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a b s t r a c t 

Methyl cellulose (MC) is a semiflexible cellulose ether derivative with a wide range of industrial applica- 

tions, owing to its water solubility at low temperatures and thermoreversible gelation upon heating. The 

gelation mechanism of aqueous MC solutions has been debated for many years. However, in 2010, gela- 

tion was discovered to be concurrent with fibril formation upon heating, whereby the MC polymer chains 

self-assemble into fibrils with a remarkably consistent mean diameter, largely independent of polymer 

concentration, molecular weight, and temperature of gelation. This discovery has shed important light 

on the gelation mechanism, and initiated studies that lead to more intriguing questions about the fibrils 

themselves. This review emphasizes various developments since the discovery of fibril formation, while 

highlighting unanswered questions that require further investigation. 

© 2020 Elsevier B.V. All rights reserved. 
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bbreviations 

D one dimensional 

D two dimensional 

D three dimensional 

 unit cell dimension 

 2 second virial coefficient 

GU anhydroglucose unit 

 unit cell dimension 

 unit cell dimension parallel to fiber axis 

Flory-Huggins interaction parameter 

MC carboxymethyl cellulose 

ryo-TEM cryogenic transmission electron microscopy 

e Deborah number 

S degree of substitution 

S OH hydroxyl content after methyl substitution 

SC differential scanning calorimetry 

C ethyl cellulose 

HEC ethyl (hydroxyethyl) cellulose 

monoclinic unit cell angle 

’ storage modulus 
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′′ loss modulus 

 G 
∗| complex modulus 

A glutaraldehyde 

RAS Generally Recognized As Safe 

PMC hydroxypropyl methyl cellulose 

PMCAS hydroxypropyl methyl cellulose acetate succinate 

PC hydroxypropyl cellulose 

 intensity 

wavelength 

 p persistence length 

CST lower critical solution temperature 

 molecular weight 

AXS mid-angle X-ray scattering 

C methyl cellulose 

S molar substitution 

 volumetric degree of polymerization 

aBPh 4 sodium tetraphenylborate 

MR nuclear magnetic resonance 

EG poly(ethylene glycol) 

EI polyethyleneimine 

volume fraction 

e equilibrium volume fraction 

NIPAm poly( N -isopropyl acrylamide) 

 modulus of the scattering wavevector 

 number of chains in a junction 

ANS small-angle neutron scattering 
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AOS small-amplitude oscillatory shear 

AXS small-angle X-ray scattering 
∗ critical shear stress 

 temperature 

 gel gelation temperature 

 θ theta temperature 

 sol dissolution temperature 

scattering angle 

AXS wide-angle X-ray scattering 

fib -MC methyl cellulose fibrillar gel crosslinked at 80 °C 
sol -MC methyl cellulose gel crosslinked at room temperature 

number of chain segments in a junction 

. Introduction 

Methyl cellulose (MC) is a common cellulose ether derivative 

hat is considered ‘Generally Recognized As Safe (GRAS)’ by the 

.S. Food and Drug Administration [ 1 ]. MC is produced commer- 

ially through partial functionalization of the cellulose backbone 

ith methyl groups. This process typically involves swelling solid 

ellulose in a highly basic solution then reacting it with halo- 

enated alkanes such as methyl chloride to convert a fraction of 

he hydroxyl groups on the anhydroglucose repeat units (AGU) to 

ethoxy groups [ 2 , 3 ]. The average number of positions substituted 

er monosaccharide is called the degree of substitution (DS). As 

he DS ranges from 0 (unsubstituted cellulose) to 3 (fully substi- 

uted, assuming no end-group effects), there are eight possible re- 

eat unit structures for MC, as shown in Fig. 1 . The highly het-

rogeneous reaction leads to compositional variance (and thus a 

ariable DS) along the backbone, due to the amorphous regions of 

ellulose chains being more susceptible to methylation than crys- 

alline ones. Commercial MC typically has a DS of 1.7–2.2, pro- 

ucing a semiflexible polymer that is water soluble at low tem- 

eratures, due to the disruption of intra- and inter-chain hydro- 

en bonding in cellulose [ 4 , 5 ]. Other processes have been devel-

ped to produce a more homogeneously substituted MC, using var- 

ous cellulose-selective solvents or a multi-stage addition process 

f methylation [ 6 , 7 ]. Another possibility is to regio-selectively sub- 

titute methyl groups onto the C2, C3, or C6 positions of the cellu- 

ose AGUs using protecting groups such as thexyldimethylchlorosi- 

ane to selectively protect one, two, or three of the hydroxyl groups 

 8 ]. The water compatibility of MC, as well as its status as GRAS,

nables use in a wide variety of applications, including pharma- 

eutical products, foods, ceramics and construction materials, and 
Fig. 1. The repeat unit structure of MC with linkages is shown (top). The eight possibl

2 
n cosmetic and personal care products, typically as a thickener, 

inder, emulsifier, coating, and/or stabilizer [ 7 , 9 ]. This wide com- 

ercial usage of MC provides great incentive for a deeper under- 

tanding of its solution behavior. Furthermore, MC in a solution is 

 semiflexible chain, the properties of which have been a topic of 

reat interest to Professor G. C. Berry. As this review will highlight, 

oth rheological and scattering characterization of MC are essen- 

ial tools for unlocking its fascinating behavior. Professor Berry has 

een both a pioneer and a world expert in these techniques, and 

he corresponding authors have benefited greatly from his advice 

nd encouragement over many years. 

Upon heating, MC displays lower critical solution temperature 

LCST) behavior and undergoes intermolecular association to form 

 turbid gel [ 4 , 10 –14 ]. This thermoreversible gelation is evidenced

y sharp increases (over multiple orders of magnitude) in both 

he storage modulus ( G’ ), particularly, and also the loss modulus 

 G 
′′ ) [ 4 , 5 , 12–22 ]. The temperature at which this transition from so-

ution to gel occurs ( T gel ), and the gel strength, are tunable de- 

ending on the heating rate [ 12 ], MC molecular weight [ 20–22 ],

nd concentration of the precursor solution [ 4 , 12 , 14 , 18 ]. T gel in-

reases with heating rate, as seen in Fig. 2 a [ 12 ]. Upon cooling,

here is significant hysteresis before the sample reaches a temper- 

ture where the gel returns to its original solution state ( T sol ). In-

erestingly, the dissolution process is relatively independent of the 

ooling rate, and the modulus remains relatively constant at 80 °C 
or all rates [ 12 ]. The strength of the gel does increase, however, 

ith increasing concentration, as shown by McAllister et al. [ 18 ] 

nd in Fig. 2 b. For increasing concentration, there is an increase in 

he complex modulus, | G 
∗|, at all temperatures, along with a de- 

rease in T gel at a given heating rate. Arvidson et al. [ 12 ] showed

hat the gel modulus scales approximately as ϕ2.3 , where ϕ is the 

olume fraction of MC. The gel modulus can also be tuned to some 

xtent through the molecular weight. Schmidt et al. [ 22 ] demon- 

trated that G’ increases with increasing M , although the T gel re- 

ains constant. Additionally, it has been shown that when MC 

as a more regular substitution pattern at constant DS, T gel is re- 

uced and the gel strength increases [ 5 , 6 ]. Determination of the 

ubstitution pattern can be difficult, although the mole fractions 

f the un-, mono-, di-, and tri-substituted AGUs have been quanti- 

ed through a combination of hydrolysis of the polymer chains and 

hromatography to separate the fragments [ 23 , 24 ] or through 13 C- 

MR spectroscopy [ 7 , 25–27 ]. Additionally, Kono et al. [ 28 ] used
3 C-NMR spectroscopy to determine the distribution of the eight 

ossible AGUs for both commercial MC and samples synthesized 
e structures formed by methyl substitution of the AGU in MC are also included. 
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Fig. 2. Thermoreversible gelation of MC. (a) Gelation temperature increases with heating rate, but the modulus at 80 °C and T sol remain constant. The orange stars indicate 

the cross-over points between G ′ and G ′′ , i.e., T gel on heating and T sol on cooling [ 12 ], Copyright 2012. Reproduced with permission from the American Chemical Society. (b) 

