (nondimensional) where WontactiS potential pair
7



interactionsof two cylindrical partites at the time of contact anglkis thethermal energgttributed

to Brownian forces. bdntactks T <<1is for nonrinteracting regimevhile Ucontactks T >>1 is relatedo
interacting regimeén which particles have high affinity towards each othesuch cases collision
between particles leads to irreversible aggregation. Values situated in between is related to slow

aggregation or phase separation that happens slowly.

In combination to tb parameters mentioned here number density will complement the set of
parameters responsible for controlling the microstrucjures pr oporti onal to t he
ad=J) Vp wh e¢hewlume pftheparticle.If we assume the system is rimteracting (particles

have no affinity towards one another), there zone of interest can be defitredfollowing, consider

L, length of particles, b their diametend r their aspect ratioVheny << (/L) or equi val e
<< (1/), the suspensions dilute, and rods do not make any contact both structurally and
dynamically When(1/L%) < <} <?xof equivaléntly (1A< < { < < (rdd¢nraRefew structural

contacts with the particles in their vicinifyinally, when the concentration is high,ip. >> ?( 1/ b L
or equivalently (4d>>(21/r)), rod ,baht spdtial amal | s
dynamically. Putting a suspensiondnthis concentration regime also yields the owisorder

transition of liquid crysta[86-39].

Electrostatic forces between CB@re undetheinfluence of ionic strength of medium and external
parameters such a@ke pH of the media. For instance, at various pH values (2 < pH < 14) CNC
colloidal suspension stability is different. Generaihcreasing pH values in CNC suspensiatt w

drive zeta potential toward higher negative values. Experimentally, the effect of pH on gelation can
be studied via zeta potential. For instancerigure 1.5, the change inthe zeta potential of CNC

with 0.5¢g/L andtenmM as a function of pH has been displayed. For this system, zeta potential
values surge to higher absolute values waitincrease in pH.
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Figure 1.5 variation in zeta potential values as a function ofgbithe system. The line has been drawn just as a guide

to the eye.

The anisotropicity ofheexcluded volume of cylindrical particlesso shapes their packing geometry

and changes their stability. Both Brownian motions, i.e. translational and rotation are under influence
of rods length40]. The aspect ratio (length over diameter) of particles can influences the points the
system morphs into lequid crystalline phase{36, 37] as also anpolydispersity{41].

1-2-2 Gelation mechanisms of CNC

Due tothe addition of a coagulant CNCs in this thegsieagulate irnthe form of gelled structure
however, there are other methods of coagulation in the literature. fregzeycle442], annealing

at high temperaturg43], flocculation with polymerd44], and coagulation through depletion
mechanisnf45] are other methods currently used for gelation. However, this thesis primarily focuses
on usinga coagulant, such as NaCl or MgQin promotinggelation. Using this method of gelation,

for instance, irthecase of CNCs, drawing from examples in the literature, depicts that CNCs above
10 wt % will transition into an aggregated dide phase[46]. Alternatively gelation can also
happen with usage of chemical bonds or physical bonds using other multivalgd7ioh3]

Gelation inthe presence of coagulant is alao adjustable procesBragmatically,the gel point
signifies a threshold upon whi€@NC as a function otoncentration reaches a criticthte due to

solution conditions, modificatioref surface of CNCsand/oraddition ofadsorbing or nonadsorbing
9



polymersinto the mix[47, 4951]. Studies showed, ithe report of Chau et al48] that upon
increasing ionic strength of medium around suspended CNCs via salt addition, electrostatic repulsion
will be screened, and attractive forces will become mongrknt (e.g., van der Waals and hydrogen
bonding). Specifically, reports show increasing the charge nymuhethe radii of the ions both led

to increases in gel stiffness. Regardless of the cation type addgav{§fa, AlI®*, C&*, SPY), the

s o | T gqstibn wag datermined to occur around 1.5 wt %, roughBorder of magnitude lower

than thethresholdof aggregatiorior pure CNC suspensions investigated byfl®enavides et al.

[46].

Alternatively, physical stimuli can be used to drive gelation. Way et[4d] used the
functionalization of CNCs using placing carboxyl or amine groups on top of CNCs to make them
pH-responsiveConsideringaminefunctionalgroups, at high pH, the amifienctionalgroups had a

neutral charge that allowed the attractive forces to become domimanwever, at low pH
protonation of amine groups caused electrostatic repulsions. For carboxylithacgpposite trend

was observed as the storage modulus of a suspension of 2.7wt% CNCs surged by three orders of
magnitude when pH decreased from 11 to 1.41. Way Rt@l also showed CNC films made with

the PVA matrix couldbecome mechanically adaptive through changes in pH.

Adsorption of polymdc chainsonto thesurface ofCNC can alsinducegel formation, although the
yielding gels are not CN@urely made gels. Hu et aspecially reportedhat 3wt% of CNC<ould

be pushed to make a nematic gel via adsorption of polymers, with 0.2 wt% nonionic polysaccharides
(hydroxyethylcellulose polymer, locust gum, or hydroxypropyl guapolymep. Mechanism
adsorption onto CNC can make the particles artificially bigged this will shift the liquid

crystalline phase diagram to lower concentrat{d93.

It is worth mentioning, as stated earlier, that gelationld also be thermally initiated althoughe
thermal treatment at elevated temperatures. This mode of gelation was related primarily to
desulfation at high temperatgte_ewis et al[43] showed thaheatingsuspension of CNCs above

80 °C resulted in gel formation. DorriscaGray[52] also showed in a similar manner that CNC

desulfationcouldinduce gel formation in dilute CNC suspension floating in glycerol/water matrix.

To verify whether CNC can gel through annealing at high temperatures, we performed a simple,

short experiment. To promote gelation, CNCs in an autoclave chamber were annealed at high

10



temperaturedrigure 1.6 shows the aggregation of HiL. CNC suspension happened in autoclave
format via thermal annealing at 120 C° durthg period of 10 hours. This method of gelation is
equally important, as there is additive involved. However, the focus of this thesis is not gelation
of CNCs, which means other gelation mechasisaiti not be followed further. In short, CNC can
gel using methods mentioned earlier, and depending on the final applicati®ror multiple
strategies should be followedoreover it should be noted that throughout the thesis same CNC has
been used therefore surface chemistry between different sections of this thesis does not change.

"
£

Figure 1.6 Aggregation of 1@/L CNC concentration under 120 C° annealing condition and dthgngeriod of 10

hrs.
1-2-3 CNC-composite hydrogelsreview

The ability of CNC to form hydrogels, alone or in combination with polymers, has been extensively
investigated. Polymeiiaclusion carsignificantlyenhancehe mechanical properties of CNiased
hydrogels. Herein, a reviewf the CNCbased hydrogels withnd without polymers is presented
(seeTable 1.1 for the highlights of existing work). As we target biocompatible and biodegradable
hydrogels, the emphasis is on the Ghi&3ed hydrogels coupled with polymers such as polyvinyl
alcohol (PVA) that meets theidsrelated requirements (séeable 12). This is a brief review
summarizing theeports on improvinghe properties of CN&omposite hydrogels. One may refer

to the thesis chapters for a detailed review.
Table 1.1 Highlights of studies on CN®VA hydrogels with the reference number and main contents.

ReferenceHydrogel composite developed Highlights of the study
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Chen et al[53]- CNC-PVA-TPS

Abitbol et al.[54]- CNC-PVA

Tanpichai and Oksmgb5]- CNC-PVA

Song et al[56]. PVA-CNC

Song et al[57]. PVA-CNC

Butylina et al[58]. PVA-CNC

An increasef ~20% and 33% ithecomposite of starct
and~40% and~50% increasdén PVA composite tensile
modulus waseportedfor CNC nanocomposites with
and 2% CNC loadings.

The water sorptionapacityof the gels was augmented wi
anincreased amount of CNC due to CNC being hydrop!
and reduction in PVA crystallinity. lthe compression ant
tensile testthe elastic modulus of PVACNC showed

improvement compared to PVA pure hydrogel.

The compressive strength of hydrogels at 60% strair
the hydrogels with onlst wt% CNCs surged from 17.:
kPa to 53 kPaCreep elasticity decreased in presenct
CNCs as molecular chain mobilities were restricidue
strain recovery of about 97% was observed for sam
containing CNCs, while it was 92% fdahe PVA-

crosslinked system.

With samples having 1.5 wt% CNCs, the compres:
strength of PVA foams wasiugmentedrom 7 to 58 kPa
for a period of 10s initial reaction time. Thesalues
changed to 65 to 115 kPa if the initial reaction tineze
adjustedo 120s.

Due to hydrogel bonding and intermolecula
interactions the interactions between PVA and CNt
caused the hydrogels tagain better mechanical

properties.

The loading of PVA had thelargestinfluence on the
morphology of hydrogels. In comparistothehydrogel
made with PVA onlythe presence o€ENCsdecreasec
the crystallinity of PVA/CNC.In the case of 5% PVA
hydrogel,addition of CNC was reported to increasiee

degree of swelling and water content.
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Zhou et al[59]. PVA-CNC

GonzaleZ60]. PVA-CNC

Li et al. [61]. PVA/carboxylated BICs

Mihranyan[62], Chemical crosslinked CNEVA

Ben shalom et a[63]. CNGPVA

Due to orientationin the direction of sheaat low
concentrations, the systershowed shear thinning
behavior. Upon changes in concentrations,

possibility of collision inthen a n o p a papulatoh
disallowed the decrease in Vviscosity, whi
subsequently lead to stability aftére sheasthinning

region.

It was found that the addition o&llulose nanoparticle:
to the gel allowed authors to contraghe pore
morphology of the samples. It was also found that
presence of CNCs maintained the hydrogel contec
transparency, while thermal stability and mechan

properties wer@ncreased

At swelling condition, it was found that hydrogel filn
could get stretched 3 to approximately 3.4 times tl
initial length. The tensile strength was also found tc
in the range of 7.9 to approximately 11.6 MPa.

The viscoelastic characteristic of the fabricated
hydrogelswvasimproved by cros$inking, which pushed
the values of GNj and Gnj

noticeabldfor biomedical applications.

The pesence of CNGmprovedtensile strainat break
and toughness to 570% and 202 MJ® malues,
respectively. Using the crosslinker helped wit
improvement in tensile strength, toughness and mod
as compared to CNC purely madbeets.Upon an
increase in density, cro$isking increased while
transparency improved, while water absorption leve
crosslinked CNC and CNGPVA sheetslecreased
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Anirudhan and Rejeen§64], Poly(acrylic aciegco- The hydrogel showed good swelling behayiand it
acrylamideco22acrylamide2-methyt1-propane was found the drug delivegurveis promising.

sulfonic acid)grafted nanocellulose/poly(vinyl alcoha

Table 1.2 Highlights of studies on CN@nly and CNC composites hydrogels with the reference number and main

contents.

ReferenceHydrogel composite developed Highlights of the study

Ooi et al.[65]. GelatirCNC The overall crystallinity level and properties of gelat
CNC hydrogelshowed increasén the case oéddition
of 25% CNC, the impact of crystallinity on storage
modulus caused the modulusnmdify from 122 Pa to
468 PapH sensitivity was shown through inspection
swelling tests of CN&elatin hydrogels.

You et al.[59]. Polysaccharid€€NC Authors showed that fabrication of an injectable
polysaccharid hydrogelsis beneficial tobiomedical
applications. Howevethey found thapoor mechanica
properties inhibitsuch hydrogelsfrom being used
efficiently.

Ghavimi et al[66]. GelatinCNC Desirability of hydrogel in terms of mechanic
properties was dependent on ionic and covalent ra
The significance of osteoinductivitgbone forming
ability) of these hydrogels showed theapability to be
employedas an injectablensembldor spiral fracture

cases.

Bertch et al[67]. CNC only hydrogel Authors verified njectability of hydrogels were usin
combination of shear and oscillatory rheology. T
aspect showed that in capillaries, flow is mostly p
flow and the structure of the hydrogel will remain int:

after injection.
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Nigmatullin et al. [68].

(functionalized CNC)

CNC only hydrogels

Liu et al. [69].
hydroxypropy! chitosan (HPCS), and aminmdified

Cellulose acetoacetate (CAA

cellulose nanocrystals (CNSH2)

Lenfant et al[32]. CNC only hydrogels

Khabilulin et al.[70]. CNC hydrogel decorated wit
grapheneguantum dots

Tang et al.[71]. Cellulose nanocrystal (CNC) ar
sodium alginate (SA)

Authors showed the possibility ofiaking of cellulose
nanocrystals thaiglue to each other due to the
associative hydrophobic interactions by modifyi
sulfated CNCs (sCNCs) with oct@INCs. It was fand
that functionalized CNCs gellify atsignificantly lower
concentration than umodified CNCs and they can

make strong hydrogels.

Authors reported e impact of amine functionalizec
CNC loading on mechanical properties, thaterior

morphology and gelation timeElastic modulus for the
loading of CNC equal to 0.80 wt% showed a maximt
The

properties and excellent

resulting hydrogel depictedpH-responsive
overalbtability under
conditions like the humanbody. The hydrogel als:
showedextremely well selrepairing behavior unde

acidic conditions.

In the case ofthe addition of only4 wt% CNC, for
duration of 2hrsthe storage modulusseto 1390 Pa in
thecase of CaGlbut for NaC]J this value only increase
to 443 Pa. A6 wt%, these values were 3156 Ra
CaCl, in comparison to 1453 Pa for NaCl.

Authors showed thahe formation of physically cross
linked gel that can have wang levels of mechanical
properties. As samples showed shear thinning, !

wereagood candidate for-B printing as well.

Authors witnessed that CNCs through performamsy
macracross linkersimprovedstructuralrobustnesand

of the matrix SAIn their work, the hydrogels displaye
uniform chemical macroscopic structures and cc
efficiently selfheal at room temperature within the sp

of several hours.
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Wu et al.[72]. CNC only hydrogels

Zhou et al[73]. CNG PAM (polyacrylamide) hydroge

Mckee et al[74]. CNC only hydrogels

Lewis et al[42] CNC hydrogels

Oechsle et a[75]. CNC hydrogels

Authors chose wo ensembleof CNCs with different
aspect ratios were investigated. CN@th a higher
aspect ratipmorphedinto a biphasigcontaining two
phases)state and formed a hydrogel at lower C!
concentration compared to shorter CNCs. Comg
viscositytrend did not superimpose on shear visco:
values of both CNGswhich the resulting observatio

can reveal the formation of liquid crystal domains.

Authors observed aopd dispersion of CNCshat
causes animprovement inthe storage modulus
compression strength and elastic modulus @
nanocompositeAmong the CNC loadings employed,
loading of 6.7 wt% led to maximum mechanic

properties for hydrogels.

Variation of CNC concentration cause changes
viscoelasticstorage modulut varybetween 1.0 to 7¢
Pa when CNC concentration varied between 0 to
wt% in vicinity of 1.0 wt% MC (methylcellulose)At

higher temperature$Q °C), a gel wasfabricatedthat
hadhigher storage modulus values (iELOvs 900 Pa)
with identical loading®f CNC and MCFor the current
set ofconstituentscross links were the reason behi

higher mechanical properties of the gels.

Reports showed CNC in water and other polar solvi

can gel due to repeated freezthaw cycles.

Characterization wad done with Rheological
measurementd show gelation process.eGstrength
was looked atusing rheology as a function freeze

thaw cycles.

It wasconjectured that COBesponsive CNC hydrogel
can potentially be used in applications that requ

change in suspension properties as a respons
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Talantikite et al[76]. CNCxyloglucan (XG)

Zhou et al[73]. PAM (polyacrylamide}CNC

Hou et al.[77]. CNCholy (ethylene glycol) diacrylate
hydrogel

ShafieiSabet et al[78]. CNC only hydrogels

Wang et al.[79]. surfacemodified CNCsbis(acyl)

phosphane oxide derivative

external factors.CO2 acted as an ingredient thi

switched its chargawith modifications inpH.

The influence of molar mass oG on mechanical
properties of solutionshaving 10 g/L CNC was
inspectedAt lower molar mass of X@hesolutionstill

behaved viscoelasticallAt highermolar masssystem
experienced an increase in magnitude bbth
viscoelastic storage modulus and loss modulus. Sy:

in these cases showed ability to reach gel point.

The resultshowed that CNCs that own lower asp:
ratios can facilitate the formation of PANINC
nanocomposite hydrogel. The onset of gelation of €I
free and CN@mbedded system calculated was 4.1+
and 2.5+0.3 min, respectivelfi.he authors observe
that solgel transition due to presence of CNCs w
expedited.

The initial gel rheology assessment that ghlowed
Tl

mechanical properties showed a surging trendhe

shearthinning and viscoelastic behavior.

vicinity of CNCs.

When the concentration was diminished to 0.%wthe

G6 G666 shifte
frequency increased, showing that the behavior ste

and cur ve
to morphfrom solidlike to getlike. In the case of 0.2¢
wt% SCNC suspension, a behavigimilar to gel
Go6 o

reliant on frequencyof oscillation For all CNC

materialsvas observed, wheredG a n d

suspensions, botktorage modulusnd loss modulus
depicteda strongelianceon the frequency of testand
Go
Hydrogels printed using a ® printer showed good

was slightly higher

swelling behavior and improved mectieal properties.
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Huang et al[80]. Carboxymethykchitosan (CMC) anc It was also shown that hydrogel could repeatedly

dialdehyde cellulose nanocrystals (DACNC) networl extended longitudinallyot4 times itoriginallength and

Rao et al[81]. CNG-XanthanChitosan

Ghorbani et al[82]. CNC-collagen hydrogel

Han et al[83]. CNC-PVA

Hu al. [49].
hydroxypropyl guar (HPGlocust bean gum (LBG)
CNC

et Hydroxyethylcellulose (HEG)

GarciaAstrain et al[84]. GelatinCNC

had a tensile strength of 244 kPa. The composite ¢
had complete healing when compressed by 90%
showed compressive strength up to 8 MPa. Morea
the stretched hydrogel could recover 81.3 % of

dissipated energy without any externhanges.

Using hydrogen bond interactions and elesiatic
forces hydrogels were made. A surge in mechar
properties was observed when CNC loading char
from 2 to 10 wt%.

Concentration ratio of CNC to collagendhits effect on
pore shape, swelling index and mechanical propel

was inspected.

The compression and dynamic oscillation measurer
showed thatthe incorporation of CNCs significantl
improved the mechanical properties. The compres
stress of CNAPB-PVA hydrogel was 21imes higher
than pure PVA hydrogel. CNC acted as cliogsrs that
could weave interiors ahe 3-D network of hydrogels

both physically and chemically.

By adding 3 wt% CNC and 0.2 wt% polysaccharide
their experiment, storage modulus a¢ thlateau level
changed from 32 to 100 Pa.
CNC-COOH, range of storage modulus variations w

In the same manne

the same.
Swelling index and rheological characterizatiovere
employed to depict effect of functionalization a

formation of the network in the hydrogel.
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The above revievindicatesthat CNGpolymer hydrogels have tunable properties where swelling,
rheological properties, enhancement in mechanical properties, functionalization, injectability have
been extensively analyzed. The existing studiesmonstrate the improvement in the meutal
properties of the CN&€omposite hydrogels. However, there are other characteristics, such as
stability under gravity, and the sditaling ability of these hydrogels that have received less
attention. Analyzing such parameters, which are criticadany applicationsncluding 3D printing

[85], forms the basis of the present thesis.

1-3 Methodology

In this thesis, confocal laser scanning microscopy (CLSM)ch has been successfully employed
in medical, geologicalnd biological areas, would be put forth as an alternative investigative tool
for CNC hydrogel structure analyg®6]. Moreover,we use rheometry to monittihe mechanical

behavior of gels.
1-3-1 CNCs confocal laser scanning microscopy

CLSM has good capability towards the visualization of hydrogels due to itanwnasive
characteristics in monitoring the evolving structure of gels. Adrdgels have water, a major
advantage of CLSM is monitoring the bulk structure of the hydrogel without interfering with it prior
to any investigation. Dehydration that usually comes into play when observing the structure using
SEM unavoidably alters the mghology and structure of the hydrogel. Pictographs of the hydrogel
bulk structure, using CLSM, can be taken atgeéned time steps, without altering the structure

such as freez#racturing.

For instance, in work by Fergg et fd7] on PVA hydrogels, CLSM imaging of PVA bulk hydrogel
structure showed continuousBintertwining structure that stemmed from prior phase separation
during thefreezing period. In the sample, no porosity gradient or any preferred orientation was
observed, so the samplasisotropic. Considering volume fractions of 18.33, 15&4d 9.20 %,

the hydrogels displayed a uniform pore size-8f 2-5, and 67 um, respctively. Moreover, it was
observed that raising the PVA concentratt@usedo anaugmentationn hydrogel tortuosity and

finally inhibited the mobility of the tracer materidlfter inspection oimorphology of thesurface of
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the PVA structure, it was tmd thatPVA macromoleculesonsistedof randomly distributed

domains.

In a separate study by Savina e{&8], CLSM was employed to gain knowledge of the whereabouts

of polymer grafting inside the hydrogel. In this case, CLSM had an advantage over SEM, as it could
observe the structure internally, as opposed to SEM. The CLSM pictographs simowseven
distribution of grafted polymer inside the porous gel as the initiator of the chemical reaction between
grafting polymeyand the gel was insolubl&he insolubilityof the initiator pushed the chemical to

mainly deposit locally on the surface.

In the study by Koyao et al[89], using CLSMthesurface of PVA/chitosan was exaradiand the

result showed that chitosan had an island type structure, while being blended on top of the hydrogel.

Recently, CLSM has also found applicability in nank technology and-® printing of hydrogels
as well. For instance, in a study by Hightya¢ [90], the hydrogel injectability and thstate of the

hydrogel afteprocessingvasmonitored by CLSM. For instance, kigure 1.7, injected hydrogel

does not mix with the supporting materialFigure 1.7C, ink filament has been labeled Rhodamine

B, while the supporting material has been labeled by Fluorescein.
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Construct position (um)

Figure 1.7 A) attachmenbf adamantanandb cyclodextrin to hyaluronic acid.)Bllustration ofthe extrusion process
for ink (red) into the support gel (designated as greent capabilityof CLSM in showing the resul{seprinted from
referencg90])

In Figure 1.8 andFigure 1.9, the capability of CLSM towards monitoring proteins and fat droplets
phase separation. The system shows phase separation ttheadjastnent ofthepH of the system.
There are many more examples in the literature that demonstetapability of CLSM for
monitoring hydrogels in their native std81-94], but here, due to the scope of the resedhay,

will not be mentioned.
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Figure 1.8 Utility of confocal scanning laser microscopy (CSLM) imaigesapturing gelation of fulfat milk
containing Nile blueNumberssignify minutes aftedyeaddition.Scalebar = 25 pum (reprinted from referenf@b])

-~
3

Imin, pH6.51 20min, pH5.64 40min, pHS5.43 60min, pHS5.3: ¢ 80min, pH5.25

d

* 140min, pH5.08 - ~ 160min, pH5.03
Tt . e

Figure 1.9 Capturing phase separatiohgluconcu-lactone (GDL)induced gelation of skim milksing CLSM.Bright
areas are proteifNumbers signifyminutes aftetheintroduction oftherennet (phase separation trigg&gale bar = 25

pum. (reprinted from referend85])

1-3-2 Gel healing monitoring using rheometry and CLSM
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The transient trait of entanglements makes the physical hydrogels in a position to tolerate the
externaly imposed stress, througthe mechanism of displacement, rearrangements, and re
orientation of the jurteons. This specific trait of physical gels cannot be found in chemical9g!s

After physical or chemical damagself-healing goes through mechanisms that get triggered, either
autonomously or by other factors such as light, sound, and pHhé&aihg specifically becomes
important, if maintaining a certainrehgth estimated before processing for the hydrogel is to be met
after the processing is complete. For instance, hydrogels can go through several cycles of shearing
before reachinthefinal stageand returning to original strength is important. Also,dogels might

go through a few cycles of extensional, compressional or shear cycles, maintaining certain
mechanical properties during or between each cycle becomes important. Moreover, knowledge of

therecovery rate ahemolecular ananacrolevel is alscequally important for designing purposes.