Gel strength depends on concentration of MC in solution. Complex modulus, | G ∗|, increases with increasing concentration, and T gel decreases. The yellow stars mark T sol as 

the cross-over points between G ′ and G ′′ [ 18 ], Copyright 2015. Reproduced with permission from the American Chemical Society. 
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ith DS ranging from 0.66 to 2.41. To investigate the effect of 

S on gelation, Desbrières et al. [ 25 ] synthesized MC with ho- 

ogeneous methyl group substitution with DS ~ 0.9 to 2.2, and 

ound that without the presence of tri-substituted AGUs, MC did 

ot gel, thereby underscoring the importance of a distribution of 

ethyl group substitution for MC gelation. Sarkar [ 29 ] also found 

hat both the gel strength and rate of gelation of MC increase with 

ethyl content 

. Mechanisms of gelation 

Although MC has been studied and commercially produced 

or over a century [ 2 , 3 ], the mechanism of MC gelation at el-

vated temperatures has historically been controversial. Prior to 

012, various proposed mechanisms of gelation included physical 

rosslinking [ 4 , 16 , 30 , 31 ], micelle formation [ 9 , 10 , 26 , 32 , 33 ], and ki-

etically trapped phase separation [ 11 , 13–15 , 25 , 27 , 34 , 35 ]. From the

esults of X-ray diffraction experiments on MC, Kato et al. [ 30 ] at-

ributed gelation to the tri-substituted AGUs that act as crystalline 

rosslinks of the gel network. Previous NMR studies have shown 

hat, on average, MC has ~ 20–27% AGUs with tri-substituted 

ethyl groups [ 7 , 23 , 24 , 28 , 36 , 37 ]. The formation of crystals, pro-

osed to act as crosslinks in the gel state, was confirmed by Kho- 

utov et al. [ 31 ]. Haque and Morris [ 4 ] proposed that gelation is

ue to hydrophobic association of regions of dense methyl sub- 

titution, and that residual cellulosic domains are also involved in 

rosslinking. The proposed mechanism involved a two-step process 

here MC chains are held in “bundles” at low temperature due to 

nsubstituted cellulose regions, and as the temperature is raised, 

ome of these bundles become hydrated, allowing the methylated 

epeat units to be exposed to water. Then as the temperature is 

aised further, the hydrophobic strands attached to different bun- 

les associate to form crosslinks in the gel. This two-step mech- 

nism where MC chains are in “bundles” inherently assumes that 

C does not form a true molecular solution at low temperature. 

his assumption was invalidated by McAllister et al. [ 18 ], where 

tatic light scattering showed that MC forms individual semiflex- 

ble coils in dilute solution at room temperature. Hydrophobic 

rosslinking of MC was illustrated in cartoon form by Li et al. [ 16 ]

 Fig. 3 a), and was attributed to the increase in hydrophobicity and 

ehydration of the methoxy groups upon heating that cause the 

ormation of aggregates. 
3 
Some researchers also suggested that micelles constituted the 

unction points in the MC gel. The gel structure for MC was pro- 

osed by Rees [ 32 ] to be due to the formation of “fringed mi-

elles” consisting of highly methylated AGUs associated by hy- 

rophobic interaction. Sarkar [ 9 ] agreed with this interpretation 

nd described the “micellar gels” as analogous to those found in 

onionic surfactants, where the micelles are liquid-like in the core. 

bbett et al. [ 26 ] found using 13 C-NMR spectroscopy that there is 

 range of hydrophobicity along the backbone due to the hetero- 

eneous methyl substitution. This causes the chains to adopt a mi- 

elle configuration upon heating, which is followed by phase sepa- 

ation such that the phase-separated domains are held in place by 

he micelles. Takahashi et al. [ 10 , 33 ] described MC gelation behav-

or using the modified Eldridge-Ferry theory developed by Tanaka 

t al. [ 38 - 41 ], where associating polymers form multichain junc- 

ions upon gelation, as illustrated in Fig. 3 b. The junction shape in 

C gels was proposed to be fringed-micellar crystallites with 2–4 

hains in the micelle [ 33 ]. 

Another commonly proposed mechanism for gelation is vis- 

oelastic phase separation. In this process, the lower critical so- 

ution temperature (LCST) behavior of MC leads to kinetically 

rapped, interconnected polymer-rich domains during phase sep- 

ration that are held in place through polymer entanglements. The 

el point would then be reached when the polymer-rich domain 

pans the entire sample. A cartoon for the process of gelation 

hrough viscoelastic phase separation was illustrated by Tanaka 

 42 ] ( Fig. 3 c). Some researchers suggested that phase-separation- 

nduced gelation in MC is a multi-step process [ 11 , 14 , 15 , 25 , 27 ].

or example, Chevillard and Axelos [ 11 ] reported that MC can 

orm three different gels in the phase diagram. At both low and 

igh concentration, a clear gel forms, from associated hydropho- 

ic domains and from crystallites, respectively. At high tempera- 

ures, gelation is due to phase separation where polymer-rich mi- 

rodomains prevent bulk phase separation and result in a turbid 

el. Hirrien et al. [ 27 ] studied how the distribution of methyl moi- 

ties affects gelation and conducted measurements that supported 

he three-gel phase diagram proposed by Chevillard and Axelos. In 

ontrast, Arvidson et al. [ 12 ] showed that when rheological and 

loud point measurements were made at the same heating rate, 

he gel point and the cloud point were coincident, over a very 

ide range of concentrations. Desbrières et al. [ 15 , 25 ] concluded 

hat gelation was due to phase separation from hydrophobic as- 

ociation. Kobayashi et al. [ 14 ] described gelation as a two-step 
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Increasing temperature/time

solvent-rich droplet volume shrinking network-like pattern

a) b)

c)

Fig. 3. Older models of MC gelation. (a) Crosslinking mechanism of gelation due to association of hydrophobic domains [ 16 ], Copyright 2001. Reproduced with permission 

from the American Chemical Society. (b) Mechanism of gelation proposed by Rees [ 32 ] and described theoretically by Tanaka et al. [ 38 –41 ], where the junction points are 

micelles formed by associating polymers. Polymers can form junctions made up of S chains and ζ segments of each chain [ 40 ], Copyright 1996. Reproduced with permission 

from the American Chemical Society. (c) Viscoelastic phase separation mechanism where polymer-rich domains (gray) coarsen upon heating and become kinetically trapped. 

Figure drawn based on an illustration from reference [ 42 ]. 
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Fig. 4. Cryo-TEM of 0.2 wt% solutions of 300 kg/mol MC annealed for 30 min at (a) 

50 °C, (b) 55 °C, (c) 60 °C, (d) 65 °C before vitrification. The formation of fibrils oc- 

curs upon heating. The dark network in the images corresponds to the lacey carbon 

support of the TEM grids. Scale bars are 200 nm [ 44 ], Copyright 2013. Reproduced 

with permission from the American Chemical Society. 

c

fl

t  

r

d

s  

o

rocess where the hydrophobic regions along the backbones asso- 

iate, followed by phase-separation-induced gelation that is held 

n place by the aggregates between chains. More recently, Fair- 

lough et al. [ 13 ] observed the phase separation process using op- 

ical microscopy and concluded that phase separation of MC led to 

 bicontinuous structure via spinodal decomposition. Using small- 

ngle light scattering experiments, Villetti et al. [ 35 ] also con- 

luded that the phase separation occurs through spinodal decom- 

osition leading to a bicontinuous network. However, this study 

elied on jumps from low to high temperature instead of a tem- 

erature ramp, which could have affected the results because the 

elation temperature is heating-rate dependent, as mentioned pre- 

iously. 

. Fibril formation 

.1. Experimental observations 

Direct experimental imaging of MC solutions and gels, corrob- 

rated by indirect information, changed the established percep- 

ion related to the gelation mechanism and opened interesting 

undamental new questions. Cryogenic transmission electron mi- 

roscopy (cryo-TEM) of dilute MC solutions revealed that gelation 

s concurrent with the self-assembly of MC chains into long fibrils, 

hich percolate into a strong network upon heating [ 22 , 43 –45 ].

ig. 4 presents a representative series of cryo-TEM images taken 

pon heating 0.2 wt% MC solutions, showing the formation of MC 

brils in the vicinity (55 °C), at (60 °C), and above (65 °C) the 
heologically-determined gelation temperature. The fibrillar struc- 

ure has been confirmed and further quantified by small-angle 

eutron and X-ray scattering (SANS and SAXS) [ 22 , 44 , 45 ]. Both

ANS and SAXS profiles of MC solutions exhibit a characteristic 

houlder in the scattering curve (intensity I versus modulus of the 

cattering wavevector q = 4 πλ–1 sin( θ /2), where λ is the radiation 

avelength and θ is the scattering angle), which develops upon 

eating to slightly below and then above the gelation temperature, 
4 
haracteristic of structure formation in the system ( Fig. 5 ). A semi- 

exible cylinder model with disperse radii consistently describes 

he SAXS and SANS data well [ 46 , 47 ]. Measurements of the fib-

il diameter from cryo-TEM images, and fitting of the SANS/SAXS 

ata to the semiflexible cylinder model, result in a remarkably con- 

istent mean fibrillar diameter of ∼15–20 nm [ 22 , 44 , 45 ]. More-

ver, the fibrillar structure and diameter were shown to be system- 
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Fig. 5. SANS data for (a) 0.09 wt % and (b) 1.3 wt % 300 kg/mol MC solutions in D 2 O. Gelation temperatures are 63 °C and 50 °C, respectively [ 12 ]. The black lines are best 
fits to the scattering curves at 70 °C. Above the gel point, a shoulder indicating fibril formation appears near q ≈ 0.02 Å –1 [ 44 ], Copyright 2013. Reproduced with permission 

from the American Chemical Society. 

a

t

m

M

s

i

m

fi  

m

m

r

p

r

s

w

m

e

t

e

l

w

o

m

w

i

t

l

t

m

M

t

p

c

t

F

t

m

b

t

5  

g

b

a

p

o

t

[

i

s

c

t

s

t

g

c

(

m

d

c

s

t

r

t

m

3

a

m

s

r

s

s  

a

i

t

tically independent of MC concentration, MC molecular weight, 

emperature of gelation, and the regiochemical distribution of the 

ethyl moieties [ 22 , 45 ]. 

The discovery of the fibrils motivated researchers to understand 

C gelation in the context of fibril formation and understand the 

tructure and formation of the fibrils. Extensive cryo-TEM stud- 

es revealed that the well-established hysteresis seen in rheology 

easurements is dominated by fibril formation upon heating, and 

bril dissolution upon cooling [ 12 , 45 ]. Assuming that all the poly-

er chains are incorporated into fibrils at high temperatures, SANS 

easurements and fitting of the absolute intensity scattering data 

evealed that the fibrils consist of ~ 60% by volume of water [ 45 ]. 

Schmidt et al. [ 22 ] combined rheology, SAXS, and cryo-TEM ex- 

eriments to explore the effect of MC molecular weight on the fib- 

illar structures and gelation. Rheology measurements of 0.3 wt% 

olutions at 80 °C showed a monotonic increase of the gel modulus 

ith molecular weight. Fitting of the SAXS traces for the different 

olecular weight samples resulted in a constant mean fibril diam- 

ter, regardless of the molecular weight. In general, the length of 

he fibrils was too large to be determined by SANS or SAXS. How- 

ver, complimentary cryo-TEM results showed that lower molecu- 

ar weight solutions were characterized by shorter fibrils ( Fig. 6 ), 

hich induced a less connected gel network with a lower degree 

f crosslinking, providing a plausible explanation for the lower gel 

odulus. This work suggests that fibrils percolate into a gel net- 

ork through crosslinks, but the precise origin of the crosslinks 

s still unknown. The authors also proposed that the length of 

he shorter fibrils is determined by the contour length (molecu- 

ar weight) of the MC chains that are presumably oriented along 

he fibril axis [ 22 ]. 

These recent experimental findings shed light on the inter- 

olecular association that underlies the rheological behavior of 

C solutions and gels, yet at the same time raise puzzling ques- 

ions. How do such heterogeneous polymers self-assemble into re- 

roducible fibrillar structures upon heating, irrespective of their 

oncentration, molecular weight, temperature of gelation, and dis- 

ribution of the methyl substitutions along the polymer chains? 

urthermore, what is the self-assembly mechanism, and what fac- 

or(s) are responsible for the relatively uniform diameter? 

Simulations of MC fibril formation with a toroidal structural 

otif predict that the diameter of the fibrils is mainly controlled 
5 
y the Kuhn length of the polymer chains, which collapse into 

oroid structures that are then stacked together into fibrils [ 48 –

2 ]. However, the experimental study by Schmidt et al. [ 22 ] sug-

ests that MC chains are organized in twisted bundles, as modeled 

y Hall et al. for generic semiflexible chains [ 53 ], where the di- 

meter is controlled by the helical pitch of the chains. The helical 

itch is presumed to be determined by the elasticity/Kuhn length 

f the chains, with the interchain interactions mediated by wa- 

er molecules. More recent experimental work by Schmidt et al. 

 54 ] focused on the substructure of the fibrils, revealed by combin- 

ng phase-plate cryo-TEM with small-, mid-, and wide-angle X-ray 

cattering (SAXS, MAXS, and WAXS, respectively), leading to the 

onclusion that the fibril structure is more complex than initially 

hought or suggested by molecular simulation. The results of this 

tudy indicate that the fibrils are constructed from small diame- 

er (ca. 10 nm), denser semicrystalline regions, and “ghost”-like re- 

ions with larger diameter (ca. 26 nm), characterized by very low 

ontrast in phase plate cryo-TEM, and invisible in regular cryo-TEM 

 Fig. 7 ). The small diameter regions were assumed to contain poly- 

er chains that are oriented along the fibril axis, and the larger 

iameter sections were attributed to swollen, amorphous polymer 

hain bundles. The authors suggest that nucleation of the ordered, 

emicrystalline regions might set the overall average diameter of 

he fibrils [ 54 ]. 

The precise self-assembly mechanism of the MC chains into fib- 

ils and the source of the reproducible fibril diameter awaits fur- 

her investigations and should be addressed by additional experi- 

ental approaches. 

.2. Models of fibrils 

Recently, there has been an increase in computational efforts 

imed at providing insight into the fibril structure as well as the 

echanism of fibril formation. There are several ways in which 

elf-attractive polymers such as MC could aggregate to form a fib- 

illar structure. Given that MC is a derivative of cellulose, one pos- 

ible structure is the stacking of chains in a parallel configuration, 

imilar to what is seen in cellulose fibrils [ 30 , 43 ]. However, such

xial chain stacking does not provide a mechanism for stabiliz- 

ng a specific finite fibril radius as seen in experiments. Structures 

hat could result in a uniform radius include collapsed toroids that 



M.L. Coughlin, L. Liberman, S.P. Ertem et al. Progress in Polymer Science 112 (2021) 101324 

Fig. 6. Cryo-TEM of 0.1 wt % MC fibrillar solutions, characterized by MC molecular weight of (a) 400 kg/mol (b) 50 kg/mol. The solutions were annealed at 80 °C for 30 min. 

The specimen characterized by lower molecular weight MC shows the formation of shorter fibrils. The dark network in the images corresponds to the lacey carbon support 

of the TEM grids [ 22 ], Copyright 2018. Reproduced with permission from the American Chemical Society. 

Fig. 7. Cryo-TEM of MC fibrils. (a-c) Cryo-TEM images of 0.2 wt% 300 kg/mol MC showing “ghost”-like (black arrows) regions and branching points (red arrows). (d-f) Phase- 

plate cryo-TEM of 0.05 wt % 150 kg/mol MC revealing low contrast/density regions (blue arrows) and darker, higher density regions (orange arrows) [ 54 ], Copyright 2020. 