In the report by Yu et a]97], a ring stucture with pore sizes ranging from nanoscale to microscale
was obtained first through an organogel system. The gelation and breakage could take place by a
simple shaking and resting intervals. Therefore, the system under study hatleaedf property

that could be triggered through shear or any other deformation. In another study by Yug8kt al.
Metallo-supramolecular gels were fabricated using transition metal ions and/or lanthanid@imns.

to uniquestructure of the hydrogethe geldepicteda selfhealing ability in a facile manner. In
another study byHerbst et al[99], rheological characterization for unearthing healing ability of
supramolecular poly(isobutylene)s (PIBs) materials and fluorescence recovery after photobleaching

(FRAP) to examme the samples at rest were employed.

Figure 1.10visualself-healing experimenfa) cut segmentegarts,(b) segmentegbarts were just brought into contact,
(c) crack partially healed after passageéfh andd) thoroughly healed crack after passagd®h (reprinted from
referencg99])

Both techniquedisplayed thatthe materialsshows self-healing properties (seBigure 1.10).
However, contrary to rheology experiments, FRAP could probe the samples at rest, without altering

the structure via deformationg.he resultof this studyshowed the ability of both techniques that
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probe microstructure of hydrogel, i.eheology and FRAPiIn comprehendinghe healing of
hydrogelsand mechanism&eaders are encouraged to regfgrencd85] for through information
on gel self healing and mechanism that can improwligned with the mentioned studies, in this
thesis, both rheohy and FRAP will be employed to stuthye dynamics of CNC suspension and

gels.

1-3-3 Fiber orientation models

Distribution of filler orientation dictates the final properties of the finished produee of the
processing routes for employing CNC or CNC composite hydragéthgough injection or going
through a 3D printing apparatus. Therefore, it seems impeeato assesshe level of CNC
orientation during such f1l ow, due to the 1 mpa
mechanical properties. In order to predict the state of fiber distribution inside a matrix (@sually
polymer), model equationseadeveloped to use theories restricted to dilute and-diune regimes

[100] [101]. The models used are basedtiba protocolthat originally developed and is kmmn as

Jef f er y 0[802] bgan sdlated freely ot at i ng yber in a Newtoni .
usually geared towards taking into consideration hydrodynamic interactions amongst fibers. The
succession of these interactions causes very tiny alterations in fiber orientation states. The tiny
changes t@n orientation state of one fiber caused by its neighboring particle through hydrodynamic
interactionsbeingaccounted for with a rotary diffusion process in the developed mdd$ls103

105]. This rotary diffusion can neither dislocatdiber horizontallynor it can affect its length. The

most commonly used rotational diffusion model is the standard Folgeker model[100]. The

mod el buil ds onnrateJoé fibérg withtbesanisotrogicadiffusive process that is
dependent othestate of orientatiorWhen there issotropic diffusionoccurring in the systenthe
orientation state of fiberesvolves over timgand theossibilityof alterationss equal in all directions

and it assumes a scalar value. However, it has been shown that this diffusivity can decrease fiber
alignment unjustly, through compensating for factors that are also responsible for fiber dispersions.
Another drawbak of isotropic diffusivity is that it cannot predict and tune all componerdeaidnd

order orientation moments at the same i@, 107] Therdore, many researcheB07, 108]have

justly proposed the idea of diffusivity parameter in the Felgatker equation that is also dependent

on orientation state and is not isotropic.
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Based on theory of Jeffery, rheology of suspension of fibers can be mddeékédConsidering the
unit vector p, the main axis involved tine evolution d the state of the fibers can be expressed as

follow:

A GA _On OfAg 11

Where,_ i prTi p is the shape factor of the fibers that is dependent on its aspect ratio,
| is the material derivative of p, and 0 ins aspect ratio assigned to the fiber. For very thin and
long fibers, _ goes to 1w is the vorticity tensor, an@is the strain rate tensor.

As discussed earlier, the rotatiorotion of rod particles can beell described byp. p is a vector

aligned in the direction ofthe main axis ofparticles Secondorder andfourth-order tensors

introduced by Advani and TucK&09] can be described as follow:

. . o 1-2
0w W nnr nan

o 1-3
0w nAnAr nan

Whered) is asecondorder tensor witliraceequal to 1For the 4' ordertensor one needs to use

approximation.

Derivative of® can be obtained through rotation tensor introduced by J¢ff@é#). For dilute state
of suspension of particles embeddec Mewtonian fluid under shear and in low Reynold number

following equationcan be used

o OO oy 1-4

©
alhe)

In this equationmis related tdheaspect ratio as follosy Other parameters that need to be defined

are:
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In this equation) is the velocity gradient tensdt.is assumed that particle have no interaction with
the particles in their vicinitythis model can only give accurate results for dilute suspension of

axisymmetric particles.

For suspensions that are not dilute, FT model (Folgaker)considergheinteraction between rod

particles usindghefollowing equation:

1-7

In this equatiori leffective shear rate aril is a semiempirical constanand effective shear rate

isfI -OJO .Bay et al.[110] suggested that the relationship between concentration and aspect
ratio be considered for estimationdf

6 m8ip @D T p 1% 1-8

In this equation%.andi are volume fraction and aspect ratigoafticles respectively. There are
many approximations forYorder tensqmwhich the simplest one &secondorder estimation as

follow:

For obtaining the transient stress after application of shear, Jeffery hand and Lipscomb suggested

the following equation:

O 00-1 — %' [ *‘[dw 1-10
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Where — is the viscosity of the matrix and and* are rheological constantisat act as fitting

parameters in the modé&Jsually* is assumed to be equal 2.
1-3-4 Monitoring the mechanical behavior of gelsising rheometry

In in-vivo tissue engineering applications, matching of mechanical properties of cells plus injected
scaffold with the natural tissue at the location of implantadi@mportant Therefore, due to this
complexity, studyingthe mechanical behavior of gels through rheometry deemed necessary.
Previously, fewmwvorks have studied the effect of salt on CNC suspension rheology and has been
studied in the linear viscoelastic zone. For instance, Lenfant{@Rhstudied the linear viscoelastic
response of CNC and electrically stabilized CN@mpresence of sodium and calcium ions. It was
shown that at moderate ionic strength values, CNC suspensios &gglomerations. Amonte
testedsalts calcium chloride (Caglshowed a greater effect than sodium chloride (NaCl) on both
properties of flowrelated shear (and viscoelasticity), dughefabrication of a stronger network.

Due to higher repulsion beeen individual particleselectrically stabilized CNC could tolerate
increased amounts of salt before the aggregation occurrence. In another studyS8batfiett al.

[111] showed that for isotropic CNC suspensions, augmentation of ionic strentiteimiaoduction

of salt till 5mM of NaCl decreasedke viscosity of the system, due to weakening of the electro

viscous effects.

Innately, mechanical traits dhe hydrogel are crucial foproviding mechanical suppotto the
surrounding tissyewhen load-bearingapplicationsare involvedsuch as bone and toqvide an
adapedenvironment for the cohabiting cells. It has been conjectured that the stiffness of the hydrogel
and stresses originated from the cell surrounding environimgraictst h e ¢ e Inlpatisulaf at e,
for the aim ofthedifferentiation of stm cellg[112, 113] In a recent studjil14], it was shown that

in addition to the mechanical properties such as stiffness, relaxation and retaidsicoale of
hydrogel also influences stem cells fdiost tissuedue to having cells, Extracellular matrices and

high percentage of water easilyespte under nonlinear regime. Hender tissue engineering
studying viscoelastic behavior is key for successful hydrogel implantatiars@afold inside the

body. Even forigid tissueslike bone[115], viscoelastidraitsare impactful, especiallgtrain rates

that are lowandin bound of frequency ranges suitable tocamal body. Therefore, to know how

27



flawlessly the beneath scaffold material mimics thrgetedissueviscoelastic natw such asheir

time andfrequencybehavior nonlinear and linear rheologjyould beassesseth detalils.

Due to their rigid nature (spindle in shape), CNC acts as an effective filler in hydrogel
nanocomposites. However, their inability to create physieaiars to one another (contrary to CNTs

or other flexible nanofillers) causes CNC to produce gels with low mechanical properties. Few
published papers that shdte extent of CNC pure hydrogels mechanical properties limitdtesn

been reflected ifrigure 1.11. CNCs abovel0 wt% (Corroborated by rheological measurements)
can entethegelled phase automatically. Alternatively, CNGhepresence of external electrolytes,
changing pHor gettingcrosslinked with multivalent ions or chemical bonds can ettieigelation

phase asvell. These methods of gelation by destabilizabbithe suspension cause the gelation to
happen at much lower CNC concentratioRgports in the literature shows that gelation points
changef one changes solution condition, add polymers or alter tHiacgichemistry of the particles
(thedriving force behind gelation in the case of raasorbing polymers is depletion mechanism).
Chau et al[48] have shown thahe method of gelation ithe presence of external electrolytes is
decreasingn doublelayer thickness that is expected by DLVO thednge addition of saltimits

the electrostatic repulsiointeractionsand causes the van der Wagiteraction to become more
dominant and this cases gelation. Through rheological measuremietias been shown that gel
strength can go through alteration depending on the ions added into the mehénging charge
values of cation and radii physical ionbonds established between CNC can genger). In work

by UrefiaBenavides et a[46], a rheological study was reported on pure CNC gel. In their report,
the indg@endency of storage modulus towards CNC concentration happened around 14.5 and 17.3
vol% of CNCs. The transition to a pure gel happened between 12.6 and 14.5 vol% of CNCs. Large
amplitude shear tests were done on the 14.5 vol% sample at 20% strain rttheshstaicture of
suspension above their linear regimbke storagenodulus measured during LAOS was almost 50%
smaller than the one obtained under 1.5% strain. After resting for 40 mins, the measured modulus

was only 5 percent lower and after 80 mineovery was found to be complete.

Alteration of pH similarly causes thegelation point to change. Way et. d47]., though
functionalization of CNC with either carboxyl or amine graugteowed that gelatiocould become
pH-responsive. For instance, decoratingCNC surface with amine groups causes the gel to attain

positive, neutralor negative charge depending twe pH of the medium. Therefore, driving CNC
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towards each other or repelling from one another is possible through this routbe Fease of
functionalization usingarboxylic acidstorage modulus as a function of pH wegortedo change
three order magtude depending on the pH.

Lewis et al.[43] showed that through temperature annealing of the CNC suspeatibigh
temperature, oneoulddrive CNC suspension state into gelation. They attributed the finding to CNC
desulfation that happemhg&cause okeeping the suspensionanautoclave under heated conditions.
Desulfation in their casemeans less electrostatic repulsion ,aherefore the higher affinity of
CNC towards one another. Dorris and Gja3] similarly found that CNC desulfation was the only

way to drive gelation i dilute suspension of CNC the presence of glyerol and water.

Polymer adsorption to the surface of CNCs is another route to gelify CNC suspension gel. Hu et
al[49] showed that isuspensionCNC with a 3 wt% adsorptioof nonionic polysaccharides causes

gel formation. In their case@el formation happens through polymeric chains adsorptibmnch

causes the effective volume fraction to increase and shift the gelation point to lower CNC

concentrations.

Figure 1.11 depicts storage modulus magnitudes of CNC hydrogel and CNC composite hydrogels
on a double logarithmic scale for various references mentioned in the graph. Polymers so far
mentioned in the ld@rature as a matrix for CNC composite hydrogels are poly(vinyl alcohol) (PVA),
polyacrylamicet, poly(meth)acrylates, poly(ethylene glycabolysaccharides, andature sourced
polymers such aalginate and gelatin. In these hydrog#ie CNC amount varied between €19.6

wt% based on total gel weight. Gel storage modulus in these cases showed sharp inithethses
addition of CNCswith the maximurmmechanical reinforcement enhancenrepbrted in this thesis

152 kPa.
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Figure 1.11 Storage modulus reported from various references refletttaegffect of CNC orthereinforcement of
different matrices, numbers associated with reference nurfdtigr€649, 59, 72, 83, 11623]sketched on double

logarithmic axes.

Figure 1.11 depicts power ofheologyto gain information about the structure and strengitets.

In fact,anextensiverange of materiaJscan be studied with rheology, and particularly rheology can

be usedo observe and control their viscoelastic properties. Small amplitude oscillatory shear tests
(SAOS) are auseful tool to probethe linear viscoelastic properties; however, large amplitude
oscillatory shear tests (LAOS) are as importarasteess efficidly nonlinear viscoelastic properties
[124]. When deformations are smafh A O$Stésts are generally applicable, and this wine
materialrheological responsstays inthe linear regime. On the other hangjhon increasing the
deformation L AOS 06 s ahelpfilteol te characteriee the nonlineasspense Figure 1.12

shows twazones in whichhe strain ishas an ascending trend
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The following set of equation can be used to dedjp@ied deformation and shear rat¢hiedynamic

oscilatory shear tegtl24]:

oo 111

P wéET o 1-12

Shear stress response can be:

t O1 [ i "QEd O 1 DN O 1-13

To have a better understandingtbé meaning of these linear viscoelastic properties, it is useful to
repeat that for a material with no viscous comporiénts in value equako the constant shear
modulus'Candloss moduluss zero.In other words, storage modulus of thaterial in this scenario
gives information about the elastic character of the fluid. Quite simifarla completely Newtonian
fluid, — is identicalto the viscosity and— is zero.O  —7 ) is known as loss modulpand it
depicts the visaas behavior of the fluid or the amouwmasted energy in each cycle of deformation.
In 1958, W. P. Cox and E. H. Mefz25] suggestedhe following relation, whictempirically they
found for a range afolutions and melts of many unlinked and unfilled polymers ( =1 s

This relationapplies if the values of bothand are equal in sizdt is also noteworthy to mention

that complex viscosity caalsobe dtained using-"s - -
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1-3-5 Large amplitude oscillatory shear test (LAOS)

LAOS is a technique with expanding popularity among resear¢h24s 126] This approach is
destined to mark the onset of nonlinearities in complex materials. The LAOS tests involve oscillation

cycles at multiple strain amplides.

In the LAOS region, the sinusoidal input strain waveform is translated to-aimasoidal stress
response. There are various approaches to analyze tsggnidal stress response, such as Fourier
transform rheology (FTrheology)[127] and stress decompositi¢h28] methods. The shear stress
(, can be inscribed as-phase and otdf-phasecomponents of a timdomain Fourier series of
odd harmonidd29] being in steadystate condition for an oscillatory input straih ¢

r OEN o:

Nl ~

A<« 2B q.0hs Tislo <qe@hs Hi o < 1-14

In the above equation, is strain amplitude, an® and"O are amplitudes of harmonics with
frequencies r{ ¥. In the linear viscoelastic framework, the output stress waveform is the only
function of the firstharmonic coefficientg p. The emergence of higher harmonics in the
resulting stress waveform depicts the appearance of nonlinear viscoelastic response, meaning that
the stress signal cannot be displayed by a simple sinusoidal waveform any longernfeuethe
‘Gend @ lose their physical meaning in the nonlinear region, meaning another technique should be

implemented to explain the output stress signal.

FT- rheology is developed based on a sophisticated mathematical framework that is a powerful
techniqie to spot nonlinearities and higkader harmonics in the stress waveform. However, it
cannot give a clear physical interpretation of highieler harmonics and the resulting nonlinear
behavior§l30]. So, this method is insufficient to describe the material response. In 2008, Ewoldt
al.[130] proposed novel measures based on the stress decomposition method introduceétby Cho
al.[128] in 2005 to give meaning to LAOS results.

Based on symmetric arguments proposed byetlab,[128], the generic nonlinear stress response

(, 0) can be decomposed into superposition of elastic and viscous stresses as below:
1) elastic stress componepgéas an odd function of normalized strasgndd —),
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2) viscous stress compondptdas an odd function of the normalized strain raie (

—). Thus, the total resulting stress can be described as the following:

.0 , 0 , 0. 1-15

Afterward, Ewoldt et al[130] suggested a polynomial regression fit to the elagtitand viscous

(- lines. In their work, they argued the limitation of different polymarasis functions, such as
Jacobi, Laguerre, Hermite, Chebyshev of the first and second kind, and Legendre. Considering the
mathematical and physical limitations, e.g., elastirand viscous,( stresses are orthogonal over

a finite domain, they pposed that the set of Chebyshev polynomials of the first kind is the best
choice for fitting the output stress contributions. Then, the asitlestabshed a physal

interpretatiorof nonlinear viscoelasticity using Chebyshev coefficients.

Based on this method, a series of Chebyshev polynomials of the first kind in the orthogonal
space made up of the input strain and straia can be used to represent the elgstend viscous

, Stress components via the following equations:

o, i =r BQ1 K "Yoh 1-16
o B =r BU1H "Yw 1-17
whereaf — —andw — — depicts the normalized version of strain and strate, and’Y

symbolizes Chebyshev polynomial§Beihdd8ele elastic and viscous contributions and have units
of modulus (Pa) and viscosity (P&.srespectively.

The criteria for specification of th@&® phys]
ando Ai s defi ni ng arndh eAscthe magaitude bfyacto Ghebyshev coefficient
decays monotoni cad, yt heydertiGnébysdeva ceffitigntfiandu )
determine the concavity of the elastic and viscous stress curves. According to these coefficients, the
following intra-cycle nonlinear behaviors can be observed: sstiffening (Q 1), strain
softening’Q  m), sheaithickening 0 ) and sheathinning ©  m[130]. Moreover, theith-
order Chebyshev coefficient and Fourier coefficients can be related to each other via the following
equationg130]:

Q O p 7 1-18
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i "O 1-19
U —_— j—
1
In the nonlinear regime, the measured dynamic moddar{d"O ) do not have a clear physical
meaning. Hence, usin@® and G, &woldt et al[130] defined local viscoelastic moduli and

viscosities to interprethe distorted stress signal. Hence, comparing the local viscoelastic moduli

(i.e., largestrain modulus~ k "O) and minimurastrain modulus— k "O)) can assist

to interpret intrecycle elastic nonlinear behavifir30]. It is noted that botfO and"Oconvergeo
linear elastic modulus in the linear viscoelastic region,’0e.7'O="0="0. These elastic measures
have leen used by Ewoldit al [130, 131]to develop a dimensionless index for interpretation of

intra-cycle elastic nonlinearity defined as:

1-20
S.( -

S (strain stiffening ratio) value equal to O corresponds to linear viscoelastic response, a fositive
indicates intrecycle strainstiffening behavior, and a negati#ds indicative of intracycle strain
softening. Like the abovmentioned elastic measugteviscous parameters have been introduced to

characterize intrgycle viscous nonlinearity. In this context, a set of local dynamic viscosities have

been defined as minimunate dynamic viscosity— k —e and largerate dynamic viscosity

- k —d130, 131] Similar to the elastic measures, in the linear regime, dynamic viscosities

c
conwerge to the linear real viscosity vake —, i.e.,dc= du= d The dimensionless index for

dissipative (viscous) intraycle nonlinearity has been proposed as:

TK 1-21

T=0 signifies linearity,T>0 implies intracycle sheathickening, andr<0 corresponds to intraycle
shea#thinning behavior. It should be born in mind that there are other methods and approaches, such
asthe sequence of physical proces§E32] and intrinsic nonlinearityl33, 134] which researchers

usal to interpret nonlinear data. Compared to the mentioned methods (e.gheélogy), the
method that used in this work provides us the physical interpretation of nonlinearity with the aid of
unambiguous material measures, which quantify nonlinear icelastd viscous behavior,

simultaneously. Thus, this method provides us with more substantial information regarding the
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mechanism governing the microstructural changes under LAOSriloe process adnalyzing™yY
and"Y physical mechanisms should be ddesed to avoid any misinterpretation. These Haiyele

nonlinearities can be defined liye set of following formulaghat relate coefficients tovand ™Y

indirectly:
Okgpl £0 @ o2 ua xo E 1-22
Ok - O p Q0 Q O Q E 1-23
and:
Q, p | _ 1-24
k= Z o
T p
O ov uwo xv E
k= 2 0o v 0 0 o0 E 25

1-4 Problem statement

CNC-polymer hydrogelslue to their adjustable properties can easily fit into design of new materials
protocol.Despite many existing studies, a few Gid@sed hydrogel propertigacluding gel healing
rates, relations among gel mechanical properties and CNC orientationgyrdimear rheological
properties of geldhave received attentiofraits mentioned abovarekey desigrmparameters in the
formulationof hydrogels. In summary, CNC has the following characteristics:

CNC is the building block for CN®ased hydrogels

1
1 CNC is biocompatible therefore its does not carsenmune reaction fronthe body
1 CNC-based hydrogels have tunable mechanical properties

1

CNC, through chemical modification, can be-bésorbable.
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This tesis provides information on the CN@sed gels fronthe nano level and the connection
between the macro properties to microstructures. The use of salts and polymers in tuniongs€tiC
hydrogels are addressed. Polymer and salt addition in-kkd¢€d hydrgel can strengthen the
mechanical properties of gel and also can avoid the erratic nature of gel formation. Equipment and
techniques that are used to control and characterize the CNC gelation include confocal laser scanning
microscopy (CLSM), scanning etean microscopy (SEM), linear and nonlinear rheology, dynamic

light scattering, zeta potential, compression tests, and computer simulations

This dissertation investigates; (i) the gel porosity as a function of PVA, CNC and salt using SEM
imaging, (ii) thegel mechanical properties using linear and-hosar rheology and compression
tests, and (iii) the seliealing ability of CNC gel through measuring the particle diffusions in the gel
media by CLSM monitoring. Thgoal hereis to fabricate and characted a hydrogel ready for

future use in important fields sucht&sue engineering applications, including scaffalarication

1-5 Dissertationoutline

This dissertation has been prepared in the pbased format and comprised of seven chapters. The

first one is the introduction chapter in which the problem is stated, and the goals of the dissertation
are discussed. The next five chapters, Chapters 2 to 6, comprise the main contents of the dissertation.
Each chapter is prepared as a modified version of aiscaipt and is published or submitted for

publication in peereviewed journals.

Chapter 2 discussdbe gelation of CNC monitored with CLSM. Moreover, methodology and
procedure fothe determination of pore size and effect of CNC and salt loadings on porosity would

be outlined. Evaluation of microstructure shows cluster formation with NaCl addition into the
system. This chapter is the same havermobkcelloleese o f t

nanocrystalsithepr esence of sodium chlortdeodo published

The highlight of Chapter 3 scomparison of MgGlas a divalent ion compared to monovalent NacCl
on gelation. Discussion about gravity effects on gabiity is another subject of this chapter.

Molecular dynamic simulations are conducted to understand the magnitude of forces in play in CNC

!Moud, A. A; Arjmand, M.; Yan, N.; Nezhad, A. S.; Hejazi, S. H., Colloidal behavior of cellulose nanocrystals in
presence of sodium chloridéhemistrySele@018,3 (17), 49694978.
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suspensi ons. This chapter is a modified versi

structureinth@ r esence of salt<£o published in Cellulo:

In Chapter 4, the effect of CNC and salt concentrationshemheology of CNC hydrogelare
discussed. Both linear and nbnear rheological properties of hydrogels, as a function of CNC and
saltconcentrationsare evaluated. In particular, the intngcle viscoelasticity is analyzed. Chapter 4

iI's a modified version of the manuscript entit]l
Cellulose Nanocrystal Network Structuretire preseneof Salt in Aqueous Medjia publ i shed
Cellulosé.

Chapter 5 is the continuation of Chapter 4, targeting the mechanical and rheological properties of
CNC hydrogel. The increase in mechanical properties and versatility of CNC hydrogel by
incorporationof 5 wt% PVA is investigated. This chapter is a modified version of the manuscript

e nt i Visceelhsticiiproperties of poly (vinyl alcohol) hydrogels with cellulose nanocrystals
fabricated through NaCl addition r eady f 6r submi ssi on

Chapter 6 presentke diffusion rate of CNC particles and gravity effect on CNC hydrogel, through
theemployment of CLSM (FRAP) and DLS. This chapter is a modified version of the manuscript
entitled AProbing Dynamics of CNCs i n fael an

submission

Finally, the last chapter summarizes the main conclusions of this study and provides several

recommendations for further research.

2Moud, A. A; Arjmand, M.; Liu, J.; Yang, Y.; Sandiiezhad, A.; Hejazi, S. H., Cellulose nanocrystal structure in the
presence of salt€ellulose2019 1-15.

3 Moud, A. A.; Kamkar, M.; SanatNezhad, A.; Hejazi, S. H., Sundararaj. U.T, Nonlinear Viszstel
Characterization of Charged Cellulose Nanocrystal Network Structure in Presence of Salt in Aqueous Media, 1
202Q Celluloseg In press.

4Moud, A. A.; Kamkar, M.; Sanaflezhad, A.; Hejazi, S. H., Sundararaj. UViscoelastic propertiesf poly (vinyl
alcohol) hydrogels with cellulose nanocrystals fabricated through NaCl additdre submitted

>Moud, A. A.; SanatiNezhad, A.; Hejazi, S. HSelf-healing and collapse in CNRased gels and suspensiohs.be
submitted.
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CHAPTER 2: Colloidal Behavior of Cellulose Nanocrystals in

the Presence of Sodium Chloride

Aggregation and gelation of cellulose nanocrystals (CNCs) induced by sodium chloride (NaCl) were
investigated as a function of NaCl and CNC concentrations. Incorporation of NaCl improved CNCs
ability to form clusters via screening surface charges of CNi@ssmission electron microscopy
(TEM) images revealed the formation of porous CNC clusters following NaCl addition. The confocal
laser scanning microscopy (CLSM) micrographs indicated the presence of regions withradiloid

and colloidpoor patterns ilCNC clusters. Fluorescent brightener 28 was found to have a strong
hydrogen bonding to the cellulose surface and used as the staining agent in CLSM. The CLSM
images also indicated a dynamic structure for gels, continually rearranging over the counge of i
Zeta potential dataoupled with CLSM imagesonfirmed the impact of NaCl on the gel formation

of CNCs.

6Moud, A. A.; Arjmand, M.; Yan, N.; Nezhad, A. S.; Hejazi, S. H., Colloidal behavior of cellulose nanocrystals in
presence of sodium chloridéhemistrySele@018,3 (17), 49694978.
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2-1 Introduction

Cellulose nanocrystals (CNCs) candmrcedrom multiple differentnatural sources, such as plant
cell walls (cotton, algae, wood particles) and bac{é8a]. Tiny crystals obtained from cotton have
asquare crossection witha dimension of approximately 6x6 frand an average length ranging
from 100 to 200 nmSulfuric acid hydrolysis, put negative charges on CNCs,imer@ases their
polarity[136]. It is widely accepted thgeometry of CNCs (aspect ratam)d chemistry athesurface

of CNC nanorods, along with ionic strength of the aqueous mediowerns the colloidal behavior

of CNC suspensiorig37].

In the presence of coagulants, CN@ter a phase that are unstable colloidally and aggregate
after they come into vicinity of one another. Depending on CNC concentration, CNC clustering can
happen that leads to precipitation or a fracta[f@¥]. In a study reported b@herhal et al[33], it
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was shown thaheincorporation of NaCl causélse formation of a gel structutat can be formed
at low concentrations of CNCs dueth@elongated nature of CNC nandso In factthe suspension
stability of CNC particles is highly affected followitige addition of NaCl.

CNCrod particles due to acid involved method of synthesis have roughly one negative charge
per 10anhydroglucose unitfl36]. Generally, charged CNCbgcause oflectrostatic repulsie
interaction do not aggregate in deionized watbut the addition of NaCl caninduce random
aggregatiorj138]. Analysis of structure witlsmall-angle neutron scattering of various CINGCI
combination loadingof namely 2, 10, 50, and 200 mM has been carried out recf38ly
Aggregates with seléimilar shaped structurdhe process of aggregation was rapid aftaCN
passed a certain thresholdirger clusters were formed when more NaCl was adidede than 10
mM). Self similarity of aggregates was proven witlerpretation of a strong upturn at the lowest
scattering wave vectar§he network stability towards grigdy was good at high CNC concentration
but the network failed when CNC loading was low. Similar system of CNC showed aggregation with
changes in ionic strength of the medis9]. Reviewing of reports in the literature showmt
underlying mechanisms regarding CNC gel and its colloidal behavior have not been fully

investigated.

Therefore, in this study, we trg present a systematic investigation of CNC aggregation and
network formation as a function of CNC and NaCl concentrations. By employing transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and confocal laser scanning
microscopy (CL#), the structure of the developed gels and its evolution were investigated. To the
best of our knowledge, this is the first study using CLSM to investigate the gel structures of CNCs.
Furthermore, employing CLSM, this study investigates the effect ot istiength and CNC
concentration on the extent of aggregation and structure of the CNC network. Development of gel
structures with specific structural characteristics helps make efficient aerogels with desired porosity
and mechanical strength for applices such as air and water filters, and also provides a perfect

substrate for aerogel nanocomposites.

2-2 Results and discussion

2-2-1 Transmission electron microscopy of CNC suspensions

41



Figure 2.1 depicts the lowmagnificationand highmagnification TEM images of CNC aqueous
suspensions made at different CNC and NaCl concentrations. TEM images showlitke shdpe

of individual CNCs with the aggregation state foigh. CNC, andonemM NacCl (Figure 2.1(a) and

(d) Figures 6(a). Moreover, it was observed that increasing both CNC and NaCl contents led to
CNC aggregation, where CNC clusters containengubstantial number oindividual CNCs
appearedThe additiorof salt increased the number of junctions per CNC, leading to denser clusters
and elongated particles, and in some caeseseased the apparent aspect ratio through attachments

at extremities.

Generally, during the production of CNCs, the sulfuric acid hydrolysis step leads to the
formation of ester sulfate groups at CNC surfgd&6]. Negative chargs, causing electrostatic
repulsions between CNCs, bring about CNCs stabilization in aqueous medium at low ionic strengths
throughthe prevention of aggregation caused by attractive van der Waals interatti@ofioidal
suspensionsttractions cause ¢hgelation througlhe formation of particlerich and particlepoor
regions. Howevetthetransition to full separation might be stopped. Depending on ionic strength of
the medium, at certain int@article potentials and particle concentrations, thecitras that induce
separation of phases can also retard or stop gel growth, thereby rigidifying-equibiorium
configuration for the total volume of particles, and thus resultingeformation of a gel structure
[140,141]

The TEM images of charged CNCs in the present study are qualitatively like those reported
for other aggregating relike colloidal particles in the literatuj@42-144]. The kinetic of gelation,
gel point and gel strength depesidn the charge density and the shape of the CNC patrticles, which

are strong functions of the precursor materials and the processing pfd8¥ol
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Figure 2.1 Low-mag and highmag transmission electron microscopy (TEM) images of cellulose nanocrys
(CNC) aggregation at different CNC and sodium chloride (NaCl) concentrations. (a) argfi(d}SC at 1 mM
NacCl; (b) and (e) 1§/L CNC and 5 mM NaCl; (c) and ()5 g/L CNC and 10 mM NacCl.

Charge density screening of ions in the systmawle gelation faster. In absence of salt, gelation of
CNCs with low electrostatic repulsive interactions was also repddede rapid[33, 43]
Furthermoreannealing at higher temperature causes reduction of charge density getatexh
[43].

Theroot of desabilization is in shortange interaction energy between two neighboring particles.
According to DerjaguinLandauVerwey-Overbeektheory, interparticle pair potential and the
repulsive Yukawa potential take into account van der Waals attractions amdstéict repulsions,
respectively[145, 146]. The repulsive Yukawa potentisd mainly dictated by two independent
paramete(l) net surfaceharge of nanoparticles, and distribution of charge on their surface, and (2)
Debye [lemhightistassaciated witheionic strength of thenedium (being water here).

Generally,changing coagulant ionic strengthnging betwee® to 10 mM at CNdoading
range of2 to 50 g/L has been theargetedoby the majority of publication§138, 147, 148]Debye
length is always found to be higher th&imm, which is large enough timit local aggregations.
Some reports show destabilization is under influence of coagulant concerjfrdiph48] although
ionic strengthnecessary for aggregation depends on surface charge and distribution of charges on
the CNCs.Surface charge and its distributidepenisonthecellulosic sourcamethod of processing
and chemical agent uséat treatment of CNCs.

43



The compact nature of CNC clusters observed in this skiglyr¢ 2.1 (c) and(f)) is similar to
the results reported by Cherhal et[&@B], where the fractal dimensions for charged and uncharged
CNCs in the presence of NaCl were reported to be 2.1 and 2.3, respectively. The discrepancy in
fractal dimensions reveals a denser thdeeensional aggregationorf the uncharged CNCs
compared to the charged CNCs. Enhancement in the possibility of obtaining denser aggregates for
the uncharged CNCs is due to the la¢kneutralization of surface charges, decrease in repulsive
electrostatic interactiorisetween CNC pairand impact of the effectilye excluded volume.

Another striking feature of the colloidal suspension of nanorods is the innate ability to create
porous clusters. As shown iRigure 2.1, the density of the porous cluster increased as the
concentration of salt increased from 5 mM to 10 n@lloidal stability and aggregation criteria
have been studied in the past for system of ions wftbrent valenceq434], where density of
aggregates increases with increase in number of CNCs available in the Systemorphology of
the porous clustersbserved here via TEM resembles the structures obtained via hydrothermal
gelation routd43]. The resemblance between the two structures further validates the role of surface

charges in gelation.
2-2-2 Scanning electron microscopy of freezdried gels

To visualize the structure of the generated gels, the gels made giL7d&nd 15g/L CNC
concentrabn andten mM NaCl werefreezedried and imaged with the SEM setufigure 2.2
illustrates the bundles of CNC fibrous netwsakound water droplets etched out of the system within
freezedryer. It is noted that the clusters observed in the SEM images mimic the morphology
perceived in the TEM images, as individual CNCs appear te aaandom spatial orientation. The

gel network prepared ithe presence of NaCl exhibitemlrandom orientation of nanofibrils in the
length scale up to several micrometers. The SEM images also revealed that the variation in CNC
concentration at a constasdlt content influenced the gel mesh size. An increase in the concentration
from 7.5g/L to 15¢g/L led to a decrease in mesh size from 1.4 um to 1.2 um, as measured by the
ImageJ software. The largereshsize at the lower CNC concentration was the resfudt smaller

number of associating CNCs and a lower number of contact points per gel volume.
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Figure 2.2 Scanning electron microscopy (SEM) imagethafCNC network at different magnifications for CNC
concentrations of (a) 7.5¢/L and (df) 15g/L. The concentration of NaCl for all imageslBmM

2-2-3 Confocal laser microscopy

Confocal laser scanning microsgoi©LSM), as shown ifigure 2.3, demonstrates gradual changes

in the suspension morphology withe addition of NaCl. In the absence of the salt, no sign of
agglomeration is detected with CLSM, as verified by the homogergreas color. In fact, CNC
suspensions without salt are homogeneous without any gel fornitatigrihe fluorescence intensity

is almost the same for each pixel. Upon addition of a small amount of salt (0.33 mM), the first sign
of aggregation appeared the compositionThe additionof larger amounts of NaCl pushes the
system toward gelation, which spanned the entire visualization cube. The green regions signify the
presence of CNC gel structure holding FB 28 fluorescence dye, whereas the black paats indi

CNC-ree regions.
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Figure 2.3 Growth of CNC network at 1§/L CNC at different concentrations of NaCl: a (0 mM), b (0.33 mN\
¢ (0.45 mM), and d (1 mM). The dimensions of the visualization cube are 100x636x83Bhen3D confocal

laser scanning microscopy (CLSM) images were twisted to obtain a better view ef tredvgork

To quantify the CLSM images iRigure 2.3, the width of the distribution was characterized via

normalization of standard deviation:

2-1

Where® s the signal that has been spatially averaged, anepfesentshe value of pixel i. The
smallest value qf is, thus, determined by changesheintensity of the fluorescence dye across the
sample. ICLSM, the illumination volume is determined by the microscope, gpticslenses used,

and does not depend on the pixel size. lllumination duration has also been adjusted with scanning
speed across the sample. For systems homogeneous in length scatethdardghe resolution of

CLSM,, has been reported to have an inverse relationship with volume and duration of illumination
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and fluorescence dye concentratid®9]. Accordingly, one needs to be sure that the spatial
distributions of the fluorescence dye and CNCs, tlied’olume and duration of the illumination

remain the same for the repeated measurements.
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Figure 2.4 Variation of(i as a function of NaCl concentration for CNC gels withgil5concentration.

The values of gavea rough indication of heterogeneity in thels andvere plotted as a function
of NaCl concentration iRigure 2.4. For each point shown Figure 2.4, the degree of heterogeneity
of 3 samples was measured. It can be observed that as the amount of salt added into the system

increased, the value @f indicating the degree of heterogeneity, increased across the system.
2-2-4 Zeta potential and hydrodynamic radius

To have a better understanding of CLSM images, changes ipaetatial and hydrodynamic radius

as a function of CNC concentration were furtimasured. For aqueous suspensions made of CNC,
the Smoluchowski equation was employed for the conversion of mobility values to zeta potential
[136, 139]

AO - - TR 2-2

Wheres i s z et dasthpdit elnd d tarl i, ¢ Uc @dsihepgerittivity af the freespice r , U
a n d theedynamic viscosity of the water (Pa.s). Taguation is only valid foathin double layer
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comparatively smaller than the hydrodynamic radius of the paftibl&]. The first layercontains
ion adsorbed onto the surface due to chemical interaction, which will render this layer either positive
or negative in terms of total charge. The second layer is ions migrated to the vicinity of the surface

due toCoulombforces, which practicallgcreenghe first layer

The degree of dilution (depending on concentration) and ionic strength of the medium impact
the calculated zeta potentjaB6, 151] Therefore, reported zeta potential values have been used only
for the sake of comparison, and might not be considered to indicate the exact value of the CNC
surface charge. The results of the measargrof zeta potential values of CNC suspensions as a
function of nominal NaCl concentration of 0 to 1 mM are present@dbie 2.1. The CNC particles
without any electrolyte had a zeta potenti al
[147] and ShafieiSabet et al[136]. The reduction of the absolute value of zeta potential dtleeto
addition of NaCl is possibly due to migration and adsorption &fibkes on the negatively charged
CNC elongated surfaces, therefore retracting the double layer surrounding the nahparistes.

In similar colloidal systems, zeta potential has been impacted by adjusting the ionic strength of the
medium, which is in agreement with the doulalger theory|152]. Please note that the zeta potential
of CNCs is considerably higher than the celluldi&iers produced by copious extraction processes
(bet ween 1 20 51, 183} \dariatiod 0 zetaY9gtential values for different cellulosic
sources (e.g., bacteria) is due to the metbf processing and chemicals involved in CNC produgtion

and it is very commofilll, 154]

Table 2.1 Changes in CNC suspensions zeta potential at a fixed concentratiorgdf GHC as a function of NaCl

concentration.
CNC @/L) NaCl Content (mM) Zeta Potential (mV)
0.5 0 -64+4
0.5 0.33 -60.2+3
0.5 0.50 -55.9+3
0.5 0.87 -42.2 £2
0.5 1.00 -31.7 £3

The impact of NaCl othehydrodynamic size of CNC particles was also investigated with dynamic
light scattering (DLS). The results showed that the equivalent hydrodynamic-aizerége) of CNC

nanoparticles at 3 gr/L concentration increased from 45+2 nm to 56£6 nm and 75z8hrtmewi
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addition of 0.33 and 0.50 mM NacCl, respectively. These results show thah eweadl amount of
salt can induce aggregation. Zhong et [&bl] also reported a similar trend for their CNC
suspensions in the presence of NacCl.

2-2-5 Dynamicity of the gel

A series of images were taken from the suspension of 10 gr/L CNC in the presence of 2 mM salt over
the course ©30 min at intervals of 5 minF{gure 2.5). The images have been binarized using the
ImageJ software. The confocal micrographs reveal that the structure of the gel continually rearranged
over the course of time, implying that it was a dynamic gel. Simulations have shown that this
continuous reaangement compacts the clusters. Similagdyperiments show that colloidal gel
thickens over time and pores grow larg#dl, 155, 156] For instance evidences show that
microstructure continuously changes the interior of the[§86-158] Theoriesdeveloped for
describing coarsening,r e K r a metimétiseorgl$5; Bb® £60hnd transient network theory

[161], which both are consistent with our observations. In aecmelvith our study, Zia et a[140]

reported that colloidal gel coarsen and this process changes rheology and dynamic of the gel.

According to some models, microstructural changes of the gel happen thinedgfusion of
particles from cluster to cluster, movements of particleagalihe contour of the netwarlkand
advective flow connected with condensed (liquid and solid) phase (see for eXiplE54 156).

Dynamic of Breakage or coalescence of network branareesheprimary focus of other models

[157, 162164]. For exampl e[l63]dtlircdighjsimalation ofdard spheres equipped

with shortrange attractions, showed that migration of individual particles plays a minor role in
structural changes of the gel. In fact, visual inspection of their simulated system demonstrated that
only a few mobile particles exist in the suspension during microstructural changes. Although
individual particles are fast, due to their scarcity actbessample, they cannot contributethe
coarsening of the gel. In another study, dynamical analysis of the gel revealed that coarsening does
not happen througthemerging of large scale networks, and insieddnges are due to breakage of

an entire sand into smaller pieces and its displacement through solvent and subsequent merging
[140].
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Figure 2.5 Rearrangement and slow coarsening of the gel network (black patti€)asfueous suspension of @
CNC with 2 mM NaCl concentration over a period of 30 min. The dimensiothe tfo-dimensional visualization
box are 636x636 ufm

2-2-6 Gravity drivel gel collapse of CNC

The origin of collapse due tihe effect of gravity has been reported to be coarseflidd, 160]
however, the critical condition necessary for¢bélapse has remained unclear. Poon dtall] by
employing darkfield imaging showed that the collapse is a complex process and involves the
formation of voids and channels. Another probable scenario is thattoprcoarsening brings the
system to a brink where the countlew of liquid due tothe pressing of the porous gel causes some

pores to grow suddenly by erosion deep within the strufiée.

Regardingthe timing of the collapse, two complex behaviors have been reported. The first
behavior is slovwpaceprecipitaton, in which pores grow smaller while the bulk of the gel gets thicker
[161]. The second behavior is the delayed reaction of the gel with respect to gravity. In this case,
after a critical aging timethe gel network collapses. Research shows critical aging time can be
impacted by the strength of cohesion betwparticles, size of primary particlesnd so or{155,

166, 167] Delayed collapséringsthe gel to a next to the collapse stdt®5]. At its initial stages,
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gelation proceeds throughe percolation of particles. At longer times, particles can detach slowly
from the branches of the gel and get displaced through the sfl%8ntL68] theseintegral changes
induce reconfiguration of the gel network and unavoidable eventual cdll&&el62, 169, 170]

In the present study, dynamics of the collapsing gel is recorded by taking 3D CLSM images,
spanning a cube of 10686x636 um, over the course of time. As showrFigure 2.6, it is evident
that the gel network is initially distributed throughout the whole cell prior to gravitaen collapse.
Because of the mismatchtime density of gel and water (1.6.s0 gem), a gravitydriven flow is
expected. The microscopic changes in the morphology of the network, ending in-dranaty
collapse, are evident iRigure 2.6. In fact, the collapse occurs when the CNC network at low
concentrations could not support its own weight, and precipitadd¢sAnalogous results were also
observed fothe CNC concentration of 7.§/L (in the supportig information). Comparingigure
2.7 and Figure 2.9, indicates that the CNC networks were densified with increasing CNC

concentration.
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Figure 2.6 Gradual collapse of the gel networkth&aqueous suspension ofA. CNC with 10 mM NacCl
concentration as a function of time. The dimension of the visualization box is 100x636x&3Bhendispersion

had a height of 3 mm, and the images were recordin height of ~ 1 mm above the base of the.cell

Figure 2.7 shows CLSM images of the suspension ofAI5SCNC with 10 mM NacCl as a function

of time. Contrary to the results of Figures 6 and S1, the gel structure of CNC wiiiL 15
concentration did not collapse during the time frame of the experiment. Evideatirength of the

gel at 15g/L was high enogh to resistthe gravity effects within the time frame of the experiment.
Indeed, at 15/L, no movement was observed in length scales probed by CLSM. Generally, the
higher the concentration of the CNC, the lower the collapse rate of the network. Streéarations

were reported by Teece et[d56], who performed CLSM imaging of colleigolymer mixture with

thelong-range attraction to study gravidyriven gel collapse.
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Figure 2.7 Depiction ofarobust gel network aheaqueous suspension of @& of CNC with 10 mM NacCl
concentration as a function of time. The dimension of the visualization box is 100x636x&3Bhendispersion had &

height of 3 mm, and the images were recordetedteight of ~ 1 mm above the base of the cell.

2-2-7 Re-dispersion ofalready formed gel

It was noticed that the bonds established between the CNC individual particles in the gel were sturdy
enough to withstand dilution in deionized wat€&his implies thatthe thermal energy of CNC
particles was not enough to overcome the attractive foreemtidg an external source of energy
such as sonication for shattering the structure and dispersing CNC gels in water is ndtigssary

2.8 depicts CLSM images of a CNC suspensiob@/L CNC with 10 mM NaQldiluted in deionized

water prior to andhefollowing sonication. As evident, after sonication for 1 min, the CNC cluster
structure demolished. This observation is in accord with a study reported by Peddiredys8t.al.