Reproduced with permission from the American Chemical Society. 

6 
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Fig. 8. Models of fibril structures include (a) chain stacking [ 49 ], Copyright 2016. 

Adapted with permission from Multidisciplinary Digital Publishing Institute, (b) 

toroid model [ 49 ], Copyright 2016. Adapted with permission from Multidisciplinary 

Digital Publishing Institute, (c) twisted bundles [ 56 ], Copyright 2018. Adapted with 

permission from Multidisciplinary Digital Publishing Institute, and (d) helical tapes 

[ 58 ], Copyright 2017. Adapted with permission from the Royal Society. 
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tack together coaxially [ 48 –52 ], twisted rope-like bundles [ 22 , 54 –

7 ], and folded helical tapes ( Fig. 8 ) [ 53 , 58 ]. Huang et al. [ 49 ] have

hown that as self-attractiveness increases, isolated semi-flexible 

hains collapse into rings, where the radius of the ring is set by 

he persistence length ( l p ) of the macromolecule. Recent simula- 

ions have extended this to MC and have shown that the polymer 

hains can assemble into toroidal structures that ultimately stack 

nto fibrils at elevated temperatures [ 48 , 50 –52 ]. Huang et al. [ 48 ]

sed coarse-grained molecular dynamics to show that isolated MC 

hains with over ca. 600 monomers collapse into toroids at higher 

emperatures. Ginzburg et al. [ 50 ] have determined that with in- 

reasing temperature MC chains undergo a transition from coils 

o rings, assuming that the molecular weight is large enough. The 

ings have an outer diameter ranging from 14 to 17 nm, which 

grees well with experimental observations [ 18 , 22 , 44 , 45 , 54 , 55 ].

owever, this outer diameter limits the smallest MC chain length 

hat can form fibrils. Since the walls of the torus consist of more 

han one layer of polymer chain, the predicted minimum limit is 

5–30 kg/mol for a chain to form one full cycle around a toroid 

 50 ]. This is in contrast to recent experimental work showing that 

C chains with a weight average molecular weight of 22 kg/mol 

orm fibrils upon heating, with no decrease in the overall chain 

onversion to fibrils [ 22 ]. Additionally, the hollow center of the 

oroidal ring could account for the 60% water content in the fibrils, 

hough the void fraction determined through simulations ranges 

rom only 13% to 26% [ 48 , 50 ]. To explain the low void fraction from

nly considering the hollow center, Ginzburg et al. [ 50 ] estimated 

hat each spherical bead representing a monomer contains about 

5% of polymeric material by volume, which in turn yields 52% to- 

al void space in the toroid structure, much closer to the experi- 

ental value. 

While there is no direct experimental evidence for toroidal 

ings, simulation studies have shown that they could be a pre- 

ursor to fibrils [ 50 –52 ]. Ginzburg et al. [ 50 ] proposed that the

ings stack on top of each other to form fibrils. They used sys- 

ems containing two to fifteen MC chains to simulate the precur- 

or steps for fibril formation. Individual rings were set in multiple 

nitial configurations, and the results showed that the rings fused 

ogether to form a single “proto-fibril”. Additionally, when multiple 
7 
roto-fibrils were placed near each other, they combined to form 

 larger tube structure. The results suggest that the ring stacking 

ould result in long fibrils with Y-junctions as potential branch 

oints that can act as crosslinks in high concentration to form a 

brillar network. Additionally, the simulated elastic modulus of the 

roto-fibrils increased with the concentration of the rings, consis- 

ent with experimental observations. This ring stacking mechanism 

ssumes that the rings are inherently stable within the proto-fibril. 

owever, other simulations have shown that the toroidal structure 

s not static in nature and could be metastable [ 51 , 52 ]. A time-

esolved simulation study by Li et al. [ 51 ] showed that the toroids

ndergo rapid conformational fluctuations. They found that the 

ings formed at 50 °C will change shape many times during a sim- 

lation to form bifocal structures, as well as a “splayed” configura- 

ion before re-forming a ring shape. Additionally, individual rings 

n a proto-fibril undergo rapid conformational fluctuations that al- 

ow the chain to come into contact with another ring or proto-fibril 

nd ultimately drag the second ring back to itself to form a sin- 

le fibrillar structure. A further study by Sethuraman and Dorfman 

 52 ] found that the mechanism for fibril formation depends on the 

nitial distance between the chains. When rings are initially close 

ogether, ring stacking is observed, as predicted by Ginzburg et al. 

 50 ]. Furthermore, all chains in these stacks of rings undergo rapid 

onformational fluctuations. The outer rings in the stack exhibit 

he largest fluctuations, indicating that fibril formation is more 

ikely to occur in the axial direction to form long fibrils, as seen 

xperimentally [ 18 , 22 ]. Fluctuations of the central rings could be a 

ource of branching. As the initial distance between the rings in- 

reases, chains will form bifocal structures, collapsed states, and 

ven isolated rings. These structures form fibrils due to rapid con- 

ormational fluctuations instead of through ring stacking. Sethu- 

aman and Dorfman [ 52 ] simulated a mixture of rings and ran- 

om chains to investigate the assumption of a two-stage fibril for- 

ation mechanism, whereby chains first collapse into rings then 

ome together to form fibrils. In this simulation, both the ran- 

om chains and the ring structures undergo rapid conformational 

uctuations and can “reach out” to capture other chains, suggest- 

ng that the ring structure is likely metastable. Overall, the results 

upport a ring nucleation mechanism for fibril formation, instead 

f ring stacking. The fact that the SAXS/MAXS/WAXS shows align- 

ent of MC chains with the fibril axis effectively rules out any ring 

tacking mechanism. 

These studies on the toroid model can account for some of 

he observations, but recent experimental results have shown that 

here is a relationship between fibril length and contour length 

f MC chains [ 22 ] that has yet to be accounted for computation-

lly. With this correlation in mind, another possible fibril structure 

s axially oriented MC chains twisted into a rope-like bundle, as 

hown by Vargas-Lara and Douglas for a fiber network in semiflex- 

ble polymer solutions [ 56 ]. In this model, the MC chains would 

tack together, and the local chirality of the anhydroglucose unit 

ould cause the chains to twist as they bundle together. This has 

een shown previously for cellulose nanofibrils [ 59 ]. The amount 

f twist in the chain increases radially from the center of the bun- 

le. Grason et al. have shown that this type of assembly is con- 

trained by the inherent chirality of the filaments, with the radius 

f the bundle being set by the persistence length of the filaments 

 53 , 58 , 60–62 ]. The radius of the bundle increases as ( l p d ) 
1/2 , where

 is the planar distance between filaments. This scaling law was 

onfirmed experimentally by Morozova et al. [ 55 ] though it has not 

een specifically studied computationally for MC. All recent experi- 

ental evidence should be considered by supplementary computa- 

ional modelling effort s, which will be of great importance for tar- 

eting and resolving the remaining open questions regarding the 

elf-assembly mechanism. 
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Fig. 9. Schematic depiction of the proposed heterogeneous fibrillar structure com- 

posed of semicrystalline and amorphous regions [ 54 ], Copyright 2020. Reproduced 

with permission from the American Chemical Society. 
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Fig. 10. MAXS and WAXS data of dried and stretched MC films and peak indexing 

of the monoclinic unit cell. (a) 2D MAXS exhibits an anisotropic reflection perpen- 

dicular to the fibril axis, assigned as (100). (b) 2D WAXS features higher-order peaks 

along the fibril axis, with a first peak assigned as (002). The rest of the peaks are 

consistent with a monoclinic unit cell with dimensions of a = 1.14 nm, b = 0.89 

nm, and c = 1.02 nm, and an angular range of γ = 90–100 °. (c) 1D MAXS and 

WAXS data with the peak indexing [ 54 ], Copyright 2020. Reproduced with permis- 

sion from the American Chemical Society. 