This functionality further highlights the versatility of CLSM for monitorthe colloidal behavior of

CNCs.

In fact, dilution with deionized water to a lower effective concentration along witication
induced a partial breakage of the network decreased the aggregate volume fraction below the
percolationthreshold anded to precipitation. Moreover, the bonds formed between CNC clusters
appeared weak because they broke via swellinthéinvason of water molecules, leading to the
disentanglement of the 3D gel into its componédhtshould be noted that sonication was found to

be effective in demolishing the structure of CNC clusters at higher NaCl and CNC concentrations.
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Figure 2.8 Gel network otheaqueous suspension of g& CNC with 10 mM NaCl diluted with 10 ml deionized
water: (a) before sonication, and (b) after sonication for 1 min. The dimension of the visualizati®l @@x636x636
umé, The dispersion had a height of 3 mm, and the images were recotetigight of ~ 1 mm above the base of the
cell

2-3 Conclusion

The additionof NaCl causes aggregation of negatively charged CNCs, which subsequently causes
the formation of selsimilar clusters that grow untdpacefilling gel forms. It was shown that the
addition of salt increased the number of contact points per CNC pdemiing to denser clusters

and elongated particles. SEM i mages reveal ed
with the CNC content, ascribed to a smaller number of associating,@N&€s lower number of
contact points per gel volume. Imé with the TEM images, CLSM was found to be a versatile
technique to monitor the colloidal behavior and gel structure of the cellulose nanocrystals. The results
indicated that the zeta potential and hydrodynamic radius are important parameters tioetrace
genesis of the evolution of the gel structure in cellulose nanocrystals. CLSM images also revealed
that the structure of the gels continually rearranged over the course of time, representing a dynamic
gel. Moreover, the gel was found to be resilientigh ltoncentrations of CNC but collapsed at low
concentrations. The branches connecting clusters were found to be weak, breaking upon swelling
and leaving suspended isolated clusters behind. However, sonication almost completely shattered the

structure forned during gelation.
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2-4 Supporting information (CHAPTER 2)

The experimentakection has been included the supporting information sectiorSupporting
information contains experimental details and schematilbeagradual collapse of the gel network
of theaqueous suspension of g& CNC with 10 mM NacCl concentration as a function of time.

2-4-1 Materials

CNC waspurchasedrom InnotechAlberta with areportedengthof 100-:200nm andadiameterof
5-15nm.Accordingto thesupplier thedensityandcrystallinityindex of CNCss 1.6 g/cni and 80%,
respectively, with an average length of ca. 150 nm by TEM imadespurchasedCNCswere
extractedvia sulfuric acid hydrolysis, leadingto the formation of ester sulfate groups at CNC

surfacesFluorescent brightener 28 (FB 28) (Sigma Aldrich) was used as the staining a2ie8Mn
2-4-2 Materials preparation

3 wit% stock of CNC suspension was prepared by sonication of batch of CNCs in DMatei
of the suspension was measured using a Mettler Toledo Seven Compaetgr{MettlerToledo
135 International Inc., Columbus, OH, USA) and was set to beT@g&.iorc strength of the
suspension was adjusted by additiomobncentrate@0 mM NaClsolution.

2-4-3 Scanning and transmission electron microscopies

TEM and SEM were utilized to study the gel structure of CNCstlambbcation of CNC clusters.
TEM images were geerated using a Tecnai TF20 G2 FEEM (FEI, Hillsboro, Oregon, USA) at
anacceleratiorvoltageequalto 200kV. A droplet(5 ¢ L gf thegenerateduspensionvasdripped
on a carboncoated electromicroscopygrid for improvedobservationThe micro-morphologyof
the developed gelas observedsingascanninglectronmicroscopd&XL30, Philips).Priorto SEM
imaging, the generatedyels were freezalried using liquid nitrogen.A small pieceof freezedried
hydrogelwas mountedonto a silica wafer.A layer of gold wassprayedon thesampledy avacuum
sputterto form a conductive surfacand avoid electrostaticlischarging.The ImageJsoftwarewas

employedo find thedistributionof poresizein thefreezedriedhydrogels.
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2-4-4 Confocal laser scanning microscopy

FluorescenEB 28 stainthatbindsefficiently to cellulosewasusedo monitorthelocationof cellulose
clusters in the suspension. The nitrogen, hydroxyl and sulfonic acid graeips2®are responsible
for stronghydrogerbondingto thecellulosesurfacq171). FB 28 bindsto polysaccharides throudh
1, 3 and?-1, 4 linkages,suchas chitin and cellulose,and s, thereforeableto stain starchbased

materials.

CNCs were labeled with FB 28 dye by adding 20 ppm of the dye to the CNC suspensionideading
physicaladsorptiorof thedyeontotheCNCsurfaceTheconcentrationf thedyeneeds to be selected

below the threshold taeither influence neither the behavior of CNCs nor the gel; however, the
concentration needs to be sufficient to provide enough fluorescence to [CRE]sFollowing

mixing and short sonication of the dye and CNC suspensiorsatimgles were left in the dark
environment for 30 min for incubatior e fluorescence dye with CNC particl&NC suspensions

were then sandwiched between a concave slide and a cover glass. CLSM monitoring was performed
for suspensions at different NaCl and CNC concentrations. CLSM measurements were carried out
with an inverted Nikon confocal microscope {AiLR) equipped with apochromatic lens objectives

of 10X and 20X with resolutions of 500 and 300 nm, respectivelymitrescopg a | a gcanmer s
enabledisto achievehigh-resolutionmagesupto 4096x 4096pixels.
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2-4-5 Zeta potential and particle size measurements

NancZetasizer (Malvern Instruments, Nano ZS, Malvern, UK) was uspbtiezeta potentighnd
sizeof CNC particledispersed and distributed in DI wat€he deviceis alsoequippedwith a zeta
potentialanalyzeithatemployselectrophoretitight scattering for studying particles, molecuykasd
surface. Zetasizerusing light scattering technique to find the mobility of the particles due to

Brownian motiong111].
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Figure 2.9 Gradual collapse dahe gel network ofthe aqueous suspension of GA. of CNC with 10 mM NaCl

concentration as a function of time. The dimension of the visualization cube is 100><636><%36Ppm1dispersion

had a height of 3 mm, and the images were recordix height of ~ 1 mm above the base of the cell
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CHAPTER 3: Cellulose Nano Crystals structure in the

presence of salt

Aggregation and gelation of cellulose nanocrystals (CNCs) induced by magnesium chloride
(MgCly) are investigated as a function of CNC and Mgfhcentrations. Transmission electron
microscopy (TEM) and confocal laser scanning microscopy (CLiSM)nployed to study the
effect of ionic strength and CNC concentration on the extent of aggregation and structure of the
CNC network. The location of CNfarticles is traced with Fluorescent brightener 28 staining
agent. The results show that the addition of different amsafitigCl. causes a cluster formation

of CNCs with different fractal dimensions, confirmed by TEM. The fractal dimension of CNC
clugers is varied from approximately 1.56 + 0.08 to 1.98 + 0.01 as the-MINIT concentration

ratio is increased from 0.17 to 0.42. We use the M@BIC concentration ratio as a global
parameter to correlate the results of different measurements and indatgnigpicluding TEM,

zeta potential, and CLSM. Furthermore, we conduct molecular dysasmaeulations to
guantitatively examine different CNC behavior in Mg€alt CNC suspension. The results on the
potential of mean force (PMF) indicate that the PMFifiécent ions concentration gravitates to

zerg where the distance between CNCs is increased from 3.1 nm to 3.5 nm. However, adding ions
to the system changes the energy of the system and ledkls ddferent behavior of CNC

interactions.

“Moud, A. A.; Arjmand, M.; Liu, J.; Yang, Y.; Sandtiezhad, A.; Hejazi, S. H., Cellulose nanocrystal structure in
the presence of saltSellulose2019 1-15.

ABM did the experimental design, data collection and interpretation, and manusgpgatapian.JL contributed in
molecular dynamic simulations
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Graphical abstract

3-1 Introduction

Cellulose nanocrystal@CNCs) are rod or whisker shaped partigesduced using a hydrolysis
reaction using acid owif wood particles or other resources. CNtis whisker shape and can have
different crystallinity levels depending on the source of cellulose and method of processsgfS
CNCs van der Waals forces, surface charged its distribution hydrophobic and hydrogen
interactiondictate the gel formation and colloidal behajid8]. Electrostatic repulsion among
individual CNCs can be adjusted through reducing charge density, for instandé&tidesor
annealing at high temperatud8]. Shortrange attraction forces between CNCs with addition of
coagulant can be empowered over repulsive foft&8]. Hence, CNCaggregates from a
suspension into a precipted ensemble of clusters or a fractal [§8l 138] Gel formation will
also happen for pure CNCs if concentration reaches thresholtl3 wt% [147]. Selfsimilar
aggregates can also form through addition of coagulant such as salt and adsorbing or nonadsorbing

polymers.There are other methods such as freeze thaw cycles gel formreatranism as well.

60



A study reported by Cherhal et f83] shows gel formatioafter salt introductionChau et al[48]

showed addition of salt causes empowerment of van der Waals forces over electrostatic repulsion
forces Authors also claimed that stiffness of the get@ases with increase in ion size and charge
number on the ion$n another study, Ufea-Benavides et a[174]reported solid to gel transition

point is approximately one order of magnitude lower in presence of coagulant in comparison to
pure CNC.

The soid to gel transition isabruptand dubbedas the critical aggregation concentration
(CAC) via empiricalrelationship ofSchulzé&Hardyempiricalasd 0 8 — where Z isvalence of

counter ionn = 6is a number assigned to thighly charged particles and n azZiumber assigned
for weakly charged particlgg175]. Through experimentaccurate predictionf this empirical
relationship haeen proven over and over foanotube$176], nanofibers of peptidg.77], and
CNC[178-181]

Despite nany recent reports dhe suspensiostability of manytypes of nanaellulose[33,
147, 148, 151, 179, 18P85], to the best of our knowledge, no systematic study has been reported
on colloidal stability of CNC particles with confocal laser microscopy. Moreaghors believe
moreattentionmustbe paid to thampactof these parameters on the aggregates. The structure of
these aggregates and the concentration and valence dependence of the aggregation onset are pivotal

to develop materials out of CNC gels.

In the present study, we seek to present a systematic investigation of CNC aggregation and
network formation as a function of CNC and MgC€bncentrations. Employing transmission
electron microscopy (TEM) and CLSM, the structure of the developed gels aneMtiation are
investigated. Furthermore, employing CLSM, this study investigates the effect of ionic strength
and CNC concentration on the extent of aggregation and structure of the CNC network.
Development of gel structures with controllable porosity asmtg of gelation and collapse
facilitatesthe production of efficient gels with desired porosity, which is pivotal for applications

such as air and water filters and provides an ideal matrix for aerogel nanocomposites.

3-2 Experimental section

3-2-1 Materials
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InnoTech Albertaprovided CNC that had reported length of 16200 nm andhdiameter of 515

nm. The reported density and crystallinity index of cellulose wagknt and 80%, respectively
according to the manufacturer data, with an average length of ca. 150 nm quantified using TEM
images Extraction of CNC happened through hydrolysis W& Qs, with formation of half ester
sulfate functional groups on the CNGduorescent brightener 28§R28) (Sigma Aldrich)was

used to tag CNCs.

3-2-2 Materials preparation

A stock suspension with 3 wt% of CNCs was made by dispersing and distributing thdrspday

CNC powder in deionized water. Suspensions were madeawith of 6.8 as measured using a
Mettler Toledo Seven Compact pideter (MettlefToledo 135 International Inc., Columbus, OH,
USA). The ionic strength of the suspension was adjusted through the addition of 80 mi MgCl
solution. To prepare the final suspension with desired concentrations, sarapediluted with
deionized water (DI) and sonicated for 20 min. UHamication (125 W Qsonica Sonicators Q125
Sonicator, Qsonica) was used for dispersion of CNC into DI water. Ultrasonic treatment was done
in an ice bath to disallow overheating as theface charge of CNC particles is sensitive to

temperaturg50].

3-2-3 Materials characterization

3-2-3-1 Scanning and transmission electron microscoes

TEM was employed to assess the gel structure of CNCsharalcation of CNC clusters within

the evolving structure. TEM images were produced using Tecnai TF20 GZIEMG(FEI,

Hillsboro, Oregon, USA) aanaccel er ati on voltage equal to 2(
generated suspension (or gel) was dripped on a caxdmied electron microscopy grid for

improved observation.

3-2-3-2 Confocal laser microscopy

Fluorescent FB 28 fluorescent dye that bipdsferentally to cellulose[173] was employed to

assess the location of cellulose clusters in the suspension. Cadielfyrdmatic (CA)

interactions from van der Waals forces ({@Hnteractions) and the hydrophobic effect have been
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reported to explaithe adsorption of aromatic molecules to carbohydrates such as cellulose in
agueous environmenits86, 187] These CA interactionas opposed to electrostatic interactions

is possibly responsible for dye binding in our repd86]. It is believed that in our samples, CA
interactionis the main force that attaeeFB28 to CNC.

CNCs were labeled with FB 28 dye by adding 20 ppm of the dye to the CNC suspension, leading
to physical adsorptn of the dye onto the CNC surfadéhe concentration of the dye must be
selected below a threshold that does not influence the colloidal behavior of Z&&gotential

values in our system did not change for sample of 10 g/L CNCs even if the FB28tratimen
increased to 500 ppniHowever,20 ppmof dye was enough for tagging CNG&72]. After
physical mixing of CNC with dye, the samples were ilefthe dark for duration of half an hour

for the dye tagging to happen on the CNCkESM monitoring was performed for suspensions at
different MgCh and CNC concentrations. CLSM measurements were carried out with an inverted
Nikon confocal microscope (AAL1R) equipped with the apochromatic lens objectives of 10X and
20X providing the resolutions of 500ometerd 300
based scanner enables achieving fmegolution images up to 4096 x 4096 pixels.

3-2-3-3 Zeta potential and size measurements

NanocZetasizer(Malvern Instruments, Nano ZS, Malvern, UK) was used to characterize the zeta
potential and the size of CNC particles suspended in DI water. The Zetasizer Nano ZS equipped
with two analyzers was used for the detection of aggregates and the measuresnesit tf
relatively large CNCs (0.3 nm to 10 um in diameter) in dilute samples. The device was also
equipped with a zeta potential analyzer that employs electrophoretic light scattering for studying
particles, moleculesand surfaces. Zetasizer uses thaayic light scattering technique to trace

the movement and size of particles while they are in the Brownian motion rddifijeGiven tre

rod geometry of CNC particles and considering the original developmdime 8tokesEinstein
equation for particles with spherical geometry, the size of CNC particles measured by the Zetasizer
does not represent the real particle size and shape. Neesghit represents an equivalent
hydrodynamic size of particles. Therefore, the resuthefsize measurement presented in this
study has only been used to compare sizes among different CNC samples. To make the

measurements report reliable, the sizesueaments were performed for 10 replicates.
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3-2-3-4 The calculation method of MD simulation

The molecular dynamic simulations were performed using LAMMPS pacKags]
Subsequently, VMD package was used for visualiz4fi8f]. The potential of mean force (PMF)
[190] is computed byhe colvars tool packagel91] in LAMMPS. Van der Wadals interactions

were calculated between different components beifteiBerthelot combining rulegl92]. The

cut off distance is setd.2 nm. The system implies therfiele mesh Ewald (PME) method to
compute the electrostatic interactions. Initially, the energy of the system was miniamdeins
simulation with the NVE ensemble and the NPT ensemble were used. Then, steered molecular
simulation (SMD) and umbrella sghng methods were used to calculate PMF for 45 ns where
thetemperature is maintained at 298 K by Nék#over thermostats. Following the calculation of
PMF for two CNC rods, the first CNC was fixed in place and the second CNC was pulled to the
first one dong the Y direction to compute the free energy.

3-3 Result and discussion

3-3-1 Transmission electron microscopy of CNC suspensions

Figure 3.1 depicts TEM images of CNC aqueous suspensions made at different CNC and MgCl
concentrations. TEM images show the-stdpe of individual CNCs with the aggregation state

for 10 g/L CNC and different concentrations of MgClt is observed that increasing the MgClI

content leads to CNC aggregation, where CNC clusters contasupstantial number of
individual CNCs are imaged iRigure 3.1 A-D. The addition of salt increases the number of
junctions per CNC, leading to denser clusters and elongated particles. In some cases, the apparent
aspect ratio is increased through attachments at extremities. The TEM images of charged CNCs in
the present stydare qualitatively similar to those reported for other aggregatingikedolloidal

particles in the literaturfl42-144).
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Figure 3.1 High magnification transmission electron microscopy (TEM) images of cellulose nanocrystals (CNC) with
10 g/L concentration aggregation at differéviagnesium chlorid¢MgCl,) concentration. (A) 17 mM, (B) 21 mM,
(C) 32 mM, (D) 42 mM. The ratio of salt/CNC varies from 0.17 to 0.42.

It is noteworthy that similar behavior was observed in the previous report forNaIKICsystems

[173]. Also, the compactness of CNC clusters at high salt concentrations ¢f Mo@bserved in

this study Figure 3.1D), is similar to those othe CNC-NaCl coagulated systef3]. A higher
concentration of salt means a higher screen level of surface charges. For jiGtembal et al.

[33] used two different CNCs, with and without charges, and reported thaathal limensions

for charged and uncharged CNCs after the addition of NaCl are 2.1 and 2.3, respectively.
Attainment of denser aggregates for the uncharged CNCs can be translated into a decrease in the
electrostatic repulsion. This result corroborates wiigining denser structures is more probable

at high concentrations of salt.
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A method forfinding the fractal dimension dENC clustered aggregatissthe box-counting
method[193]. A series of boxes with size’ Ipixels are used on the binarizedl®2image of the
aggregateslhe estimation of the fractal dimension technique is findinglibyge of the graph that
correlate the number of boxes with filed pixels labelled\#E)] to size of the primary box sizes
sketched in a double logarithmic diagrafor evenlydispersed andistributed systems} 0 ©
0 , and for isotropic seléimilar aggregates such as CNC hased © 0 , with df is the
fractal dimension. Applying this method to the TEM images depicts gradual changes in the fractal
dimension of CNC clusters from approximately 1.56 + 0.08 to 1.98 + 0.01 as salt concentration
increases from 17 mM to 42 mM. The samples of these changes are sloguré3.1A-D. The
fractal dimensions indicate that the addition of salt at lower concentrations produces less branchy
clusterswhile a higher concentration of salt produces denser clusters. The tecbeshges in the
cluster density are in line with AFM findings of Honord&@s et al[194], reporting the pointier
CNC structures at lower salt concentrations. However, contrary to the above observation, the
known reaction limited aggregation (RLA) to diffusibmited aggregation (DLA) transition
theories predict a decrease in fractal dimension with the addition of more counter ions in the
system. The fractal dimensions reported in the literature are lower for DLA than[RI4A
Further studies are needed to explain the discrepancy.

Due to the anisotropic shape of the rod particles and their nano dimension size, the energy
barriers that disallow the aggregatiof CNCs are not symmetric. As a result, the chance of the
endto-end collision of CNCs is higher than sitteside. However, sidé-side attachment is more
favored from the thermodynamic standpir@5]. The dynamics of entb-end attachment in real
time has been recently imaged by Alivisatos anewakers[195]. The authors depictetihe
parallel alignment of CNCs before attaching at their extremities. This mechanism is kinetically
different from recent studies on linear assemblies of nanonduish dictates an-favored eneto-

end attachment through nomiform surface chemistrig$96, 197]

Furthermore, clsters are found to be porous themselves as individual particles assume
random orientation in the space. Upon increasing the salt concentration, denser aggregates
appeared due to less strong repulsion forces among Ghgisd 3.1). Also, the morphology of
the porous clusters observed here is similar to the morphology of the gels obtained via the

hydrothermal gelation of CNC suspensions where gels are dried with $tgercarbon dioxide
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(COy) [43]. Desulfation happens in hydrothermal treatment of CN@ich accounts for the
decrease in surface charges of CNCs. The similarity between the structures obtained through
desulfation and gelatioshows how the origin of aggregation whiclbisVO forces. Also, it has

been shown that the larger the counter iare,sthe larger the critical concentration for

aggregatiorj198]
3-3-2 Confocal laser scanning microscopy

Figure 3.2 depicts theCLSM micrographs of the gradual structural developments in the
suspension morphology with the addition of Mg@®rom the CLSM viewpoint, in the absence of

salt, the uniform greecolor translates into the absence of aggregation. In fact, CNC suspensions
without salt are uniform, without any gel formatjahus the fluorescence intensity is almost the
same for each pixeF{gure 3.2A). Upon the addition of a small amount of salt (8.5 mM), the first
sign of aggegation appeared in the composition (the bright spotsigare 3.2C). A further
increase in MgCl concentration induces gelation in the systemhich spans the entire
visualization cubesHjgure 3.2D-F). The green regions signify the presence of CNC gel structure
holding FB 28 fluorescence dy&hereas the dark parts indicate Ciit€e regionsThe results

show that the gelation evolutimersus salt concentration follows a classical DLVO ti{d9@] in

which the salt addition gradually favors van der Waals forces over electrostatic forces. The CNC
gel structure rapidly evolves beyond a threshold salt concentration. The lack of further changes in
the microstructure following the addition of more 442 mM and above which are not shown
here) shows that the arrested phase (CNC) is somewhat uniform and insensitive to the salt content

varnations.
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Figure 3.2 Growth of CNC network at 1§/L CNC at different contents of Mg€I(A) 0 g, (B) 4.2 mM, (C) 8.5
mM, (D) 17 mM, (E) 21 mM and (F) 42 mM. The dimensions of the visualization cube are 100x1272x$272 um
The 3D confocal laser scanning microscopy (CLSM) images are rotated to obtain a better view of the gel hybrid

system. Resolution: 500 nm. Images were taken once the salt was added into the mixture. The ratio of salt/CNC

varies from 0 to 0.27
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To quantifyFigure 3.2, the width of the distribution is characterized via normalization of standard

deviation inthefollowing equation

3-1

Where A is the signal emitted by the sampled, denoteghe degree of nowuniformity. The
justification for the accuracy of this formula can be sought if R&]. Signal values were chosen
out of the boxes with sizes equal to the resolution of the imagegshNnamber of independent
boxes across the images. The valugves a rough indication of neimiformity in the gel and is
plotted as a function of Mgetontent Figure 3.3). For each point, the degree of ramformity

is measured for three samples. The valug fafr MgClz increasedecause ofhe increase in salt

concentrationindicating the increased strucal norruniformity across the system.

0.9

0.8} é

-
-

»
e

2
%06 |
S y
o s
Sos5t !
=
Q i
£= i
'S 04 *’
[«}] I
Q ’

r
o3t ’
D +

o
N
s 3

o
Y
-~

G_.‘I

10 20 30 40 50
Magnesium chloride content (mm)

(=]

Figure 3.3 Variation inA as a function of MgGlconcentration for CNC gels with L. CNC concentration

Using SchulzHardy rule, assuming thaurface charge o€NCsis high the ratio of critical
aggregation concentration fthre MgCl. system igoughly estimatedo be 64 times smalléhan
monovalent salfNaCl (33 mM)[173]. Thetrend is consistent witSchultzHardy rule, i.e., MgG

causes gelation to happen sogeeenthougha deviation can be observed in predicti(isserved
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8 mM in Figure 3.2C versus expected (38M/64) 0.5 mM and (33 mM/4) 8 mM for highly
charged and weakly charged particles, respectively. This deviation may be duesysté¢i)
contains particles that are not sphericg@) assuming ionic radius to be negligip#90], and (3)
limited confocal micrograph resolution (3800 nm). Therefore, the onset of gedation can also
happen in salt concentrations bel8wnM.

PhanXuan et al[201] recently reported that the onset of aggregation for Mg@éasured
by turbidiy, is one order of magnitude smaller than the aggregation onset in NaCl hybrid systems.
These results further validate the accuracy of confocal images versus conventional methods (for
instanceturbidity values) regarding the detection of perturbatiorebasd the overall monitoring
of the gelation and microstructure evolution.

3-3-3 Zeta potential and hydrodynamic radius
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Figure 3.4 Semilogarithmic variation of volume percentage as a functiothehydrodynamic radius of CNC.

Inset depicts gradual changes in zeta potentitidedglgCl,/CNC ratio changes from 0 to 0.25.
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The changes in zefaotentials as a function of CNC concenwatare also measured. The result

of these measurements as a functiothefratio of the MgGICNC concentratioms shown in the

inset ofFigure 3.4. The CNC patrticles in the absence of any electrolyte show zeta potential values
of 1T64 mV, similar t o [MgdndShafieSaleteballdog Wehawe Bol uk
used the procedure explained by Shaifie §t.86]to find the sulfate hakster contents. Through
elemental analysis of SEM, the number of (3@Boup per 100 anhydroglucose units can be
obtainedbased on thenolecular formulaof CsH100si (SG3)x and calculatedrom following
relationshipS(wt%) = 10&xSx [6C + 10H +(5 + )O+xS]1[202]. In our experimentshe EDAX

spectra of CNC show the 0.66 % sulfur conterttich translateitself into 3.39 OSEH per 100
glucoseunits. The descending pattern observed as a function of salt concentration is due to the
formation of diffuse layer and retraction of douldger around each partid203]. Theseesults

show that the aggregation is expected even if the salt is added at low concentrations. Technically,
the charge or mobility of clusters could be assessed by electrophoresis measurements. However,
clusters are suspended in a pdigperse sea of cltess and monomersvhich makes the

determination of electrophoretic mobility quite challenging.

The results show that the volume percentage of the particles is shifted towards larger diameters. It
is noted that as time can impact gelation, measuremeibeleasperformed on the samples about

two hours following the introduction of salt. The results here are in line with the observations of
CLSM (sedrigure 3.2) as the addition of salt increases the zeta potential vélerse, intensified

instability in the system.
3-3-4 Dynamics of CNC gel and its relevancy to eventual gel collapse

The gels othe CNC-NaCl hybrid systenare shown through experiments to be dynamic at micro
scale (particle level)173]. Moreover simulations also show that rearrangement of colloids after
gel formation makes the clusters more comgz@t]. Fairly similarly, experimental studisfow

that strands of gedver time becomes thick¢t41, 155, 156] For instance, empirical evidence
throughthe employment of CLSMshowed microstructural changes inside the gel due to these
rearrangemen{d 56-158]. Existing theories developedéaplain these behavior suchkhs a me r 6 s
escapeime theory[155, 159, 160hnd transient network theof¥61]; areconsistent with trends

we observed in CNGalt hybrid suspensioiligned with colloidal behavior seen oaf CNC
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gels, Zia et al[140] recently reported that dynamics and rheology of fractal gels through
coarsening is under influence of rearrangements and the pace of it changes with changes in
interactions between particlesMobility of the proven here can provide a scientific basis for
understanding gel collapse and self healing of CNC gel.

3-3-5 Gravity driven collapse of CNC gel

Coarseningnight be the reason behigel collapsg141, 160] However, thered still debate on
what critical condition should the system reach for the collapse to happen et al[141]

observedcreation of multiple channels and corridors inside thebgébre collapse of the gel
Coarseningcan push the system towards a brink of collapse at which contipooes among

clustersis happening165].

Two complex observation regarding collapse of a gel has been reported. Grad{bbiype
anddelayed response before collapsesdénondcase gel collapses after passage of certain time
This period is under influence of cohesion and size of gel constituent pajtistesi66, 167]
Initially the system experiences attachment of single particles to branches of clusters ledaite at
times, particles slowly detach themselves from the clusters and migrate through the[$68/ent
168]. These integrathanges induce structural reconstruction and unavoidable ultimate collapse
[158, 162, 169, 170]

In the present study, the dynamics of this process is monitored through recording time
evolution of 3D CLSM images, in a cube of 200x1272x1273. igure 3.5 shows thathe gel
network is distributed throughout the cell prior to the collapse. The collapsesatmuto the
dense CNC network is expected (1.6 9 g/cni). The microscopic changes in the structure of
the network, which ended gravity-driven collapse, are evidenthiigure 3.5. In fact, the collapse
is expected due to the inability of the structure to sustain its WE8htA similar trend was also

observed for CNC concentration of g4..

Figure 3.6 shows the CLSM images of the colloid of §& CNC with 52 mM MgC} as a
function of time. Opposite to the results Eifjure 3.6, the gel structure of CNC with 1dyL
concentration does not collapse during the first 30 min time frame. The observed behavior is due
to the robustness of the colloid at L. As a rule of thumbcollapse pace with increase in
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concentration of CNC deeasesTeece et al[156] reported identical observations foolloid-
polymer hybrid systemwith longer range of attraction forces. It is noteworthy to mention that

height in gravity directioms 200 um andcollapse across the system does not happen evenly.

The different behavior observed between two different salt concentrations can béaeced
to the discussion presented by Solomon €1dR] where onecanshow why suspension shows
more elasticity after increase in salt loading. After adjustments in ionic strength of the medium,
system will reach a zone in which intetiao between particles is stronger than thermal motion
forces separating them. Hence, inhibition of particle movement is expected. These inhibitions is
due to effects related to excluded voluf2@5, 206]and/or paininteractions between CNC pairs
dueto attractive van der Waals or depletion for¢267]. Interactions between CNCs due to
movement of individual CNCs can also play a significant j208, 209] The increase in particle
number density or strength of attractive interactions limits the mobility sftwthe orders of rod
radius. After reaching this threshold, system individual components do not mibiah, also
translates into more elasticity and pergodicity. Fractal gels are also system in which particles
stop moving altogether due to physicahtds. The behavior of particle gels and glasses is different

, Which can be observed by techniques such as dynamic light scat2d:dng

Considering the values repattearlier for MgC/CNC concentration ratio (increased
from 0.17 to 0.42) and fractal dimension (varies between 1.56 + 0.08 to 1.98 + 0.01), it is
concluded that fractal dimension between ®igure 3.5 and Figure 3.6 is almost identical
as both fractal dimensions in two figures should be close to 1.98 + 0.01. Therefore, geometry

and compactness of clusters do not influence the rate of collapse in these two scenarios.
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Figure 3.5 Gradual collapse of the gel networktbéaqueous suspension of§fi. CNC with 52 mM MgC} content
in thetime span of 30 min with intervals of 5 min. The dimension ofvibaalization box is 200x1272x1272 gm
and the resolution is 500 nm. The dispersion has a height of 3 mm, and the images are retioedesight of

approximately 1 mm above the base of the cell

74



Figure 3.6 Gradual collapse of the gel networkitbéaqueous suspension of @& CNC with 52 mM MgCJ content
in aspan of 30 min witlintervals of 5 min. The dimension of the visualization box is 200x1272x12%23md the
resolution is 500 nm. The dispersion has a height of 3 mm, and the imagesaded aheheight of approximately

1 mm above the base of the cell
3-3-6 Molecular dynamic simulation

Molecular dynamic simulations are conducted to explore the magnitude of forces involved in the
CNC aggregation process. Specifically, we are interested in finding a correlation between this
numerical simulation and the experimental data digmusbove through the parametertioé
salt/CNC concentration ratio. Literatunese, the CNC molecular structure was first simulated
from Cellulose buildef211]. For the sake asimulation feasibility, the length of CNC rodssv

reduced td.0 nm while maintaining the aspect ratio consf{at]. Each rod was modeled by five
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single chains of cellulose molecules, giving a total length, L = 10 nm, and a diameter of d =1 nm
(aspect ratio is 10)This is approximatel\l5 times smaller than experimental estimatioNs.
significant influences of the reduced size of the rods compared to experimental values were
observed upon simulating the same system with bigger lengths and diarBéte2zswater
molecules, reproducing the water density of 1.04 g/evere packed in thgystem. The effect of
positive ion was simulated by adding #@nd Cl into the system with the concentrations of 25
mM, 50 mM, 100 mMand 200 mM. The box size is 3 8 nm3 12 nm as shown irFigure

3.7A with the periodic boundary conditions in three directions. The CNC rods are fixieel4n
direction to avoid the influence of CNC shaking in different directions while they can still move
in the Y direction. Pcff force field is applied to the systgi2]. In Figure 3.7, the free energy
between the rods is shown for several salt concentrations. The force field parameters considered

in this study are summarizedTable 3.1.
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Figure 3.7 Molecular dynamic simulation. (A) Snapshot of two CNC rods in the sodium chloride solution. The rods
are fixed on the »and zaxis and the rods are parallel (distance between two rods set at 3.5nm). The transparent
material isan aqueous solution in which the Nig yellow, and the Clis blue. In the CNC rod system, the carbon
atom is cyan, the oxygen atom is red, and the hydrogen atom is white. (B) Potential mean force (PMF) of two CNC
rods (T=298 K, P=0.1 MPa) in salts solutions of MgClI
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The PMF graphs, as shownhkigure 3.7B, are used to investigate the interaction between the two
CNC rods. The results of PMF show that the PMF of different ions concentration gravitates to
zerg where the distance between CNCgé@ases from 3.1 nm to 3.5 nm. However, adding Na

and Cito the system changes the energy of the system and |ghésliiderent behavior of CNC
interactions. For instance, when the ion concentration increases above 50 mM for NaCl solution,
the approadng rods receive less resistance. However, at lower concentrations, the two
approaching rods increase the PMF of the system more dramatically. In a nutshell, the results of
molecular dynamic simulation follow the logical mechanism expected for CNC rdusegeards

to forces playin@role in salt solutions. Similar behavior is observed for the My Giter system.

For CNC rods dipped intasolution of MgChwith 25 mM concentration, the PMF values gravitate
towards infinity which means that the two rodsrmot be brought in closer. When the
concentration of M§ is small (e.g 25 mM), onlyafew ions can be absorbed by CNCs. Therefore,

the negative charge of CNC limits the distance that two rods can be brought to one another. Also,
the PMF value fothe concentration of 50 mM for Mgis similar to the PMF value of Nat 100

mM concentrationwhere they both produce quasmilar trends at 3.1 nm.

In the simulations, the ratio of Mg&CNC, considering the number of cellulosic atoms and ions

in the ystem, varies between 0 to 0.0652 when MgGhcentration varies between 0 to 100 mM.

The simulation results show that when this ratio is around 0.05, the act of bringing the CNC closer
together becomes possible. Although the simulation results are olasa agreement with the
experimental data due to the simplification and scaling down in the model, the numerical results
demonstrated to be useful as a helpful guide towards comparing the effect of different amounts of

salt on forces that separate indival CNCs.

Table 3.1 Force field parameters employed in the system.

Atoms/ions Mass (g/mol) G (nm) A (kJ/ r Charge(e)
0*(H20) 15.9904 0.3608 0.274 -0.7982
hw(H.0) 1.00797 0.1098 0.013 0.3991
coh(CNC) 12.01115 0.401 0.054 0.213
hc(CNC) 1.00797 0.2995 0.02 0.053
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c1(CNC) 12.01115 0.401 0.054 0.08

0oc(CNC) 15.9904 0.3535 0.24 -0.266
oh(CNC) 15.9904 0.3535 0.24 -0.5571
ho(CNC) 1.00797 0.1098 0.013 0.4241
c-(CNC) 12.01115 0.3908 0.12 0.2974
0-(CNC) 15.9904 0.3596 0.167 -0.5337
c2(CNC) 12.01115 0.401 0.054 0.027
Na+ 22.99 0.39624 0.738 1.0
Mg? 24.305 0.4053 0.040 2.0
Cl- 35.453 0.3915 0.305 -1.0

3-4 Conclusion

A systematic study on the CNC gelation in the presence of divalent ionprosxded. It is
concluded that the addition of counterion, eithe?My Na&', causes a sudden phase separation in
CNGC-salt hybrid systems. It is also reported that the addition of salt created porossnaaif
structures of CNCs, which aspanned in the whole visualization cube. However, in comparison
with CNC-NaCl systems, clustering occurred earlier and more intensely forMiCl,. The

shape and structure of CNC clusters in the presence ofMglflare revealed using TEM.
Calculated factal dimensions show that the salt concentration affects the morphology of CNC
clusters in a way that at lower salt concentratidass branchy clusters are formed. CLSM
micrographs complement information obtained via TEM, which depicts their powemitonirog

the colloidal behavior of CNC suspensions. Molecular dynamic simulations reveal the extent to
which two CNC rods in MgGland NacCl solutions can be brought together. It is shown that when
the concentration of Mg is small (e.g 25 mM), onlya few ions can be absorbed by CNCs.
Therefore, the negative charge of CNC limits the distance that the two rods can be brought to one
another. Furthermore, the collapse of CNC gels through by gravity is found to be more resilient at
the high concentrations @NC while the rate of collapse is more rapid at low concentrations. For
future works, the protocols and techniques used in this work are suggested to be employed for

finding the difference in onset of gelation based on other divalent ions sucfas Ca
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CHAPTER 4: Nonlinear Viscoelastic Characterization of
Charged Cellulose Nanocrystal Network Structure inthe

Presence of Salt in Aqueous Media

The change in ionic strength of cellulose nanocrystal (CNC) suspensions is shown to contribute to
a respectivechange incolloidal behavior, such as stiffness and fractal gelation. In this study,
dynamic colloidal behavior and stability of aqueous CNC suspensions and their correlation with
nonlinear viscoelastic properties of the CNC gel structures in the presence oéndiffer
concentrations of sodium chloride (Na€#jt were investigated. The microstructure of CNC/salt
suspensions/gels were investigated with a wide range of characterization technique. To obtain
further insight into the network structure of CNC/salt systdanghe first time, nonlinear rheology

of the suspensions/gels was analyzed to correlate maachanical viscoelastic response of the
CNC/salt aqueous systems to structural changes as a response to strain. Feyclintra
viscoelasticity explained utding qualitative LissajouBowditch plots and quantitative nonlinear
parameters, demonstrates a strong dependence of the nonlinear response of the samples to salt
concentrationCNC concentratiorand frequency of deformatiokligher intracycle nonlineaty

was observed upon increasing salt loading.

Graphical abstract

8 Characterization of Charged Cellulose Nanocrystal Network Structure in Presence of Salt in Aqueous-Media, 1
202Q Cellulosg In press

ABM did the experimental design, data collection and interpretation, and manuscript preparation. MK contributed in
rheological measurement and interpretation.
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4-1 Introduction
Cellulose nanocrysta(€NCs) are whisker shape partid2$3]. CNCs also besidebeing slender in

shape, have changeable levels of crystallj@ify8]. To make a thredimensional (3D) structure out

of CNC, we need to gelify CNC particles. Aside from size and shape considethg®en der Waals

forces, surface charges, and hydrophobic and hydrogen interactions are other parameters playing
roles in governing the gelatiocof CNCs[138]. Experiments have shown that electrostatic forces

that keep particles separated can be adjubredigh changes in surface charge densiigh as
desulfation or annealing at high temperasyd8]. Accodingly, strengtheningyan der Waals
interactions among CNCs over electrostatic repulsive forces can induce phase sefdai3ition
Entering to a very concentrated regime, through increasing CNC loading above 10 wt%, has also

been shown to induce concentratbependent aggregati¢pl4].

Similarly, seltsimilar structures of CNC gels can be formedthyaddition of coagulants
such as salts or polymers into CNC suspension. Cherhal[@Bgbresented a study in which gel
formation happened afténe introduction of NaCl into CNC suspension. In another study, Chau
et al. [48] experimentally showed that after increasing the ionic streafjfuspensions, the
electrostatic repulsion among particles becomes weaker compared to attractivargfeforces
such asvan der Waals and hydrogen lolimg. It was also claimed that stiffness of the gel is a
function ofthe charge number of salt and radii of the introduced ions. In another studyaUre
Benavides et a[174] conjectured that the phase transition point for a CNC suspension coagulated
with ions occurs approximately one order of magnitude lower than the threshold of gelation for
pure CNC suspension. Despite the recent reportisemtability of various types afanocellulose
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[33, 147, 148, 151, 179, 18B5], to the best of our knowledge, no systematic study has been

reportedn the literature targeting coildal behavior and stability of hydrogels reported here.

More importantly, given one key application of CNC hydrogelmaking scaffolds for tissue
engineering, rheological analysis of CNC suspensions and mechanical behavior of the formed gels
under external deformation is of paramount importance. For implanted scaffolds, mechanical
properties of hydrogels are vital for providing enough mechanical support topeetisularly in
load-bearing tissues. The stiffness of hydrogels as the substratellfgraw~th and the stresses
generated from the surrounding environment influstteefate growth and migration of different
cells[112, 113] The fate of multipotent stem cells was shown to be dependent on relaxation and
retardation times of the scaffdltiL4]. Moreover, most tissues do not operate uadieear elastic
regime due to the heterogeneitydaanisotropy intheir ingredients, such as a combination of
different cell types and their distribution, directional expansion of cells, and composition of
extracellular matrices and structural proteiifws, taracterizing the linear and nonlinear
viscodastic behaviors of hydrogels &skey factor for engineering and implantation of tissues
[215]. Viscoelastic properties are impactful for hard tissues like [dditg, especially aow strain
rates and within the normal range of body frequency. To know how flawlessly the scaffold material
mimics the tissue being regenerated, their frequandystrairdependent mechanical properties

should be evaluated in detail.

The linear viscoelastic rheological properties of CNC/salt gels have been previously studied.
Lenfant et al[137] studiedthe linear viscoelastic response of electrically stabilized CNCs in the
presence of sodium and calcium ions. It was shown that CNC suspensions coagulate into gels at
20 mM salt concentration, whereas electrically stabilized CNC suspensions could tohevate
higher amount of salt prior to coagulatiemanother study, Shafi&abet et a[136] reported that
for isotropic CNC suspensions, increasing the istriength of the system up to 5 mM Na@Gi
weakelng the electreviscous effects and thus reduces the viscosity of CNC susperiB3asste
the vast literature omhe linear characterization of CNC/salt gels, the nonlinear viscoelastic

rheological properts of CNC/salt gels are yet largely unknown.

Hence, in this work, we performed anrdepth investigation fodynamic colloid behavior
and stability of CNC gelation as well as characteriZing mechanical response of CNC/salt

suspensiongnderdifferent déormations (ranging from small to medium and large deformations).
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The results revealed new aspects of CNC/salt sydieshare not accessible via linear rheology
analysis. Viscoelastic properties of the GN&t suspensions are classified into two caiegaf
inter- and intracycles.We alsoused imaging techniques to interpret the correlation of rheological
properties with the stability of CNC/salt suspensions.

4-2 Experimental section

4-2-1 Materials

InnoTechAlberta was the provider of the CNC with reported lengtthaspan of 20200 nm
andadiameter of 8§15 nm. Based othe manufacturer datasheet, CNCs were extracted with acid

hydrolysis processvhich causes negative charges to appear on CNCs.
4-2-2 Material s preparation

CNC powder in DI water was sonicajeshd a stock suspension with 3 wt% CNCs was prepared.
Suspensions were made wilpH of 6.8, measured using a Mettler Toledo Seven Compact pH
meter (MettlesToledo 135 International Inc., Columbus, OH,A)SThe ionic strength of the
suspension was adjusted viee addition of 200 mM NaCl. To make the final suspension with
desired concentrations, the samples after dilution with DI water were sonicated for 20 min. Ultra
sonication (125 W Qsonica Sonicat@425 Sonicator, Qsonica) was employed for suspending
CNCs in DI water. The ice bath treatment was done to prevent overheating on the surface of CNCs

as the surface charge of CNC patrticles is sensitive to temp€i@ilire
4-2-3 Materials characterization

4-2-3-1 Scanning electron microscopy
The gel structure of CNC clusters and mianorphology of the developed gel was evaluated using
XL30 Philips SEM. Prior to imaging with the SEM, the generated gels were foeezusing
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liquid nitrogen. A small piece dhefreezedried gel was mountechito a silicon wafer. Aayerof

gold wasthen sprayed on the samples, to limit electrostatic discharge.

4-2-3-2 Zeta potential measurements

NancZetasize(Malvern Instruments, Nano ZS, Malvern, UK) was employed to measure the zeta

potential and size of CNC particles suspended in DI water.

4-2-3-3 Rheology

Rheological measurements were performed using an Afsan MCR 302 rheometer equipped

with a50 mm diameteconep | at e geometry (cone angle of 1A
the desired stabilized morphology, a resting timé@®min was used in the rheometer following

the CNC loading. The strain amplitude sweep experiment was carried out within theféhg

to 1000.0 % and a&n angular frequency of 1 rad/s on all samples to deterrfiadinear
viscoelastic regime (LVR). Based on the results of this experiment, the strain amplitudéwf 1

was determined to be small enough to keep the deformatitreiLVR. All experiments were

carried out at room temperature.

The rheometer was placed in a rigid and mechanically stable environment to minimize
mechanical noises and apply large amplitude oscillatory shear (LAOS) to the samples. To obtain
full wavefom of shear stress and strain, the material was strained at constant frequency and
amplitude. LAOS data were collected afie cycles for each strain amplitude. Rheological tests

were performed on triplicates and quadruplicates for each sample.
4-2-4 Background

LAOS is a technique with expanding popularity among researEh24s 126] This approach is
destined to mark the onset of nonlinearities in complex materials. The LAOS tests involve

oscillation cycles at multiple strain amplitudes.

In the LAOS region, the sinusoidal input strain waveform is translated to-aimasoidal stress
response. There are various approaches to analyze th&nosoidal stress responseich as
Fourier transform rheology (FTheology)[127] and stress decompositiph28] methods. The

shear stress, ( can be inscribed as-phase and otaf-phase components of a tirdemain
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Fourier series of odd harmonjt&9] being in steadiygtate condition for anscillatory inputstrain
¢c o t OEN o:

A<« 5B q.0h Tisdo «gewhs "Hi “lo < 4-1

In the above equatiof, is strain amplitudeand™O and"O are amplitudes afi harmonics with
frequenciesr{ ¥. In the linear viscoelastic framework, the output stress wavefotireisnly

function of the first harmonic coefficients, p. The emergence of higher harmonics in the
resulting streswaveformdepictstheappearance ofamlinear viscoelastic response, meartimag

the stress signal cannot be displayed by a simple sinusoidal waveform any longer. Furthermore,
‘@and @ lose their physical meaning in the nonlinear region, meaning another technique should

be implemented toxplain the output stress signal.