Fig. 11. Schematic illustration of the proposed unit cell with dimensions a = 1.14 

nm, b = 0.89 nm, and c = 1.02 nm, with γ in the range of 90–100 °. (a) In-plane 
view of the unit cell. The dashed line indicates the possible range of the monoclinic 

angle. (b) Length-axis view of the unit cell. The central chain is assumed to be ori- 

ented parallel to the rest of the chains. (c) 3D view of the proposed monoclinic unit 

cell [ 54 ], Copyright 2020. Reproduced with permission from the American Chemical 

Society. 
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.3. Internal structure of fibrils 

A close examination of MC gels (both wet and dry) through a 

ombination of SAXS, MAXS, and WAXS revealed that the fibrils 

ave a semicrystalline structure ( Fig. 9 ) with ca. 34% crystallinity 

 54 , 63 ]. MAXS and WAXS data suggested that both wet and dried

C gels have distinct peaks at wavevector moduli q = 0.56, 0.93, 

.25, 1.51, and 1.87 Å 
−1 , which are broadly consistent with the 

ndings of Kato et al. [ 30 ] Dried films were further investigated 

ia MAXS and WAXS after alignment of the fibrils by uniaxial 

tretching. Reflections were found to be consistent with a two- 

hain body-centered monoclinic unit cell (four AGUs per unit cell), 

ith dimensions a = 1.14 nm, b = 0.89 nm, and c = 1.02 nm, with

ngle γ ranging from 90 to 100 ° ( Fig. 10 and Fig. 11 ). The authors
oted that the monoclinic angle was not precisely resolved because 

f absence of angular resolution in the (00 l ) orientation. The c di- 

ension was aligned with the fiber axis and was exactly equal to 

he length of two AGU units [ 64–66 ]. This result confirms that on

verage the MC chain axis is aligned with the fibrils, effectively 

uling out the toroidal model. 

It is now established that the fibrillar internal structure is par- 

ially constructed of semicrystalline regions, and that MC gelation 

s concomitant with formation of a network of fibrils. However, the 

olymer crystalline fraction and the self-assembly mechanism of 

he polymer chains into fibrils are still unknown, and require fur- 

her investigation. Two alternative self-assembly mechanisms have 

een proposed to account for the partial crystallinity [ 54 ]. One 

ossibility is that MC self-assembly is initialized by nucleation of 

he semicrystalline regions, followed by association and growth of 

he fibrils, as depicted in Fig. 12 . This mechanism would limit the 

bril diameter based on restrictions over the nucleus size due to 

ongestion created by packing of amorphous hydrated sections of 

olymer around the ordered region. Another option is phase sepa- 

ation and coalescence of the chains into hydrated fibrils, followed 

y crystallization due to association of the more hydrophobic re- 

ions. The coincident development of the shoulder in SAXS pat- 

erns ( Fig. 13 a), the MAXS/WAXS peaks ( Fig. 13 b), and the simulta-

eous growth of the integrated intensity of the SAXS patterns and 

AXS peak ( Fig. 14 ), favor the first proposed mechanism. 

.4. Puzzling thermodynamic behavior 

The discovery of MC self-assembly into fibrils encouraged re- 

earchers to understand the dilute solution phase behavior of MC 

pon heating. McAllister et al. [ 18 ] explored MC in dilute solution 
8 
y light scattering, cryo-TEM, and rheology. Static light scattering 

howed a seemingly “classical” LCST behavior, with a theta tem- 

erature T θ ≈ 48 °C, and a positive second virial coefficient ( A 2 ) 

t T < T θ . Nevertheless, light scattering from dilute solutions an- 

ealed for longer periods of time (ca. days to weeks) below 48 °C 
ndicated that aggregation of MC can still occur. Moreover, cryo- 

EM of solutions near the overlap concentration, annealed at 40 °C 
or 3 weeks, reveal self-assembly of the polymer chains into indi- 
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Fig. 12. Schematic representation of the suggested nucleation and growth mechanism of MC fibrils. Purple indicates preferentially tri-methylated sections (~ 25% of the 

chain) of the MC chain that can participate in the crystallization process (34%). Green corresponds to AGU sections with fewer methyl groups that end up in amorphous 

regions. Red is to highlight the hydrophobic parts that participate in the nucleation process, where the nuclei are constructed of 2 chains. 

Fig. 13. (a) SAXS and (b) MAXS/WAXS of a 7 wt% 300 kg/mol MC solution as a function of temperature [ 63 ], Copyright 2018. Reproduced with permission from University 

of Minnesota Digital Conservancy. 
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idual fibrils, structurally similar to fibrils formed upon gelation at 

igher concentrations. The aggregation and association of the MC 

olymer chains into fibrils, under what appear to be good solvent 

onditions, raises intriguing questions. How is fibril formation pos- 

ible below the LCST temperature, where the second virial coeffi- 

ient is positive? What is the equilibrium state of the system?8?? 

According to Flory-Huggins theory, the phase behavior of a 

olymer solution is mainly dictated by the interaction parameter 

, and by the volumetric degree of polymerization N . When χ ex- 

eeds 1/2, a flexible coil solution should phase separate at a criti- 

al volume fraction, ~ 1 / 
√ 

N ( N >> 1) into a concentrated isotropic 

hase of overlapping chains in equilibrium with a low concentra- 

ion phase of collapsed globules [ 67 ]. However, for dilute MC solu- 

ions, aggregation takes place below the theta temperature, where 

ater is considered a good solvent, which conflicts with the the- 

ry. This behavior suggests that isolated MC chains dissolved in 

ater at temperatures below T θ are metastable. Rheology exper- 
9 
ments imply that the critical temperature for aggregation is 30 °C, 
here the fibrils consistently dissolve on cooling, independent of 

ate. Based on the experimental data, the authors [ 18 ] proposed 

hat MC behavior resembles that of semiflexible chains, rather than 

exible coils, and is governed by phase separation into isotropic 

nd nematic phases. The key parameter is the chain stiffness, or 

he axial ratio (Kuhn length-to-diameter ratio), following Flory’s 

ematic lattice theory ( Fig. 15 a) [ 18 , 68 ]. According to this theory, a

ow concentration of stiff chains can exhibit two-phase equilibrium 

t temperatures lower than T θ . Fig. 15 b shows a plot of the gel–

ol ( T sol ) transition obtained upon cooling, and the sol–gel ( T gel )

ransition as found by Arvidson et al. [ 12 ] upon slow heating. The 

olid line in Fig. 15 b is the predicted nematic–isotropic binodal es- 

imated for MC chains and was associated with the T sol data. How- 

ver, the T gel data reflects the metastable region between the two 

quilibrium limits, and the isotropic–nematic equilibrium limit for 

he system remains unknown. Moreover, the self-assembly of the 
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Fig. 14. Integrated SAXS and MAXS intensity for MC solutions with molecular 

weights of 50, 150, and 300 kg/mol. Shows that the conversion from polymer chains 

to fibrils is concurrent in SAXS and MAXS patterns [ 54 ], Copyright 2020. Repro- 

duced with permission from the American Chemical Society. 
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olymer chains into fibrils with local order [ 54 ] rather than macro- 

copic ordering suggests a kinetically trapped state [ 18 ]. 

.5. Nonlinear rheology 

The rheological behavior of fibrillar MC gels has been shown 

o fit well with existing mechanical models. Large-amplitude oscil- 

atory shear experiments have shown that aqueous MC solutions 

ransition from shear thinning to shear thickening behavior near 

he gelation temperature, where fibrils are formed. The mechanical 

esponse of the resulting gels can be described well by a filament- 

ased mechanical model [ 69 ]. The presence of fibrils also increases 

he shear modulus, consistent with a model developed by MacKin- 

osh et al. [ 70 ], which relates the elasticity of individual fibrils to 

hat of the bulk system. Over a wide range of concentrations MC 

els have also exhibited a transition from linear to non-linear vis- 

oelastic behavior at a critical shear stress, σ ∗, which is also pre- 

icted accurately by the model [ 69 ]. Note also that the magnitude 
ig. 15. (a) Theoretically predicted isotropic-nematic phase separation curves for semifle

rom Fig. 3 of ref. [ 18 ] and T gel (circles) from Arvidson et al. [ 12 ] The solid line in (b) co

 18 ], Copyright 2015. Reproduced with permission from the American Chemical Society. 