FT- rheology is developed based on a sophisticated mathematical framework that is a powerful
technique to spot nonlinearities and higbedler harmonics in the stress waveform. However, it
cannot give a clear physical inpeetation of higheorder harmonics and the resulting nonlinear
behavior§l30]. So, this method is insufficient to describe the material response. In 2008, Ewoldt
et al[130] proposed novel measures basethastress decomposith method introduced by Cho

et al[128] in 2005 to give meaning to LAOS results.

Based on symmetric arguments proposed by €hal,[128], the generic nonlinear stress

response,( 0 ) can be decomposed into superposition of elastic and viscous stresses as below:

1) elastic stress componepggas an odd function of normalized strain —),

2) viscous stress componeptd as an odd function dhenormalized strain ratey 0

—). Thus, the total resulting stress can be describdtkdsllowing:

,0 , 0 , 0. 4-2

Afterward,Ewoldtet al[130] suggested a polynomial regression fitteelastic ,, ) and viscous
(, lines. In their work, they argued the limitation of different polynomial basis functions, such
as Jacobi, Laguerre, Hermite, Chebyshev of the first and second kind, and Legendre. Considering

the mathematical and physical limitations, e.g., elgstjcard viscous (  stresses are
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orthogonal over a finite domain, they proposed that the set of Chebyshev polynomials of the first
kind is the best choice for fitting the output stress contributions. Then, the saatabshed a

physcal interpretatiorof nonlinear viscoelasticity using Chebyshev coefficients.

Based on this method, a series of Chebyshev polynomials of the first kind in the orthogonal
space made up of the input strain and straia can be used to represent the elastamd viscous

» Stress components via the following equations:

acd i =r BQ1H "Ywh 4-3
o i =r Bo1hH Y& 4-4
whereaf — —andw —  —depicts the normalized version of strain and strate, andY

symbolizes Chebyshev polynomia@Ddnd Gddre elastic and viscous contributions and have
units of modulis (Pa) and viscosity (P&)s respectively.

The criteria for specification of tKe phys
andadd Aii s def i ni ngandh eAs themagnitude df gachdhebyshev coefficient
decaysmonot oni cal | yéoby t iherdert @alysiev goefficient(andv )
determine the concavity of the elastic and viscous stress curves. According to these coefficients,
the following intracycle nonlinear behaviors can bbserved: strahstiffening (Q 1), strain
softening Q ), sheadthickening 0 1) and sheathinning @  m[130]. Moreover,the
nth-order Chebyshe coefficient and Fourier coefficients can be related to each othdheia

following equationg130]:

Q O o T 4-5
O 4-6

In the nonlinear regime, the measured dynamic moddar{d"O ) do not have a clear physical
meaning. Hence, using®and @8, &woldt et al[130] defined local viscoelastic moduli and

viscosities to interpret the distorted stress signal. Hence, comparing the local viscoelastic moduli

(i.e., largestrain modulus~ k "0O) and minimunastrain modulus-{ k "0O)) can assist

to interpret intrecycle elastic nonlinear behavifit30]. It is noted that botfO and"Oconverge
to linear elastic modulus in the linear viscoelastic region, Qe.7"O="0="0. Table 4.1 ands

Table 4.2 help to determine the nonlinearity based on the defined parameters. elastse

85



measures have been used by Eweldi@l [130, 131]to develop a dimensionless index for

interpretation of intracycle elastic nonlinearity defined as:

X 4-7

S(strain stiffening ratio) value equal to O corresponds to linear viscoelastic response, a positive
indicates intrecycle strainstiffening behavior, and a negati8és indicative of intracycle strain

softening. Like the abovmentioned elastic meassteviscous parameters have been introduced

to characterize intraycle viscous nonlinearity. In this context, a set of local dynamic viscosities

have been defined as minimenate dynamic viscosity— k — and largerate dynamic

viscosity- k —d130, 131] Similar to the elastic measures, in the linear regime, dynamic

c
viscosities converge to the linear real viscosity value —, i.e.,d .= du= d The dimensionless

index for dissipative (viscous) intigycle nonlinearity has been proposed as:

Tk 4-8

T=0 signifies linearity,T>0 implies intracycle sheathickening, andl<0 corresponds to intra

cycle sheathinning behavior It should be born in mind that there asther methods and
approaches, such tie sequence of physical procesfE32] and intrinsic nonlinearity133, 134]

which researchers ed to interpret nonlinear data. Compared to the mentioned methods (e.g., FT
rheology), the method that we used in this work provideshasphysical interpretation of
nonlinearity with the aid of unambiguous material measures, which quantify nonlirsar atel
viscous behavior, simultaneously. Thus, this method provides us with more substantial information
regarding the mechanism governing the microstructural changes under LAOS flow.

4-3 Result and discussion

4-3-1 Morphological characterization of freeze-dried hydrogels under SEM

Figure 4.1 shows SEM images afistantlyfreezedried samples of 2¢/L and 30g/L CNC mixed
with the salt content of 42.7 mM, 85.5 mMnd 172 mM, imaged at 250x and 1000x

magnifications. It appears th#éhe morphology of samples varied at different salt and CNC
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contents. Similar morphological changes were observed using confocal irrages @.7). The

sample with 2Qy/L CNC and 42.7 mMsalt shows the finest pore sizZéidure 4.1a). The salt
particles appeared brighter in backscattered images of the samples, have a homogenous
distribution across the images. The nature of brighter particles was verified with E£nergy
Dispersive Spectroscopy (EDS), confirming the composition of sodium and chloride elements (not
shown here). Alternatively, the effect of salts on agglomeration and onset of the gelation in the

colloids can be quantified using transmission electron microscblpi) images (readers are

referred to our previous wdik7 3]).
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Figure 4.1 Scannin

At the lower concentration (42.7 mM) of sdtir both concentrations of CNC, phase separation
seems taccurat initial stageslt also stands out that for different concentratiohCNC (20 vs

304g/L), studied using SEMheinitial morphology development is different.

The analysis ofTEM images of the same system (NaNIC) [173] using the box-counting
method shows that the fractal dimension of CNC clusters varies from approxithately8 N 0. 0 €
t o 1. 8when\theRaCIICNC concentration ratio is increased from 0.05 to 0.5. Results of
Figure 4.1 shows that at joinighefractal dimension follows the same trend of having pointier
junctions versus more compact junctions at higher salt concentrations. Variation in system ionic
strengthcauses shift inthe coagulation mechanism from diffusidimited growth regime (DLA)

to reaction limited growth regime (RLA&s highlighted in our previous wofR16]. CNGC-salt

system is dgamic atthe micro-level and undergoes compaction and sedimentation depending on
salt and CNC concentratism a processalso known as coarseninbhe dfect of coarsening on
thefractal dimension has been studied through numerical simulatio@ey et al[217] where
coarsening length scale and interfacial area of the fractal chestea powerlaw dependency on

time whilethemass fractal dimensias shown to stay invariant.

A simple pore size measurement based on indesgdtware also shows thtte porosity changes
on average for CNC 29/L from 9.6 um, 27 um and 27.3 um when salt loading changes from 42.7
mM to 172 mM respectivelyFor CNC 30g/L samplesporosity changes oaverage from 11.6
pm, 26 umand 27.8 um when salt loading changes from 42.7 mM to 172reddectively. These

results show that withnincrease in salt concentration in both CNC loaditiysaverage porosity
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increases. For these calculatipmsthe case of norspherical poreghefirst area was measured

and then diameter was estimated accordingly.

In addition to the result of SEMve monitoredheevolution of CNGsalt structure using confocal

laser microscopywherethe results arpresented ifrigure 4.7 andFigure 4.8.
4-3-2 Zeta potential measurement

The zetgpotential was measured for CNC/salt suspension samples with the CNC concentration of
0.5¢g/L and salt concentrations ranging from 0 to 102.7 rRMUre 4.2). Since the gelation is
influenced by time, the zeta potential measurements were performed on the $anaflest one

hour following the introduction of salt into the suspensions. The CNC particles in the absence of
any salt showed zeta potential valuesoi 6 4 mV, akin to valldrlasdd obt ai
ShafietSabet et al[136]. The formation of a diffuse layer and retraction of a double layer around

the particless the primary reason for observing the ckasding trend of zeta potential as a result

of theincreag in the salt concentratid203]. These results evidently show that the aggregation is

expected inthe salted systerrevenin the presence of a small amount of salt concentration.

Since the system becomes cloudy at higher CNC concentrations, it is challergyatutde
the gel structure microscopicallidowever, similar changds zeta potentials are expected for
higher CNC concentrations. The charge and mobility of clusters could be estimated by
electrophoresis measuremeNbnetheless, clusters are suspended in a-gisperse ocean of
monomers and clustemshich complicates mearing the electrophoretic mobility of the mixture.
The discussion on the mobility of clusters and CNC monomers is out of the scope of this work and
reader are referred to the work of Groenewold gaB].
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Figure 4.2 Changes in zeta potentials of CNC suspensions at a fixed concentratiog/f ONC and as a function

of NaCl concentrations.
4-3-3 Linear viscoelastic behavior of CNC suspensions

The linear viscoelastic behavior of CNC solutions was evaluated using smatLdmpkcillatory

shear (SAOS) tests (please s@gure 4.9 andFigure 4.10). The results ofhelinear viscoelastic
response confirm the géke behavior of the CNC aqueous systems in the presence of salt.
Moreover, comparingFigure 4.9 and Figure 4.10 reveals that increasing either CNC
concentration or salt concentrati@ads to an increase in the value of linear rheological parameters
(e.g., storage modulus@), loss modulus G"), and complex viscosityt(f|)), verifying the
formation of a stronger microstructure. This is in line with imaging results, confirming gelation by
CNC clusters formation in the presence of salt. These results will be used in order to explain

nonlinear data.
4-3-4 Inter -cyclenonlinear viscoelastic behavior of CNC suspensions

Unlike SAOS flow, large amplitude oscillatory shear (LAOS) tesénot restricted to a narrow
strain range and, thus, provide further insights into the network of the suspensions or gels.

Moreover, LAOSexperiments unravel the underpinning physical processes responsible for the
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failure of the microstructur§219-224]. Figure 4.3 shows the strain amplitude dependence of
dynamic moduli G; andGy)) of the 20g/L CNC samples containing different amounts of salt.
Figure 4.11 compareghe strain dependency ahe dynamic moduli of suspensions at different
CNC concentrations. Both storage and loss moduli are indepeoidiet input strain amplitude

in thelinear viscoelastic region (LVRJ{gure 4.3). In line withFigure 4.9 andFigure 4.10, the

value of the plateau moduli in LVR increases with increasing salt content. Moreovey >tksga
condition in small amplitudes indicates the dominance of the-Bkéicbehavior for the 2@/L

CNC samples aaresult of gelation in the presence of salts. However, beyond the critical strain
amplitudeg, i.e., strain at which linear to nonlinear viststic behavior occur§;, features a
dramatic drop whil€5/; experiences a slight increasereach a maximum value followed by a

dramatic decrease (overshoot).
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Figure 4.3 Oscillatory amplitude sweep response of CNQga0suspensions containing different amount of ¢
((@ 1.72, ) 17.2, €) 34.4, @) 85.5, €) 172 mM) for strain amplitudes pf =0.1-1000% at an angular frequent
off lrad/susingaconel ate geometry (at a truncat i en()COriticall

strain amplitudey. (linear to nonlinear transition) and crossover strain amplitpdgolid to liquidtransition).
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One can expect four different types of viscoelastic nonlinearity upon exceeding the lihet of
linear viscoelastic regiomype | stream (stratthinning) that is a common behavior observed in
polymer melts and solutions and occurs where BgndG,;decrease ithenonlinear region as

a result of reduced local drag the alignment of network segments with the flow field; Type Il
stream (strawhardening) occurs where bo@y and G increase; Type Il stream (weak strain
overshoot) occurs whef&;decreases whilg;first increases and then decreases; Type IV stream

(strong strain overshoot) occurs wh&gandG/;first increase followed by decreasing.

The drop in storage modulus of the CNC/salt samples at increasing strain amplitude is conjugated
with an increase in loss modujughich confirms that CNC 2fJL-salt samfes follow the type I
nonlinear viscoelastic behavidfigure 4.3). The same behavior was observed for CNG/I30

salt suspensions/gelBigure 4.11). After the weak overshoot @, the rate of the decrease@i

is more severe in comparison@g; (Figure 4.3). Therefore, at crossover strain amplitude at

each salt concentratio®,;becomes smaller thdby;, revealing solieto-liquid transition as a result

of breakage in the CNC network strugat sufficiently large deformations.

Chen et al[225] studiedthe rheological behavior of nanocrystalline cellulose (NCC)ha
agueous solution of poly (vinyl alcohol) (PVA) wistflexible chain stucture and carboxymethyl
cellulose (CMC) with semiigid chain structure. The authors observed type Il behavior for
NCC/PVA systems while NCC/CMC showed type | behavior. They claimed that type 11l behavior
of NCC/PVA systems originates from flocculatedustures of NCC particles by adsorption of
PVA chains and bridging effect. However, in our CNC systems, it is believed that the weak
overshoot is because of the formation of weak structural complexes in medium amplitude region
(shearinduced structures]226]. This could be attributed to the decrease in the -paeticle
distances in the suspension/gel systems by applying the shear force, facilitating the process of
shearinduced network formation, leading to a larger number of-lmeating junctions (physical
bonds, e.g., ionic forces) during the transition into the neafinegime of deformation. Moreover,
increasing the content of the ssitiftedthe location of bothg: andgr to lower strain amplitudes
(Figure 4.3f). This is attributed to the formation of a much stronger network upon increasing the
salt content, which yields at smaller deformatig@%9, 220] In fact, increasing both salt
concentration and CNC concentration causehift in critical strain from linear to nonlinear
regimes to lower valuesThe cependency of elasticity of the structure has also been observed in
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colloidal glassg227]. This is attributable ttheincrease in attraction strength of bonded particles

responsible for bridging clustej228].

Fractal dimension is a mathematical parameter that repsebertompactness of clusters that
fabricates the overall fractal gel. the morphology sectionby comparing TEM imageshe
connection between salt/CNC ratio drattal dimension was deduced. It was found that increase
salt/CNC ratio makes the clusters more compact. Upon comparing trends in which critical strain
increases witlhe salt/CNC ratio, it can be conjectured thia fractal dimension is impactful on
thecritical strain. As bond breakage in a gel starts with particles that link the R2#%&ra28]
together in a gel, it is expected thia¢ geometry of the intecluster structuress important. In fact,

Shih et al.[229] proposed a scaling model relating the rheological properties of viscoelastic
systems to particle concentican and particularlyhefractal dimension. Based on their definition,

in a stronglink regime, intefrcluster links are stronger than the irttaster links. They envisioned

the gelation process arttie emergence of a soliike rheological behavior inhe frame of
aggregating fractal flocg.he nodel proposed by Shih et §229] connects mathematicalty to

d. It is worth mentioning that align witBhih et al.[229] model, our data shows that increasing
concentration of CNC at constant salt values increases the eladtitieysystem.

Wu et al[230] proposed a scaling model to relate the structure of the colloidal gels to their elastic
parameters. In this context, the authors utilized storage modulus and the limit of linearity of
different systemstovo al i dat e their rheol ogical modhel . The
situation where the weakest bonds bresid the linear elastic behavior vanislies and s howec
that by increasing the loading of the nanofilléhe limit of the linearity incrased for the weak

link regime and decreased for the strding regime. Hence, considering the result&igfure 4.3f

and the above discussion, it can be concluded that CN§ZL(2Balt systems can be considered

asastronglink gel.

To get further insight intdhe network structure of the CNC/salt systefmem the nonlinear

rheological point of view, we studied the inttgcle viscoelastic parameters in the next sections.

4-3-5 Intra -cycle nonlinear viscoelastic parameters
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In previous sections, we provided information regarding the-oytele viscoelastic behavior of
the CNC/salt systems in both linear and nonlinear viscoelastic regionsomplement the
nonlinear viscoelastic characterization of CNC/salt suspensionsfygt® find the origin of the
nonlinearity, the intraycle viscoelastic behavior of the samples is studied below. To our
knowledge, this is the first study systematically exploring the-mycée behavior of CNC/salt

systems at various CNC concentratioset concentrations, and frequencies.

Any intra-cycle nonlinearity can be discerned by excitation of higher harmonics in the output
stress waveform, leading to the divergence of local viscoelastic m&@Qulargd "O) and local
dynamic viscositieg~ and— ) from each othefrigure 4.4 shows local viscoelastic modulY
and’O) and local dynamic viscosities ( and— ) as a function of input strain amplitude for CNC

20 g/L at two different salt contents (sEggure 4.11 for CNC 30g/L suspensions/gels results).
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Figure 4.4 Nonlinear viscoelastic measures of CNC¢Q-salt as a function of strain amplitude at an ang!

frequency of

at

1 rad/s obtained usingacope at e

geometry

(

at a truncat

2 & By@amic (iscosities{ and- ) and p) local viscoelastic moduliQ@ and"O) for CNC 20g/L- 85.5

mM salt. €) Dynamic viscosities{ and— ) and @) local viscoelastic moduli©@ and"O) for CNC 20g/L- 172

mM salt.
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Based on the results Bigure 4.3 andFigure 4.4,"0O and"O are equal and converge to the linear
storage modulu&; in the LVR. Upon the initial departure @ and"O from LVR beyond the
critical strain amplitude, botAhO and "Odecrease, indicative of inteycle strain softening
behavior (consistentith Figure 4.3). However, the rate of the decreasé&nand™O is different,
leading to emergence of intcycle elastic nonlinearity. In this regard, the ststiffening ratio
(S is employed to recognize the type and extent of icyide elastic nonlinearity with a better

resolution.

Similarly, the relative belagor of — and- provides valuable information about intand intra

cycle dissipative feature of the suspension systems.-Bo#amd— are close to each other in LVR

and are strain independent. However, leda the nonlinear region, nanly — and- are no
longer equal but also behave differentiygure 4.4a andc), making the interpretation of intra
cycle dissipative (viscous) behavior of the samples challenging. Hence, for a simpler

representation of the viscous irtrgcle nonlinearity, we utzed the sheasthickening ratio (Y.

The type of intrecycle nonlinearity can be easily discerned uSiagdT indices (sedable 4.1and
Table 4.2). Figure 4.5 shows these parameters at different deformations for CN@/I20
suspensions and at two different salt contdfitpufe 4.12 shows similar results for CNC 2fiL).

In concert withFigure 4.3 andFigure 4.4, SandT are roughly zero ialinear framework, meaning
that no intracycle nonlinearity occurred in CNC/salt systerBindex increased and became
positive andshowed a maximum valu&fay) in medium amplitude oscillatory shear (MAOS)
region @ = 10-100%)), followed by a dramatic decreagmn further increasing the deformation
towards the maximumnstrain amplitude(gp = 1000%). Therefore, the intycle elastic
nonlinearity of CNC/salt sugmsionss strainstiffening behavior, whereas their ini@ycleelastic
nonlinearity was straisoftening (decreasing trend in bé@ and’O, seeFigure 4.3 andFigure
4.4).
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Figure 4.5 Elastic § and viscousT) intra-cycle nonlinearity indices as a function of strain amplitude for CN(
g/L suspensions at 85.5 mM arid/2 mM salt contents, measured using a quate geometry (at a truncation
101 em and cone ¢ andanguagflequencyfef=1 fajl/s. Bchematiés show the state of
systems in each regime.

Increasing the salt content shifted the valu& ofdex to greater values (upward shift) in all the

probed strain amplitude window (i.e., more pronounced-iycde strainstiffening behavior). The
intracycle strainstiffening behavior in medium strasmplitudes mainly stems from breakage

and compression of the CNC agglomerates in response to the increasing deformation and shear
rate in one cycle. This collapse in the CNC agglomerates led to an increase in the surface area of
the CNC clusters which reléeid ina shorter distance between the clusters and, consequietly,
formation of the higher number of active junctions contributing to the netw@l] (shear

induced network formation, this is in complete agreement with weak strain overshoot behavior
observed irFigure 4.3). This phenomenon takes place ughe strain amplitude at whicBnax

occurs. Afterward, further addition of deformation destroys the 3D network by overcoming the
interactive forces among individual CNCs and CNC agglomeratebyatit orientation of the

network elements, leading to a decreas®value.

The drop inSvalue occurs approximately at a strain amplitude at whiobhcomes negative
(intra-cycle shear thinning behaviofhe regativeT index also shows a widespread rupturthe
network structure of CNCs artble reorientation of the rigid individual CNCs and agglomerates
parallel to the flow direction. However, prior to initgcle shear thinning behavidhe T index
slightly increases from roughly zero values to smalltpasialues (intrecycle sheathickening

behavior) inthe MAOS region Figure 4.5). This behavior is more pronounced for CNCd3D
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suspensionsHigure 4.12) and may be attributed to the breakage of the rigid CNC aggregates,
magnifying the dissipative feature observed during the transition into the nonlinear regime. In the
next section, we studied the effect of frequency of deformation on thecyuie viscoelastic

parameters.
4-3-6 Frequency dependence of intracycleviscoelastic parameters

The strain dependence®f andG,;for CNC 20g/L-salt 85.5 mM at different angular frequencies
(¥ = 0. &ndl10.0rad's) is showd iRigure 4.14. The CNC/salt suspensions showed type

[l viscoelastic behavior at all frequencies of deformation {Sgare 4.14), indicating that the

type of theinter-cycle viscoelasticity of the CNC/salt systems is frequency invariant. However,
both SandT indices were significantly dependent on the frequekogufe 4.6). By increasing

the frequency, the transition from inicgcle sheathickening to mtracycle sheathinning
behavior shifted to higher strain amplitudes (5eégure 4.6). Moreover, in the LAOS region
(>100%) the absolute value of thE index decreased upon increasing the frequency. Also,
compared toheT index,theSindex is shown to be more sensitive to the applied frequé&ngyre

4.6). The value ofbnaxwas approximately the same at frequencies of 0.5 and 1.0 rad/s. However,
upon increasing the frequency to 5.0 rad/s and 10.0 &désiramatically increasednd at larger
deformationsthe intracycle strainstiffening behavior switched to int@ycle strainsoftening
behavior. These results prove the extreme sensitivity of theaptta nonlinearity of the CNC/salt
suspensions to the imposed frequency of the deformation. Since shear flow inhomogeneities might
have effects on flow kinematics and vistastic response at extremely large deformations
associated with high frequencies, the data poinSinfiex at very large deformatiog$600%)

and large frequencies (5 rad/s and 10 rad/s) were not further discussed.
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Figure 4.6 Elastic § and viscousT) intra-cycle nonlinearity indices as a function of strain amplitude for CN(
g/L suspensionat 85.5 mM salt, measured usingacpne at e geometry ( atandaone tip
angle of 1°) at 2&C and angular frequency dd)(0.5, b) 1, () 5, and ¢) 10 rad/s.