10 
f the modulus of an MC gel is well above what would be antici- 

ated for a homogeneous gel of crosslinked chains. 

Morozova et al. [ 71 ] demonstrated that the addition of salt af- 

ects the extensional flow behavior of MC solutions at room tem- 

erature. The presence of sodium chloride at high concentration 

8 wt%) induces fibril formation at room temperature (discussed 

elow), which changes the mechanical properties. This results in a 

trong shear-thinning behavior, and elastic flow regimes, whereas 

he salt-free solution exhibits shear-thinning behavior only at room 

emperature [ 71 ]. This can be reconciled by the Deborah num- 

er (De), a dimensionless value of the ratio between the relax- 

tion time and the time of the experiment (time for capillary 

reakup) which describes viscoelastic behavior. Solutions without 

brils (no salt) are characterized by a low De, and a power-law 

hear-thinning behavior. However, the formation of fibrils with the 

ddition of salt significantly increases the relaxation time (and De) 

nd the viscosity of the solution. As a result, the fibrillar solu- 

ion accommodates an elasto-capillary filament thinning behavior, 

hich is a characteristic of elastic fluids. Further work by Micklavz- 

na et al. [ 72 ] examined the shear and extensional flow properties 

f low viscosity MC solutions, at constant temperature of 20 °C, as 
 function of fibril content, using hyperbolic single phase microflu- 

dic channels. The fibril concentration in solution was controlled 

y the addition of different NaCl salt concentrations (0–5 wt%). 

he use of hyperbolic contractions allowed investigations of lower 

C molecular weights (150 kg/mol) and higher shear and strain 

ates, compared to previous rheological studies. Measurements at 

ower deformation rates (10–100 s –1 ) were shown to agree with 

revious macroscale rheology studies [ 71 ], where higher content 

f fibrils increases the extensional viscosity. The increase of exten- 

ional viscosity was rationalized by polymer alignment in the flow 

irection. Moreover, at higher deformation rates (100–1000 s –1 ), 

he MC solutions were demonstrated to undergo extensional thin- 

ing behavior. A follow-up study by Metaxas, et al. [ 73 ] expanded 

he previous work [ 72 ], and explored previously inaccessible exten- 

ional flow properties of lower molecular weight (150 kg/mol) MC 

olutions with varying NaCl salt concentrations at room tempera- 

ure, using microfluidic flow-focusing devices. This method, which 

roadens the range of accessible solution viscosities and exten- 

ional strain rates, demonstrated that the flow-driven extensional 
xible chains of different axial ratios [ 68 ]. (b) Experimentally measured T sol (stars) 

rresponds to the predicted binodal line for semiflexible coil of an axial ratio of 28 
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iscosity of low viscosity MC solutions increases with salt/fibril 

oncentration. 

These studies have significantly improved and expanded the 

nderstanding of mechanical properties associated with MC solu- 

ions, and may open new processing opportunities, such as fiber 

pinning. 

.6. Outstanding issues 

The discovery of fibril formation resolved the long-term contro- 

ersy related to the gelation mechanism of aqueous MC solutions, 

nd substantially improved understanding of structure-property re- 

ationships and the mechanical resposne of the system. Nonethe- 

ess, this finding raises numerous fundamentally interesting ques- 

ions. 

It is now established that MC exhibits LCST behavior, and upon 

eating the chains self-assemble into semicrystalline fibrillar struc- 

ures of ca. 15 nm diameter, while incorporating 60% by volume 

f water. The internal crystalline structure demonstrates that the 

olymer chains are oriented along the fibril axis. Moreover, the fib- 

illar length is closely correlated with the polymer contour length 

nd the gel modulus, and the gelation occurs through percolation 

f the fibrils into a gel network through crosslinks. However, the 

xact source of the crosslinks is still unknown. 

MC fibrils display peculiar self-assembly behavior. Interestingly, 

he fibrillar diameter is reproducible and independent of the poly- 

er heterogeneity, concentration in solution, the MC molecular 

eight, and temperature of gelation. Furthermore, dilute solutions 

elow the LCST temperature (good solvent conditions) show ag- 

regation and association of MC chains into fibrils. This unusual 

ehavior should be addressed by further experimental and com- 

utational efforts to understand the self-assembly mechanism, the 

actors responsible for the remarkably uniform fibril diameter, and 

o establish the equilibrium state of MC in aqueous media versus 

hat is undoubtedly a non-equilibrium fibrillar gel configuration. 

. Modifying gelation 

.1. Addition of salt 

Over the years, researchers have succeeded in modifying the 

elation properties of MC solutions in various ways. Along with 

dvancing the fundamental understanding of these mixtures, a va- 

iety of applications, e.g., in food and biological systems, has led to 

any studies aimed at unraveling the effects of different types of 

alt on MC solutions. 

In 1888, Hofmeister investigated the addition of salts to aque- 

us protein solutions, and found that the presence of salt affects 

rotein solubility, either enhancing or reducing the apparent hy- 

rophobicity in water [ 74 ]. The resulting “Hofmeister series” is a 

equence of ions ranked according to their effect on a solute in an 

queous solution. According to the series, a typical ranking for an- 

ons is SO 4 
2– > S 2 O 3 

2– > H 2 PO 4 
– > F – > Cl – > Br – >> I – > SCN 

–,

nd Ba 2 + > Ca 2 + > Mg 2 + > Li + > Na + > K + for cations, where

he earlier in the series, the less soluble the protein. A recent pub- 

ication by Dougherty [ 75 ] explains that the addition of salt to wa-

er affects the hydrogen bond strength to water molecules; ions 

arlier in the series interact more strongly with water molecules, 

ending to induce a “salting-out” effect, which increases the hy- 

rophobicity of a solute in water, and decreases solubility. Ions on 

he right side are weakly hydrated with water, resulting in a reduc- 

ion of hydrophobicity and an increase in the solubility of the so- 

ute [ 75 ]. According to dos Santos et al. [ 76 ] the ionic radius plays

 role on the extent of interaction of the ions with water. Smaller 

nd higher valency ions have higher surface charge density and are 
11 
ore strongly hydrated by water molecules, which leads to precip- 

tation of the solute. However, large ions have lower charge density 

nd higher polarizability and are weakly hydrated by water, hence 

arger ions can adsorb to hydrophobic areas of the solute and re- 

istribute their charge towards the water, increasing the solubility 

f the solute. 

Heymann was the first to study the effect of salt addition to MC 

queous solutions [ 19 ]. He explored the addition of two groups: 

hloride salts and potassium salts. By sealing the solutions in a test 

ube and heating above the gelation temperature, he determined 

he temperature at which the gel began to flow, and found that the 

emperature at which the gel reverts back to a solution changes 

ith the addition of different salts in the following order of anions: 

CN 
–, I –, NO 3 

–, NO 2 
–, Br –, Cl –, acetate, tartrate, and SO 4 

–, consis-

ent with the Hofmeister series [ 74 ]. Heymann observed that the 

resence of salting-out salts decreases the gel-to-solution transi- 

ion temperature, and salting-in salts increase the point of tran- 

ition. Moreover, according to these results, anions have a much 

ore significant influence than that of cations [ 19 ]. In the same 

anner as the salt effect on the gel-to-solution temperature, the 

elation temperature was also shown to be affected by the addition 

f salt, as reported by Sarkar [ 9 ]. This study demonstrated that the 

ddition of an increasing amount of sodium chloride, a salting-out 

alt, to MC solutions gradually decreased the gelation temperature, 

nd increased the gel mechanical strength. A systematic study by 

u et al. [ 77 ] using micro differential scanning calorimetry (DSC) 

easurements over a variety of salting-in and salting-out salt so- 

utions confirmed that salting-out salts depress the gelation tem- 

erature of MC solutions, whereas salting-in salts shift the gela- 

ion point to higher temperatures, again in agreement with the 

ofmeister series [ 74 ]. The gelation temperature was also found to 

ncrease or decrease linearly with salt concentration, for salting-in 

r salting-out salts, respectively [ 77 ]. Almeida et al. [ 78 ] confirmed

y dynamic and steady shear rheological measurements that the 

elation temperature linearly decreases with increasing salting-out 

alt concentration. Another study by Xu et al. [ 79 ] investigated the 

ffect of the addition of a mixture of salting-in and salting-out 

alts to MC solutions. This study showed that the gelation temper- 

ture decreases or increases as a function of the salt mixture com- 

osition. The relative shift of the gelation temperature was found 

o be a linear function of the molar ratio between the salts, indi- 

ating that the effect of each salt is independent of the other. 