Based on the above discussions, studying the nonlinear viscoelastic parameters of CNC/salt
suspensions revealed a drastic difference between their gmer intracycle viscoelastic
responses, which in turn can deliver more meaningful data regardingdtestnucture of the

system. These results are not accessible via a simple strain sweep test, which presents purely
lumped viscoelastic functions providing an overall measure ofayige nonlinearity. Moreover,

it was observed that intieycle nonlineaparameters are sensitive to any changes in microstructure
(e.g., increase in CNC or salt concentrations) and any changes in the condition of the tests (e.g.,
increase inthe frequency of deformation). The same conclusion can be deduced based on

LissajousBowditch plots (se€igure 4.15andFigure 4.16 and the corresponding discussion).

4-4 Conclusion

This work provids a systematic study aifie microstructure of cellulose nanocrystal (CNC) in
aqueous media in the presence of NaCl salt usaugrdbination of imaging techniques and linear

and nonlinear rheological analyses. It is concluded that the addition of counter ion causes a sudden
phase separation in CN&&lt hybrid system The nonlinear rheology analysis was employed to
understand the l&ionship betweerthe macremechanical response of the CNC/salt aqueous
systems and narsrale structural properties.istshown that nonlinear viscoelastic measures are
extensively sensitive to subtle changes in internal microstructures and yieldle@ahiabnation

regarding the samplasetwork structure. For instance, the shape of the Liss&ouslitch plots
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becomamore distorted upon increasing the salt concentration. Additionally;aptée nonlinear
viscoelasticity of the CN&Galt samples shogvtype Il viscoelastic behavipmwhile the elastic
intra-cycle viscoelasticity of the samplisstrainstiffening. Moreover, the intraycle viscoelastic
parameters demonstrated a strong dependency on the frequency of deformation. Théese canno
obtained with such clarity via rheological parameters obtained within the linear framework or a
simple strain amplitude tegthe correlation between the microstructure and viscoelastic properties
under large deformations providesomprehensiveguidarce for the fabrication of high

performance materials with precisely controllable microstructures and mechanical behaviors.
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4-5 Supporting information (Chapter 4)

4-5-1 Confocal laser scanning microscopy

Micrographs captured by confocal laser scanning microscopySNIJ show gradual
microstructural changes in the suspension sample gfl2CNC and with the addition of-072

mM NaCl (Figure 4.7). CNC suspensions in the absence of salt are homogeneous without any
agglomerationthus the fluorescence intensity is almost constant for all pikalare 4.7a). Upon

the addition of a small amount of salt (i.e., 42.7 mM), the first sign of aggregation appeared in the
composition (bright spots irFigure 4.7b). Further increase in salt concentration induces
perturbations to the system and covers the entire visualization dtigese(4.7c and Figure

4.7d).

200 pm 3 200 pm
. L

200 pm 200 pm
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Figure 4.7 The growth of cellulose nanocrystal (CNC) network ag20CNC and at different contents of sodiu
chloride (NaCl): (a) 0 mM, (b) 42.7 mM, (c) 85.5 mM, (d) 172 mM in deionized water (DI). The dimensions
visualization cube are 100x1000x1000 duriihe threedimensional (3D) confocal laser scanning microsci
(CLSM) images are rotated to obtain a better view of the gel hybrid system. Images were taken immedia

adding the salt into the mixture. Resolution: 500 nm

The green zones represent thisience of CN@erturbed structures carrying FB 28 fluorescence
dye, whereas the dark zones indicate Gidpleted zoned hese results are in agreement with a
classical Derjaguin, Landau, Verwey, and Overbeek (DLVO) thE®&9] in which the addition

of salt gradually empowers shaoenged van der Waals forces over laagged electrostatic
repulsive forces. The CNC gel structure grows rapidly beyond a threshold foorsedintration.

The lack of further variation in microstructure observed with the CLSM signifies that the fractalled
CNC phase has become insensitive to the variation in salt corftégtsre 4.8 shows similar

behavior for the CNC samples with &L concentration and in the presence of different salt

concentrations.

200 pm

200 pm o t 200 pm
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Figure 4.8 The growth of CNC network at 3L CNC at different contents of NaCl salt: (a) 0 mM, (b) 42.
mM, (c) 85.5 mM, (d) 172 mM salt. The dimensions of the visualization cube are 100x1272x127ham
3D CLSM images are rotated to obtain a better view of éhégprid system. Images were taken immediate

after adding the salt into the CNC mixture. Resolution: 500 nm

4-5-2 Linear viscoelastic behavior of CNC suspensions
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Figure 4.9 Linearviscoelastic characterization of CN&lt solutions/gels for CNC concentration and at diffet
salt concentrations. (a) Storage modulus (G'), (b) Loss modulus (G"), and (c) Complex vidcsay NC/salt
solution at different salt concentratiorms train amplitudes of 1% using a ceplate geometry (at a truncation
101lem and cone teC.pd) d@he gtdrage notlulud (&) veraus sal? concentration at an ai

frequency of 1 rad/s

Linear viscoelasticity of the CNC solutions waseasured using oscillatory amplitude shear
(SAQS) tests (e.g., frequency sweep). The network structures and dynamics of CNC suspensions

that interact via pair potentials and experience Brownian motion are strongly interrelated to the
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rheological paramete[832]. The results show that the storage modulus (G') of the CNC (20gr/L)
salt system increases with the increase in salt concentr&igurd 4.9a), although the increase

in G' follows a descending trend ended up to a platéiguie 4.9d). Reaching to a plateau is an
indication of the formation of a strong gel. A similar behavior of G' dependency to salt
concentration was detected for the CNC gel with 30 gr/L CNC concenti&iigure 4.9). Also
changes in loss modulus (G") against different salt concentrations follow the same trend as G
(Figure 4.9b). The samples with low salt concentrations (<8.5mM) show a losinGeé they are

in suspension/solution form stilHowever, for higher values of salt concentration, the system
depicts G'/G'™> 1 and is much less frequency dependent, which is usually an indication for the
formation of a sefsupporting elastic gel (i.e., strong gel). These effects may be related to motility
inhibition among CNC particles at higher salt concentrations dueatolieg of short attraction
forces over electrostatic forces.

Monitoring the complex viscosity (dq*) of the
that the CNC/salt suspension systems have a shear thinning charactéigstie ¢.9c). The

values of complex viscosity also increase with the increase in salt concentration.

The different behavior observed between two different salt concentrations can be traced back to
the discussion presented by Solomon dtldR] where oneean show why suspension shows more
elasticity after increase in salt loading. Afeefjustments in ionic strength of the medium, system

will reach a zone in which interaction between particles is stronger than thermal motion forces
separating them. Hence, inhibition of particle movement is expected. These inhibitions is due to
effects réated to excluded volum@05, 206]and/or pair interactions between CNC pairs due to
attractive van der Waals or depletion for287]. Interactions between CNCs due to movement

of individual CNCs canlao play a significant rol§208, 209] The increase in particle humber
density or strength of attractive interactdimits the mobility of rods to the orders of rod radius.
After reaching this threshold, system individual components do not move, which also translates
into more elasticity and neergodicity. Fractal gels are also system in which particles stop moving
atogether due to physical bonds. The behavior of particle gels and glasses is different , which can

be observed by techniques such as dynamic light scatf2di
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4-5-3 The effect of Cellulose Nano Crystals (CNC) concentration of interycle

viscoelastic behavior of CNGsalt suspensions
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Figure 4.10 Oscillatory frequency sweep response of CNC solutions containing different amount of CHIC (
closed symbols and 8L open systems) and different salt concentrations at strain amplituges @f6 using a

coneplate geometry (wthar uncati on of 101em arg@ a cone tip
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Figure 4.11 Oscillatory amplitude sweep response of CNC solutions containing different amount of CNC

g/L closed symbols and 3fIL open systems) and different salt concentrations for strain amplitudes 6f 1-

1000% at an angular frequency@f 1lrad/s usingaconep | at e

cone tip angle of 1°) at 26.
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Figure 4.12 Nonlinear viscoelastic measures () of CNC/salt suspension8gi. CNCs and two different

concentrations of a,c) 85.5 mM and b,d) 172 mM as a function of strain amplitude at an angular frequenc
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4-5-4 Intra -cycle nonlinear viscoelastic parameters for 3L CNC suspension
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Figure 4.13Elastic (S) and viscous (T) intgycle nonlinearity indices asfanction of strain amplitude for
30g/L CNC solutions and at a) 85.5 and b) 172 mM salt using agdn&at e geometry (wit
and aconetipangleofl®)atds and angul ar frequency of ¥=1r ad/

4-5-5 Effect of frequency on intercycle response of 2@/L CNC suspension

containing 85.5 mM salt
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Figure 4.14 Oscillatory amplitude sweep response of CN@20solutions containing at salt 85.5 mM for strai
amplitudes ofs =0.1-1000% at different angular frequencies using a quate geometry (with a truncation of

101em and a cone tip angle of 1A) at room tempe

4-5-6 Lissajous-Bowditch plots of CNC/salt sispensions at 2@/L CNC

suspensions at different salt concentrations

The plot of instantaneous stresses U(t) again
for differ entaldws @e tafollawrtipeladtual netwerk reqpaaseach loading

cycle during the oscillatory shear testing. For purely elastic materials in the linear region, the
response i s expected t panbde, caosmpa erteesluyl ti,n tphhea sl
plotis presented in a line with aslope®Nj. The response of purely vi
to be out of phase by U = /2, and the Lissaj
works for more information about Lissajous plf249, 220, 226} Viscoelastic madrials like

pol ymer networks exhibit both elastic and vis

plot is expected to be a perfect ellipse in linear region, with the magnitude of the complex modulus
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|G*| as the slope of the semimajor axis. Whitret ai d of Li ssajousiBowditc
determine the emergence of nonlinearity, type of nonlinearity, and extent of nonlinear viscoelastic
behavi or . Hence, Li s s ajtleywlitaive wstassmertt of oomlineare s f ¢

behaviorand deliver information about the type of intrigcle nonlinear viscoelastic behavior.

In this regard, as mentioned earlier, the Lissajous plots are a simple ellipse jrahd/Bhis is
because the output stress signal of the viscoelastic materialsnohigds the first harmonic
coefficient in LVR The emergence of any nonlinearity (due to the excitation of higher harmonics
in the output shear stress waveform}he viscoelastic character of the material by surpassing

LVR can be identified by any distawn in ellipsoidal pattern of the Lissajous plots.

The Lissajous plots of the CNC BfL suspensions at different salt concentrations are shown
in Figure 4.15 (Figure 4.16 shows the Lissajous loops of CNC @0L at different salt
concentrations)For easier comparison, the stress, strain, and strain rate were normalized with
respect to their maximum values. As can be seBigimre 4.15, the materials response in the LVR
(e.g.,=1%) is a typical ellipsoidal Lissajous plots. However, by increasing the strain amplitude
to o = 40%, the Lissajous plots deviated from ellipsoidal shape and became distorted, signaling
the occurrence of intraycle nonlinearity in the suspensions. Moreover, the deviatiaiman
linearity of the Lissajous plots became more pronounced as a result of the increase in salt
concentration (reinforcing the network). This reveals the sensitivity of the Lissajousopéotg
changes in the microstructure. We observed similar nonlinear viscoelastic behavior in our previous

works, where samples with a stronger network demonstrated higher nonlijga#ty220]
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Figure 4.15 Dimensionless LissajotBowditch loops for CNC 2@/L solutions containing (a, b) 17.2, (c, d) 85

and (e, f) 172mM salt, measured usingepne at e geometry (with a trunc
|
1°) at 2%C. Projections on thelastic W 5) and viscousW¢ .—i planes are presented at strain amplitudes of

1, 40, 100, and 250% and at an angular frequenaey oflrad/s

Interestingly, the viscous Lissajous plots of CNC 2D suspension containing 17.2 mM salt

showed a selintersection in the total shear stress curve at the strain amplitgele @00%. The
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selfintersection became more obvious at the strain amplituge=0250%. Several reports have
observed the emergencesaifintersectiorunder LAOS deformation for different systems (e.qg.,
polymer solutions and polymer nanocomposif@p, 233] Selfintersections accompanied by

a maximum value in elastic projection, which signifies the extgtehan overshoot in shear stress
response in that cycle, like the stress overshoot response during the stthe steady shear

flow. This response can be correlated to the network rugali@ved bytheflow of the samples

at sufficiently large stins. The Lissajous shapes become more complicateldhe shape of the
elastic Lissajous plots is much closer to a rectangle than an ellipse at higher salt concentrations,
corresponding to an elastoviscoplastic material. Hence, upon increasing tioatgadt, the elastic
Lissajous plots deform closer to the rectangle shapih can be interpreted agyreaer extent

of nonlinearity upon reinforcing the CNC network structure in aqueous media.

4-5-7 Lissajous-Bowditch plots of CNC/salt suspensions at 3§yL CNC

suspensions at different salt concentrations
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Figure 4.16 Dimensionless LissajotBowditch loops for CNC 30 §L suspensionontaining a, b) 85.5, ¢, d) 17

mM saltusingconp | at e geometry (with a truncat ig0 Rrojectionsbr
]
the elastic ¥ 5) and viscousW .—1 planes are presented at strain amplitudes of 1, 40, 100, and 250% an

an angular frequency af 1 rad/s.

4-5-8 Nonlinear parameters

Thenonlinear elastiparameters are summarized in where it provides a guideline for recognizing

the type of elastic ndimearity based on the defined parameters.

Table 4.1 Characterizing the elastic nonlinearity in response to imposed large amplitude oscillatory shear (LAOS)

deformation.

Elastic parameters Inter-cycle Intra-cycle

Both"O and"O increase by increasiig  Inter-cycle strain stiffening -

Both"O and"O decrease by increasifng Inter-cycle strainsoftening -

S > 0 at each strain - Intra-cycle strain stiffening
S=0 Linear elastic behavior Linear elastic behavior
S < 0 at each strain - Intra-cycle strain softening
Q>0 - Intra-cycle strain stiffening
Q=0 Linear elastic behavior Linear elastic behavior
Q<0 - Intra-cycle strain softening

The viscous nonlinear parameters are summarizédbte 4.2, where it provides a guideline for

recognizing the type of viscous nonlinearity based on the defined parameters.
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Table 4.2 Characterizing viscous nonlinearity iesponse to imposed LAOS deformation.

Viscous parameters Inter-cycle Intra-cycle

Both— and- increase by increasirig Inter-cycle shear thickening -

Both— and- decrease by increasing Inter-cycle shear thinning -

T > 0 at eaclstrain - Intra-cycle shear thickening
T=0 Linear viscous behavior Linear elastic behavior

T < 0 at each strain - Intra-cycle shear thinning
U >0 - Intra-cycle shear thickening
U =0 Linear viscous behavior Linear elastic behavior

L <0 - Intra-cycle shear thinning
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CHAPTER 5: Viscoelastic properties of poly (vinyl alcohol)
hydrogels with cellulose nanocrystals fabricated through
NaCl addition ¢

This work characterizes the viscoelastic and mechanical behavior of hybrid cellulose nanofibers
(CNC)/Polyvinyl Alcohol (PVA)/NaCl hylrogel. Average porosity values measured by scanning
electron microscopy shov&3+5, 69+4, 72+7, 7318, and 72+10 um for samples witlg/LO 15

g/L, 20g/L, 25¢g/L, and 30g/L CNC, respectively. In all samples with the CNCs concentration
higher than 1@/L, we observed a wide distribution and almost equal average pore diz@cted

that thepore size on average ftire hybrid hydrogel with 5 wt% PVA is no longer dependent on
CNC concentration for CNC concentrations abovg/L5Transmission electron groscopy was
employed to characterize the distribution of CNCs inside the PVA matrix. Small and large
amplitude oscillatory shear measurements were performed orl@d€d PVA hydrogels to
understand the microstructure and viscoelastic behavior. At CNtthgsminear and less than the
percolation thresholdl5 g/L, a polymerCNC network was detectable via TEM imaging and
according to the plateau value on the storage modulus. Another jump in storage modulus was
observed where a connection among n CNC fibeas astablished. At these loadings, a CNC
network was present in the hydrogel, indicated by limited CNC loading dependence of the storage
modulus. The results of Large Amplitude Oscillatory Shear (LAOS) showed a viscoelastic
behavior for the hybrid materialemonstrating its potential for applications in articular cartilage
repair. To explore the interaction between CRRC and CNGPVA, the FoglaTucker model,
designed to account for modeling the orientation of CNC particles within the matrix, wasritted o
stressovershoot experiments. The present study on the-eM& hydrogels opens avenues for
further developing advanced materials for biomedical and energy applications.

®Moud, A. A.; Kamkar, M.; Sanatiezhad, A.; Hejazi, S. H., Sundararaj. UCHAPTER 5:Viscoelastic
properties of poly (vinyl alcohol) hydrogels with cellulose nanocrystals fabricated through NaCl additime
submitted

ABM did the experimental design, data collection and interpretation, and manuscript preparation. MK contributed in
rheological measurement and interpretation.
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5-1 Introduction

Poly (vinyl alcohol) (PVA) is aynthetically derived, wategoluble nontoxic, andbiodegradable
polymer[234]. It is the most widely manufactured waseiuble polymer in the mark@s5]. PVA

has been used in a varietydfferentindustries such as medical, packaging, food industry, and
paper makinf236]. Reported application for PVA are in important field of biomedicaliappbns

such as tissumimicking, cell culturing, and body implanf89, 237] PVA has been combined
with different fibers and micksized cellulosic materials such as Cellulose nanocrystals (CNCs).
Due to hydrophilicity of CNCs, CN®VA hydrogels present a moitially sustainable option for
materials development and design as these hydrogels potentially can beveligjht

biocompatible, and biodegradable materials.

The hydrophilicity of CNCs stems from the structure of cellulose that owns hydroxyl groups on
its main repeating unit. There are other advantages that CNC brings to the table in addition to its

similar chemistry to water and PVA. For instance, cellulose nanocrystals (CNCs) are nanoscale,
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abundant naturally derived fibers from plant sources rangiom fwood, linen as well as
microorganisms such as bacteria, tunicate, and §fya#88, 239] CNCs also possess strength

and Young6s modul us as [R40panhd 180220 &P, 24 x242dhat el y
respectively. Considering their mechanical propéttigsh relatively low density and the potential

of being naturally driven make CNCs an ideal renewable source for making mechanlmadly ro
hydrogels. CNCs' geometry also aids further enhancement of mechanical properties due to their
slender shape. Indeed, it has been reported that CNC dibpending on source and method of
production can haveidthschangingbetween 3 nm and 50 nm aleshgthschanging betwee&0

nm to 300 nnj2, 50, 241, 243, 244]

Applicationwise, the combination of cellulosBVA and nanocellulosBVA materials for a
variety of applications has been established previouslyhe literature, there are reports of
combining CNCs with PVA for aim gbrodudng hydrogels with high mechanical integrii§2,

235, 242, 24250] The interactions between PVA and CNCs due to hydrogel bonding and
intermolecular interactions enforces the hyis to own satisfactory mechanical propeftiés

For instanceincreasing CNC concentration from a low amount of 0.1 to 0.2 wt% relative to total
gel weight has increased the gel storage modulus of the composite from 3.8 kPa to [¥4]3 kPa
Upon addition of only 3 wt% micrébrillated cellulose into a PVA polymEis7], tensile strength

and modulus of the composite hydrogel enhanced for about 13% and 34%, respectively.

Tissue engineering has emerged sgitable destination for injectable hydrog@s1]. PVA-CNC
solutionprocessed hydrogel seems to fit well within this category as both CNC and PVA are
biocompatible, abundant, and with lmest production. Hydrogels, after being injected and during
injections, need to meet certain criteria. For example, the extent ofdhdatimg, critical strain,
nortlinear behavior, the extent of respond to multivariant strain amplitude |eradscyclic
loadingis crucial for designPrecise rheological characterization is neededdsrgn of injectable
hydrogels before employment ihe field of interest Here we propose fabrication of a hydrogel
with PVA and CNC with the addition of salt as a gelifying agent. We aim to characterize the

hydrogel using SEM, TEM, linear and rbnear rheology, and compression testing.

This work alsoinspects the influence of CNCs on rheological behavior of PVA while NaCl is
added as gelingagent The LAOSOGs b el@N&syistent hasocbmeturider scRINOA

in this report. Moreover, solution processing of RZAIC and urcrosslinked version of PVA has
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been chosen since this hydrogel is destined to be used as an injectable scaffold for tissue
engineering. TEM and SEM of the hydrogels were asaployed for the aim of complete
characterization of hydrogels and fabrication of a hydrogel with repeatable prop€EMSs.
images also made understanding the rheological behavior of the gel deeper.efigsieering

demands the hydrogel to reconstruct itself after being injected, and this feature requires a physical

gel.

5-2 Experimental section

5-2-1 Materials and Materials preparation

InnoTech Alberta provided the CNC with measured lengtthenspan of 106800 nm anda
diameter of 1840 nm. According to the method of CNC production, extracted rods from the
natural cellulosic source had negative charges due to the acid hydrolysis process. PVA was
purchased from Sigma Aldrich withreported molecular weight 430,000 g/mol.

CNC powder was sonicated in DI water for 10 marsd a stock suspension wdltoncentration

of 6wt% was made. At the end of sonicationtial murky suspension got clearezhdthe level

of suspension transparency varied with CNC comaéioh. Suspension of CNC alone pH
measurement showetdvalue of 6.8. The measurement was dengloyinga Mettler Toledo

Seven Compact piheter (MettlefToledo 135 International Inc., Columbus, OH, USA). Ultra
sonication (125 W Qsonica Sonicators Q125i&ainr, Qsonica) was employed for suspending
CNCs in DI water. It was found based on zeta potential values that 1000 joule per gram of CNC
is enough to obtaia fully dispersed suspension. The ice bath treatment was carried out during
sonication to mitigatherisk of overheating on the surface of CNCs as the surface charge of CNC
particles is vulnerable to elevated temperat{66%

The potocol for making suspension of CNC in PVA was (1) dissolving PVA in DI water under
the condition of constant stirring for one hour unttestemperature of 80 To make a solution

of PVA in water with 5 wi# concentration. To make sure there is no PVA crystal chunk in the
solution, the solution was placed under DLS measuremBEmesesult showed no peak related to
PVA chunks being present in the system. (2) Addition of sonicated CNCs into the mix. (3) To
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make the final hydrogels, CNC with desired concentrations was addethmBVA-DI water
solution and was sonicated for extra 5 mins (4) in the final sté@€l with a concentration of

17.24 mM was added to promote gelation of CR\ZA hydrogel.In the entiety of the paper, as

salt concentration and PVA did not change, we refer to the sample only with regards to changes in
CNC concentrationWe observed that addition of 17.24 mM salt is enough to cause gelation in
CNC-PVA-salt samplewisually through vialinversion testAddition of 5wt% PVA deemed
enough to show impact of addition of PVA on mechanical properties of CNC hydrogel.