The effect of addition of organic salts, such as sodium 

etraphenylborate (NaBPh 4 ), to MC solution has also been stud- 

ed [ 80 , 81 ]. NaBPh 4 induces a dual effect as a function of concen-

ration; at low salt concentrations, the gelation temperature de- 

reases, exhibiting a salting-out behavior, and above a critical salt 

oncentration, the gelation temperature increases [ 80 , 81 ]. This in- 

eresting transition from salting-out to salting-in can be explained 

y the attraction of BPh 4 
– anions to the MC hydrophobic areas, be- 

aving as a surfactant above the critical salt concentration, thus 

ncreasing the MC solubility in water and suppressing the gelation 

emperature. 

The effect of salt on MC gelation has led researchers to explore 

he impact of salt in terms of fibrils. Liberman et al. [ 82 ] investi-

ated the impact of salting-out and salting-in salts on MC fibril for- 

ation and structure by small-amplitude oscillatory shear (SAOS) 

heology and SAXS. Fig. 16 presents the complex modulus as a 

unction of temperature, for 1 wt% MC solutions with the addition 

f 0 to 8 wt% of NaCl and NaI [ 63 ]. The results show that NaI, a

alting-in salt, increases the gelation temperature with increasing 

alt concentration, and the addition of NaCl, a salting-out salt, de- 

reases the gelation point with concentration, in good agreement 

ith the DSC results previously reported by Xu et al. ( Fig. 17 ) [ 77 ].

Liberman et al. [ 82 ] were the first to assess the effect of the

ddition of salt on the morphology of the fibrils. SAXS results on 
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Fig. 16. SAOS heating and cooling ramp results for 1 wt% 300 kg/mol MC with the addition of NaI (a) and NaCl (b) at salt concentrations ranging from 0 to 8 wt%. The 

gelation temperature and the transition from gel to solution increase with NaI concentration and decreases with NaCl. The experiments were conducted at 5% strain, 1 rad/s, 

and a heating rate of 1 °C/min [ 63 ], Copyright 2018. Reproduced with permission from University of Minnesota Digital Conservancy. 

Fig. 17. T gel vs. NaI and NaCl salt concentration obtained by Schmidt (red) [ 63 ], 

compared to DSC results by Xu et al. (black) [ 77 ]. T gel increases with increasing 

NaI concentration and decreases with NaCl [ 63 ], Copyright 2018. Reproduced with 

permission from University of Minnesota Digital Conservancy. 
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alty solutions verified that gelation in the presence of salt is ac- 

ompanied by fibril formation. Moreover, fitting of the SAXS data 

o the semiflexible cylinder model has shown that the fibril diame- 

er is mainly dictated by the concentration of the salt, rather than 

he salt identity, and decreases with salt concentration. However, 

AXS and WAXS data obtained from the gels have shown that 

he internal structure of the fibrils is unaffected by the presence 

f salt, and is consistent with the data presented in Schmidt et al. 

 54 ] for MC fibrils without salt [ 63 ]. This means that the diame-

er reduction primarily reflects the amorphous domains of the fib- 

ils, while the packing of the crystalline areas remains unchanged. 

owever, given that the fibril morphology is unaffected by many 

ther factors, it is still unclear why the diameter decreases with 

alt concentration. Possible explanations could be dehydration of 

he fibrils induced by the osmotic pressure caused by the addition 
12 
f salt, and the effect of the salt on the self-assembly mechanism 

f the polymer chains into fibrils. 

.2. Other cellulose ethers 

This section focuses on recent developments with several re- 

ated cellulosic materials, namely hydroxypropyl methyl cellu- 

ose (HPMC), hydroxypropyl cellulose (HPC), ethyl cellulose (EC), 

thyl (hydroxyethyl) cellulose (EHEC), and carboxymethyl cellulose 

CMC). As with MC, these various cellulose ethers are prepared 

hrough the substitution of hydroxyl groups in the 2, 3, and 6 posi- 

ions around the cellulose ring [ 83 , 84 ]. In addition to sharing typ-

cal MC applications, hydroxy-propyl methyl cellulose (HPMC) has 

ound uses ranging from the production of films [ 85–88 ] and ther- 

oplastics [ 89 , 90 ], applications in biomedicine [ 91 ] and drug de-

ivery [ 92 –98 ], and in 3D printing [ 99 ]. The chemical structure of

PMC is almost identical to MC, with the addition of hydroxy- 

ropyl substituents at typical levels (MS) from 0.1 to 0.3 per 

GU, and comparative studies of the phase separation and gela- 

ion behavior in aqueous solutions are extensive [ 9 , 13 , 29 , 43 , 100 –

07 ]. Sarkar reported that with increasing HPMC concentration, 

he gelation temperature systematically decreases, while the cloud 

oint/precipitation temperature decreases in a plateauing fashion, 

ith an intersection at a concentration of 6.5 wt% [ 9 ]. Kita et al.

ound the intersection to be at 11.5 wt% [ 103 ]. The gel modulus 

as found to depend on time, molecular weight, hydroxypropyl 

roup molar substitution (MS), and methyl DS [ 9 , 29 , 102 ]. In ad-

ition, Haque et al. [ 102 ] found that HPMC solutions, like MC solu- 

ions at low temperature, have shear-thinning properties. A recent 

aper by Akinosho et al. [ 106 ] showed that the relative crystallinity 

f HPMC decreases with increasing hydroxy-propyl groups. In the 

hermoreversible gelation of aqueous HPMC solutions upon heat- 

ng, characteristic sharp drops in G 
′ , G 

′′ , and the complex viscosity 

re observed first, followed by an increase in G 
′ and crossover with 

 
′′ that is concurrent with the gelation process, in addition to con- 

iderable hysteresis upon cooling [ 13 , 29 , 43 , 100 –105 , 107 ]. The first

henomenon is a result of liquid-liquid phase separation that pre- 

edes fibril formation, and is not observed in aqueous MC solutions 

 13 , 100 , 104 ]. In addition, Lodge et al. [ 100 ], using similar molecu-

ar weights of MC and HPMC, found that the hot gel modulus of 

PMC was orders of magnitude lower than that for MC. Bodvik 
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t al. [ 101 ] similarly showed that HPMC solutions at 85–90 °C were

rders of magnitude less viscous than MC, and argued that HPMC 

ggregated more rapidly due to its bulkier substituents. As with 

C, the underlying mechanisms of phase separation and gelation 

f aqueous HPMC solutions is still debated, and numerous expla- 

ations recently have been proposed [ 13 , 43 , 100 , 103 , 107 ]. 

Much like MC, fibril formation in aqueous HPMC solutions upon 

eating was only discovered over the past decade through a com- 

ination of small-angle scattering techniques and cryo-TEM mea- 

urements [ 43 , 100 ]. The pioneering work of Bodvik et al. [ 43 ]

howed that at 65 °C, HPMC with a hydroxypropyl MS of 0.13 

ormed fibrils in aqueous solutions, albeit less entangled in com- 

arison to MC fibrils. The authors also argued that the presence 

f hydroxypropyl substituents hinders fibril formation, shifting the 

evelopment of fibrils to higher temperatures and concentrations 

 43 ]. In a recent paper, Lodge et al. [ 100 ] found that HPMC with a

ydroxypropyl MS of 0.27 formed fibrils at 70 °C that were thicker, 

horter, and contained less polymer and were more flexible than 

C fibrils. In contrast to these results, Arai et al. [ 108 ] reported

hat MC and HPMC are long and rigid rod particles at room tem- 

erature. 