5-2-2 Materials characterization

5-2-2-1 Scanning electron microscopy

The gel structure of CN®VA hydrogels and their micrmorphology wasnvestigated by using
XL30 Philips SEM. Prior to each imaging session, the generated gels weredriegzendethe
influence of liquid nitrogenA small piece ofreezedried hydrogel was placed carefulgnto a
silicon wafer. A sheet of gold wahen smyed all over the surface of the sample, to mitigate

electrostatic discharge.
5-2-2-2 Transmission electron microscopy

The TEM analysis of the CNCsascarried out on a TecnaF20 G2 FEGTEM (FEl, Hillsboro,
Oregon, USA) at 200 kV acceleration voltage with a standard diifigh@lder. The images were
taken with a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, California, USA) a2Q0&3
pixels. For the TEM analysis of the CN\the droplets of CNPVA suspensions were placed on

a holey carboitoated Cu TEM grid and dried at room condition.
5-2-2-3 Rheology

Rheological measurements were performed using an Afwan MCR 302 rheometer equipped

with 50 mm diameter corglate geometry@ne angl e of 1A and truncat
the desired stabilized morphology, a resting time of 20 min was used in the rheometer following

the CNGPVA hydrogel loading. The strain amplitude sweep experiment was carried out within

the range of 0.1o 1000.0 % and a@nangular frequency of 1 rad/s on all samples to deterthene
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linear viscoelastic regime (LVR). Based on the results of this experiment, the strain amplitude of
1% was determined to be small enough to keep the deformation in the I\N&Rpé&riments were

carried out at room temperature.

The rheometer was placed in a rigid and mechanically stable environment to minimize
mechanical noises and apply large amplitude oscillatory shear (LAOS) to the samples. To obtain
full waveform of sheartsess and strain, the material was strained at constant frequency and
amplitude. LAOSOGs d5bteyalesvioe eaeh stcam larhpétude. ®ldeologitat e r

tests were performed on triplicates and quadruplicates for each sample.
5-2-2-4 Compression tests

Compression testing was done at the rate of 10 mm/mins with bose 3200 device. The 3200 Series
[l compression tegquipmentan be utilized for 225 N or 450 N maximum force capacity. The
system is equipped with a bandwidth, which is albte to carry outests cyclicallytill 300 Hz

and 200 Hz for analyzation of mechanical properties.

5-3 Result and discussion

5-3-1 Morphological characterization of freezedried hydrogels under SEM

Probing pore size with Image J reveals pore size distribution aaowgdes23, 69, 72, 73, 72 ym

for samples with 1@/L, 15g/L, 20g/L, 25g/L and 30g/L CNC, respectively. In all samples, after

10 g/L CNC loading, we observe a wide distribution in pore size and almost equal average pore
sizes. The trend in the average pore size versus the CNC/PVA ratio has been deiadeon

5.1e. This observation reveals that after the addition ofj/LSCNC into 5wt% PVA, the average

pore sizes its not dependent on CNC loading anymore.
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Figure 5.1 Scanning Electron Microscopy (SEM) micrographs of cellulose nanocrystals {@NIg)vinyl alcohol)
hydrogels (PVA) freeze dried sampled:(CNC 10g/L), b) (CNC 15g/L), ¢) (CNC 25g/L), d) (CNC 30g/L) at
magnification of 100xe) The average porgize of samples as a function of CNC concentration

5-3-2 Morphological characterization of CNC-PVA colloids

The morphology of CNC can be studied by various microscopic techniques such as transmission
electron microscopy (TEM) and scanning electron microscopijSHorphology evaluation is

a useful t ool for inspection of surface morptl
importantly evaluation of size on CNC particles. In the case of havingaljgct ratigarticles,

, theprobability formation ofa network between the CNC patrticles will be high; therefore, it will

yield hydrogels with improved mechanical properties.

TEM images of CNE&PVA hydrogels at different concentrations are depictedrigure 5.2
Consistently, with an increase time concentration of CNC, the corresponding TEM images also
become morerowded with particlesAnother ineresting observation is the full dispersion of CNC
inside PVA showing that sonication insidee PVA solution was enough to evenly disperse and
distribute CNCs. If we compare TEM images associated with the-B& system published
previouslyf216], we understand that gelation in the presence of PVA does not happen as intensely
as in naked CN@aCl systems. Based dahe perfect distribution and dispersion of CNCs

observed here, we can conclude ttm@mechanical properties ¢iie CNC-PVA system shoald
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also besotropic in nature. Using Image J, we analyze the TEM images where the average length
and diameter of CNCs are estimated as 150+10 nm and 11+3 nm, respectively. In the report by
Huan et al., 9 £ 3 nm and 90 + 28 mas measured for CNC diame#and lengthand the average
aspect ratiovas reported as 1(252]. In their article,the method of CNC production shared

similaritiesto this work.

Figure 5.2 Distribution of CNC particles embedded in PVA at different concentrations and at 0.5 pm resolutions
respectively: ad (CNC 1015-25-30g/L)

The results of morphological investigations by microsdogsed techniques hesee similar to the
results elsewher®0, 253257]. As expected, basash TEM imagesthe morphology of individual

CNCs is als@spindle shape.
5-3-3 Rheological characterization of CNGPVA samples

To comprehend the impact of various CNCs on the viscoelastic traits of hydrogels, oscillatory
measurements were carriedouead UC i n hydrogels with the conc:¢
15, 20, 25and 30g/L. In Figure 5.3, the GNj and GNjNj are drawn as
hydrogels within the linear deformation rangad they are illustrated iRigure 5.3a-b. Two

abrupt increasegxist in storage modulugurves versus frequency as a function of CNC
concentration. Thesrupt increasesan be associated with CN®/A network formation (1&/L

till 25g/L), and direct CNGCNC interaction inthe PVA matrix after concentration reaches to

30g/L. In all concentrations, there is a network that makes the behawigdadgel elasticG Nj >

GNjNj)) . At high f r equeamore dominamtlastia chara@dljgswobhserved G NjNj( ¥
which depicteda typical solidlike character.
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Figure 5.4 Storage modulus as a function CNC concentration. Values are extracteifumea 5.3.

We are well positioned above the rheological percolation threshold for all samdesage
modulusfrequency dataeven for 10 g/L CNC sampl&he same trend can be observed for 15

g/L, 20g/L, 259/L, and 30g/L samples. Overalif can be perceived #tthe viscoelasticity of
these hydrogels followed the order of 30>25>20>15gA0CNC reinforced PVA hydrogels.
Figure 5.4 showsthe effect ofthe addition of CNC into the PVA matrix. After adding 3 times
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more CNC into the system, hydrogel displays more dide&dbehavior and @times larger storage
modulus (39%vs. 11). Jumps in storage modulus values are quite noticeable between 11 and 103
and between 103 to 391. The ratio of storage modulus values is aldaiin&® moreand the
second jump is aboub4imes stronger.

Since thesudden increasa values ofstorage moduluat higher CNC loading showed more selid

like behavior, this result suggests that the rheological responseowatatedto the structuring
(structural formationpf CNCs in the hydrogel3hese observations showed additional insight into
structure and dynamic of the hydrogelfie same trenth data can also be observiedFigure

5.3C that shows complex viscosity variation as a functbfrequencylLooking at the structure,

the data obtained here shows that network was present in all CNC concentrations except for 10
g/L sample As it was expectedyiscosity and elasticity of hydrogel increased with increase in
CNC contentHowever, trends istorage modulus versus frequency showed behavior is dependent
on CNC loadings. For hydrogels with concentration of higher than 10 g/L, it can be estimated that
network of polymers through entanglements is connecting C8j@ially it can be seen storage
modulus still increases with increase in CNC loadi{B]. Polymer network connecting CNCs
played a role in increasing storage modulus at or below percolation point, while CNC network
played its role at higher CNC loadinggnally, transition fronmlinear to norlinearregimeis shown

in Figure 5.3d. In presence of PVA molecules the addition of more CNCs caused the threshold of

transition from linear to netinear to decreasd.his result was also seen in our previous work
[258].

According to experimentabbservationg[124], the LAOS behavior of fluidsvith complex
behaviorcan becategorizednto several type of behavior. (&frain thinning $torage modulus and

loss modulugiecreasing)(2), strain hardeningstorage modulus and loss moduinsreasing);

(3), weak strain overshoatbrage moduludecreasingand loss modulusicreasing continued by
decreasing)(4), strong strain overshoattbrage modulus and loss modulsreasing contined

by decreasing). In our work, P¥8NC shows type& behavior. The typ& trend for the CNE

PVA system means that both the creation and loss in the structure of the hydrogel increase with
the strain amplitude, but the rate of destruction happens fastecrdsation. The rate of junction
fabrication is enough for network formation (or any microstructure occurring because of these

interactions)yielding strain hardenindpehavior while the rate of loss the structurdoecomes
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more dominant at larger strain amplitudes. Thus, the overshoot observed can be regarded as the

point of equalityof creation and destruction rate of microstructural junctions inside the hydrogel.

Although not as common as type | behavior, the similar respdas been observed in other
complex fluids such as-tilock copolymers or surfactaobntainingsolution$259], dough[260,

261] or xanthangum [262], emulsions[263, 264] silica suspension[265, 266] andalumina
particles suspended in PDSM under impositioamtkelectric field267]. Whittle and Dickinson

[268] via generatinghreedimensional gel of particles with Brownian dynamic simulation of soft
particleswith sphericalshapegredicted strain hardening behavibr.our previous repol216],

we examinedhe storage modulus of CNlaCl gel without PVA and found storage modulus of

20 g/L and 30g/L CNC samples equal to 15 Pa and 25 Pa, respectively. In comparison to this
work, with the aidinclusionof PVA, hydrogel mechanical properties have improved greatly to
91.3 and 344 Pa for the same samples. This simple comparison shows how PVA chains indeed

strengthen and improvtbe mechanical properties of the hydrogel.
5-3-4 Storage malulus-recovery relationship

It is well established thattorage modulufOis sensitive to thenicrostructuralchangeswithin
hydrogel[269]. To probe the pace dmagitude of restructuring and elastic recovery of the PVA
CNC hydrogel network, storage modulus was monitored immediately after test -afpstmtar.
According to a recent studg270], the recovery fosamples duringhis periodcan be divided into

two distinct stages. Inhe first step,fast recovery observed in the curves is attributable to
restructuring of the networlherefore, the initial intensdation of modulus is due thejoining

of the existing clusters and aggregation ofuented nanofillers to form a 3D network structure.
The restructuring in this stage is mainly controlled by parpeldicle and particlenatrix
interactionsin the second stage, particle motions controlled by Brownian diffusion, the orientation
distribution of fillers returns to its original isotropic stdeure 5.5 shows the result of the storage
modulus recovery versus annealing time for PRNC hydrogels. IrFigure 5.5, samples with
lower CNCloadings i.e., 10-15 g/L, show a smooth increase in the storage modulus. For the
sample containing 2L CNC, the storage modulus does not increase as much compared to the
sample with 3@/L CNC. Theascending trendf the modulus in this test is not only a function of

nanofiller concentration but also a function of the dispersion state of the nanofiieirgeresting
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thattheultimate recovery after 1500 secondsl@seto theoriginal value that we obtained during
frequency sweep measurements (366 3®6). This recovery shows gel at higher CNC
concentration is fully recoverable. The faster rate emfovery for this hydrogel can also be
attributed to the second jump we record in the storage modulus versus frequency. It was
demonstrated thahe second jump was attributable to CNENCs junctions. Breaking these
junctions in shear means orientation thdt take less time in comparison to polymeric chains
relaxation to original isotropic orientation. However, glancing over datthéosample with 10

g/L CNC shows the lowest recovery (3.21 ¥41). The recovery rate for destined applications is
important as it shows how fast the system heals. To provide further insight into the network
healing, the recovery rate of the networks were also investigated for 10 g/L and 30 g/L samples at
different strain amplitudes of 1% and 30% for period of time of 200n&keach and we followed

this cycle for each strain amplitude 2 times results are shofigume 5.11. Results showed both
samples can recover however 10 g/L samples showed less potential. Herein, we monitored storage
modulus recovery as a sign of structural healing as a function of timé fgfL1land 30 g/L
samples. The protocol of experiment was application of 1% amplitude strain for 10000 seconds
and then resting for 386 seconds. Results are shoviigure 5.12. Consistent with results
observed earlier structural reconstruction happens inside the hydrogel, however rate of

reconstruction is faster for higher CNC loadings.

1000 400
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Figure 5.5 a) Flow curve @ = 1s?) andb) reconstruction of PVACNC hybrid hydrogel network after breakage as a

functionmn=o0f % amd o= 1rad/ s) .

5-3-5 Lissajous-Bowditch plots of CNC/salt suspensions at different CNC and

salt corcentrations
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The plot of instantaneous stresses U(t) again
for differ ent oaldws@e tafollawrtipeladtual netwerk regpanse to each loading

cycle during the oscillatory shegesting. For purely elastic materials in the linear region, the
response is expected t panbde caosmpa erteesluyl ti,n tphhea sl
plot is presented in line withaslope@lj. The response of putedeol vy vi s
be out of phase by U = "/ 2 (see our previous
[219, 220 226). Viscoelastic materials like polymer networks exhibit both elastic and viscous
properties, and, thus, the waveform forms a simplesellgignaling the linear response, and the

slope of the semimajor axis represents the magnitude of the complex m@itidhe ellipse

shape in LVR is because the output stress signal of the viscoelastic materials only includes the first
harmonic coeffie@nt in LVR. The emergence of any nonlinearity (due to the excitation of higher
harmonics in the output shear stress waveform) in viscoelastic character of the material by

surpassing LVR can be identified by any distortion in ellipsoidal pattern of thejduissplots.

Therefore, with the aid of Li ssajousiBowditc
transformation from a simple ellipse, representing the linear response to a complex nonlinear
shape, implying nonlinear behavior. Hence, LB plots fatditae qualitative assessment of intra

cycle nonlinear behavior and deliver information about the emergence of nonlinearity, type of

nonlinearity, and extent of nonlinear viscoelastic behavior.

The LB plots of the CNC/PVA/salt hydrogel at different CNOh@entrations and various
amplitudes % = 1, 7, 10, 40%see arrows irfFigure 5.3d) are shown irFigure 5.6. As can be

seen inFigure 5.6, the LB loops in Short Amplitude Oscillatory Shear (SAOS) regior (1%)

are ellipses in both viscous and elastic projections. The nafBoleops in elastic projection in
concert with wide ellipses in viscous projection in SAOS region verifyditrainant elastic
response of these samples due teligelstructures. However, the narrow elastic LB loops rotate
counterclockwise as the CNC concentration increases, indicative of higher elasticity as a direct
consequence aheformation of a stronger network. These results are in complete agreement with

the results oFigure 5.3 andFigure 5.4.

124



Viscous Projection Elastic Projection

6 6
4 r 4+
e =T 2r E
S 3 7 2
— =l S ool
oz g
SP 2t S P
4 | 4 b
6 6
-0.015 Y 0.015 -0.015 0 0.015
|
Jraw () Oraw ()
15 15
10 - 10
O ~ L b
RE g’
= L = L
Nz 0 : 0
(-?D 5 | D 5L
-10 + -10
15 -15 -
-0.1 0 0.1 -0.1 0 0.1
0'raw “) Draw (-)
15 15
10 10 |
o
S T 5+ < 5t
o
et o o
Y or ~ ot
E =
'S S S
oD 5 | D s |
S 5 5
-10 -10
-15 L -15 :
0.13 0 0.13 0.13 0 0.13
0'raw O] Draw (-)
15 15
10 10
X _
28’ g°]
< = ot = 0
n z
oY L y L
S D 5 o 5
-10 -10
-15 L -15
-0.5 0 0.5 -0.5 0 0.5
9'raw () Oraw ()

Figure 5.6 Lissajous Bowditch plots: a) stress versus strain b) stress versus strain rate M@l
hydrogels at different CNGeg=17% 10f468% and angulardregsenay afi n

¥=1r ad/ s.

By increasing the amplitude of deformation, the LB plots deviated from ellipsoidal shape and
became distorted, indicative of occurrence of hatyele nonlinearity in the systems. For instance,

the elastic LB plots look like curvilinear parallelograms agér deformations. As the CNC
concentration increases, the viscous LB plots become more distorted and elastic LB plots become
more boxeeshaped. This reveals the sensitivity of the LB plots to any changes in the
microstructure. We observed similar nonn@iscoelastic behavior in our previous works where

samples with a stronger network demonstrated higher nonlingzitly 220, 258]
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As it can be seen iRigure 5.6, after increasing the deformation 3= 7%, self-intersections
appeared in the viscous LB plots of samples containing CNC greater tigdn Beveral reports

have observed the emergenceself-intersectionunder LAOS deformation for different systems
(e.g., polymer solutions and polymer nanocompositg)0, 233] Selfintersection is
accompanied by a maximum value in elastic projection in the same quadrant of the deformation
cycle, which signifies existence of an overshoot in shear stress response, similar to the stress
overshoot in the startp of the steady shear flow. This respe can be correlated to the network
rupture followed by flow of the samples at sufficiently large strains. As the rheometer plate reaches
t o ¢irheach oycle of deformation (starting point of the arrows), the flow direction is reversed,
and the sampteare deformed. Since these-lijeé samples behave elastically, the stress growths
linearly with accumulation of the deformation and reaches a local maximum followed by a
decrease with further increasing the shear rate. As mentioned earlier, this behdumito the
breakage and yieldingf the network structure and samples start to flow beyond this point
(maximum stress, overshoot). This behavior will be studied in more details in the following
section. It should be borne in mind that contrary to the-sp of steady shear flow, LAOS is a
periodic flow. Hence, network structures which collapse irreversibly in the period of (time scale

of) each cycle of oscillation would not show sielfersection and secondary loops.

Interestingly, the secondary logpserved in viscous LB plots of samples containing/20and
25gLCNC at strai n=3aand [10%: disappesredc$ theodeformation further

i ncr e as4d%. Howeven secondary loops became more pronouncedddr 80 o= 40%.
Consideriig the constant frequency of deformation in each cycle, the samples experienced higher
shear rates at larger strain amplitude resulting in widespread structural collapse in samples. This
rationalizes the inability of the samples containinggd0and 25g/L CNC to structural recovery

once deformed beyond a critical strain. This is further confirmed as the viscous LB plots of samples
containing 10, 15, 20, 2/LCNC b ec ame §=a40%, indication ci develmpment of

fully viscous flow. The differencen nonlinear viscoelastic of CNC/PVA/salt hydrogels at high

and low CNC concentrations will be further discussed in the following section.

5-3-6 The s=quence ophysical processes
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Elastic LB plots inFigure 5.7 provide further insight into the rich phenomenology of structural
evolution of PVACNC-salt systems under oscillatory flow at multiple strain amplitudkegure

5.7and b show the linear and nonlinear elastic LB plots of the hydrogels at two different
concentrations of CNC (10 and Q). At first glance, it can be understood that systentatoimg

higher amount of CNC falls into nonlinear regions at smaller strain amplitude. That is, the LB plot
of PVA-CNC (10g/L)-s a | 1t =1@% is ellipsoidal shape while a high distortion in LB plot of
PVA-CNC (30g/L)-s a | t=5% is observable. Moreover, in nonlinear framework, each system
follows a different scenario as discussed below.

The observed nonlinear behaviofFigure 5.7 is studied here with the aid of sequence of physical
processes methdd32]. Beginning at zerghear stress in nonlinear region (see circlEigure

5.7¢) the systems are strained and, hence, the network structures in the systems are deformed in a
linear elastic fashion. This process continues until the structures in each system deform beyond
their yield strain (see squarekigure 5.7c). At this point, the static yielding of system containing

30g/L CNC is associated with a bump immediately after the initially elastically build up of stress
(Figure 5.7b). While no overshoot was observed for systems witly/LOCNC (Figure 5.7a).

From now on, solid state corresponds to PEKNC (30g/L)-salt and we address PMBNC (10

g/L)-salt as soft state.

Similar behavioris observablefor the solid state in the other spatialedtion and another
overshoot occurs as the flow reverses. Hence, the network structures of the solid state are assumed
to break as the yield stress is exceeded and reform when the deformation rate is instantaneously
zer o ad0.0 FEh e -yiddingfowingdrefoignation behavior signals a fast reversible
network reformation for solid state which stems from Hpigrticle forces and the associated
particle dynamics due to Brownian motion continually regenerating the netwockuse. Since

this network reformation is time dependent and the frequency of deformation is constant in our
LAOS experiments, the static yield stress is strain dependent. That is, the static yield stress
decreases as the amplitude of deformationiner@as f r om 20 =10 to 19% (f ol
Figure 5.7b). In fact, flow of the material takes a finite time to reld@kis is in line with the

findings of Rogers et aJ132] in which they mentioned that the stress overshoot associated with
static yietl stress takes smaller and smaller portion of the LB plots upon increasing the amplitude

of deformation.
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It should be mention that the static yield stress of the solid state disappeared upon further increasing
the strain amplitude (for instance see Fighird s howi ng t he L Bo=p00%).t of
The open gray circles ifigure 5.7c andd compare the data obtained for poveaw fit by
regression to the real dat a ( bl oa=tOkandl100%0.eAs o f
can be seen ifigure 5.7c, the powetlaw fails to describe the prgelding waveform (before
static yield st roed% ) )However, itabceptablyfitsihe pygltirg (aker at o
the static yield stress) portion of waveform. This analysis reveals that the deviation of the power
law from the waveform in prgielding region is because an elastic deformation takes palace in
this region and the good fit in pegelding regionin because a viscous flowing response occurs.

The powedaw accurately describe the behavior of the waveform at sufficiently large deformations
(seeFigure 5.7d). In fact, no seeing the static yield stress at higher level of deformation shows
that network restructuring in the system is time dependenth®B0g/L CNC. The systems
experience higheshar rate at larger strain amplitudes leading to a more collapse structure (higher
accumulated stresse3herefore there exist higher level of stresrelax in the same amount of

time at large deformation. As a result, there is no sign of elastiocaaion and static yield stress

at strain amplitude of 100%. That is, a larger portion of waveform comes from-faawéuid

response.

The powedlaw index found to ben = 0.47 and 0.74 for strain amplitude of 10 and 100%,
respectively. It should be born mind that fom = 1 the waveform is expected to be a simple sine
with a single harmonic in the frequency domain aretjual to zero would result in waveform
containing many higher harmonics (higher nonlinearity). Hence, the decreasing trend of power
lawindex upon increasing the strain amplitude is against our expectation (i.e., we expect to observe
higher nonlinearity upon increasing the amplitude of the deformation). However, this behavior can
be rationalized by the fact that at sufficiently high shiates associated with large deformations,

the junctions between the elements of the network structure is entirely lost and since there is not
enough time for structural reformation, the solid state loses its viscoelastic character. Thus, it
behaves more dd fully viscous fluid than a viscoelastic hydrogel. As a result, the viscoelastic

nonlinearity vanishes.

Hence, analyzing the stress wave form in both linear and nonlinear region with the aid of LB plots

helped us to evaluate the structural differences in the samples and provided us more information
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on structural features of the samples. These results weidendifiable in linear rheological data
or lumped viscoelastic data provide by a routine strain amplitude test. This confirms the vigorous

sensitivity of the intracycle local viscoelastic measures to any changes in the microstructure.

Figure 5.7 LissajousBowditch plots of a) CNC(16/L)/PVA/salt at strain amplitudes of = 10, 14,and 19%, b)
CNC(30¢g/L) / PVA/ salt at 9t33:5, h0, 1d mmpdl19%. c) dne ) omen gray circles repr
powerlaw flow response of CNC(3fIL)/PVA/salt (solid line, in corresponding to a strain amplitude of c) 1
and d) 100% and angul ar f r e qblazksoliglired. The direction of éral/érsal,i

indicated by the dashed arrows.

5-3-7 Overshoot during a startup experiment
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