Other cellulose ethers such as hydroxypropyl cellulose (HPC), 

thyl cellulose (EC), and ethyl (hydroxyethyl) cellulose (EHEC) also 

how phase separation in aqueous solution, depending on the de- 

rees of substitution of the various groups and the concentration. 

t low concentration (~ 2 wt%), HPC phase separates, but does not 

el in aqueous solution [ 102 , 109–111 ]. For higher concentrations 

PC shows an apparent two-step mechanism of phase separation 

nd gelation that is similar to aqueous HPMC solutions [ 112 , 113 ].

C is soluble in water when the ethoxy DS is between 1.0 and 1.5 

 114 ]. Perhaps its best known property, in comparison to other cel- 

ulose ethers, is almost universal solubility in polar and non-polar 

rganic solvents at an ethoxy DS of 2.4–2.5 [ 114 ]. The cloud point

f aqueous EHEC solutions has been shown to increase with in- 

reasing hydroxyethyl DS [ 109 , 115 ]. Bodvik et al. [ 101 ] found that

HEC exhibits the fastest aggregation in comparison to HPMC and 

C due to its bulky oligo(ethylene oxide) chains. Much like HPMC, 

HEC undergoes two critical temperature transitions during the 

hermal gelation process, with the first transition coinciding with 

he onset of aggregation and the macroscopic cloud point [ 101 ]. 

CMC is a highly water-soluble anionic cellulose ether that is 

artially substituted with carboxymethyl groups and commonly 

sed in its acid or sodium salt form (NaCMC). Like MC, aqueous 

aCMC solutions exhibit shear-thinning behavior [ 116 ]. Although 

MC is historically known for its lack of thermal gelation in wa- 

er [ 9 , 109 ], recent papers have shown that a phase transition does

ccur in aqueous CMC solutions upon heating [ 117 , 118 ]. To date,

one of these various cellulose ethers have been shown to form 

brils upon heating. 

.3. Further functionalization of MC 

Due to its water solubility and amphiphilic character, MC and 

ts derivatives (e.g., HPMC, HPMCAS, and CMC) have inspired a sig- 

ificant body of research focused on applications in drug deliv- 

ry [ 7 , 92 - 98 ]. In order to improve drug-polymer interactions and

rug-delivery efficiency, these cellulose ether derivatives are often 

hemically modified with functional groups. Here we restrict our 

ocus to examples of chemical modification of MC, not only for 

rug-delivery applications, but also to gain further insight into so- 

ution properties and the fiber formation mechanism. 

The general approach for chemical modification of MC is to 

ake advantage of the remaining unsubstituted OH functionality 

DS OH = 3 – DS CH3 ) and use various reactions to attach functional 

roups onto the polymer chain. Note that a maximum DS = 3 

ssumes the MC degree of polymerization is large enough that 
13 
here is no effect from the end groups. One such modification 

s the direct conjugation of small molecules to the backbone of 

C. Quiñones et al. [ 119 ] modified MC through a carbodiimide- 

ediated cross-coupling reaction between the MC hydroxyl groups 

ith esterified biologically relevant molecules such as testosterone 

nd vitamins D2 and E ( Fig. 18 a). Attachment of these molecules 

o MC induced the formation of nanoaggregates in aqueous so- 

ution that appeared to be stable dispersions for ca. 1 month. It 

s also possible to use small molecules that add additional func- 

ionality to MC. For example, the Williamson ether synthesis ap- 

roach can be used to react the hydroxyl groups with alkyl halides, 

hich contain an additional functional group for use in further re- 

ctions [ 55 , 120 - 123 ]. Dong et al. [ 120 ] used this method to attach

endant alkenes to the MC backbone, which were further modi- 

ed using olefin cross-metathesis with acrylic acid and other acry- 

ates. Hydrogenation of the cross-metathesis products enabled the 

ormation of MC derivatives that were able to successfully reduce 

rug crystallization in solution, thereby expanding potential ap- 

lications. Dong et al. [ 121 ] expanded upon the cross-metathesis 

pproach through thiol-Michael addition to further functionalize 

he electron-deficient cross-metathesis products with various thi- 

ls. Both the cross-metathesis and the thiol-Michael addition reac- 

ions are performed under mild conditions, and the combination 

f the two allows for the synthesis of MC derivatives with diverse 

tructures and tunable functionalities and properties. However, fur- 

her research is needed to determine how these small molecule 

rchitectural modifications affect fibril formation and gelation in 

C. The attachment of pendant functional groups using the re- 

aining hydroxyl groups with various techniques has been used 

o produced crosslinked MC gels, which is discussed in more detail 

elow [ 122 , 124 - 131 ]. 

In addition to small molecule addition and crosslinking, some 

tudies have examined backbone modification of MC through graft- 

ng of polymers. Kim et al. [ 132 ] oxidized MC using sodium 

eriodate, which forms two aldehyde groups on one AGU by 

leaving the bond between vicinal carbons with hydroxyl sub- 

tituents. Subsequently, the aldehyde groups were reacted with 

00 g/mol polyethyleneimine (PEI) via reductive amination to 

roduce cationic PEI-grafted MC. The results showed that this 

ethod of polymer conjugation actually decreased the MC molec- 

lar weight from 35.5 kg/mol to 10.9 kg/mol for PEI-grafted MC, 

ue to the cleavage of MC by over-oxidation. The conjugated poly- 

ers were then shown to form stable, spherical polyplexes with 

lasmid DNA, though the gelation behavior and solution properties 

f the polymer itself were not examined. Morozova et al. [ 55 , 123 ]

sed the Williamson ether synthesis approach described above to 

odify MC with allyl groups, and then systematically conjugated 

hiol-terminated poly(ethylene glycol) (PEG) to the backbone with 

hoto-initiated thiol-ene click reactions ( Fig. 18 b). Two PEG molec- 

lar weights, 800 g/mol and 2000 g/mol, were used to synthe- 

ize polymers with grafting densities ranging from 0.01 to 0.37 

EG grafts/AGU [ 55 , 123 ]. Static and dynamic light scattering re- 

ults showed that the persistence length ( l p ) increased system- 

tically with grafting density and that longer PEG grafts had a 

reater effect than the shorter grafts; these results were in good 

greement with a theory by Fredrickson [ 133 ]. Additionally, using 

tomic force microscopy and SAXS, Morozova et al. [ 55 ] showed 

hat as l p increases, the fibrils radius also increases from 10 nm 

o 16 nm until l p ~ 23 nm, at which point both gelation and 

bril formation are completely suppressed. These results confirm 

hat fibril formation is central to MC gelation. Similar results (un- 

ublished) were obtained by grafting short poly( N -isopropyl acry- 

amide) (PNIPAm) chains to MC, thereby introducing a second LCST 

oiety. Interestingly, the addition of PNIPAm actually increased the 

pparent theta temperature, suggestive of unfavorable PNIPAm-MC 

nteractions. 
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(b)

(c)

(a)

Fig. 18. Examples of chemical modification to methyl cellulose. (a) Attachment of small molecules to MC using cross-coupling reaction between unsubstituted hydroxyl 

groups on the MC backbone and esterified molecules such as testosterone and vitamins D2 and E (gray sphere) [ 119 ], Copyright 2019. Adapted with permission from Elsevier 

Science Ltd. (b) Synthesis of polymer-grafted MC using the Williamson ether synthesis approach to add pendant allyl groups on the MC backbone, followed by thiol-ene 

click reaction to conjugate PEG to MC [ 123 ], Copyright 2017. Adapted with permission from the American Chemical Society (c) Synthesis of MC block copolymers using olefin 

cross-metathesis of alkene terminated tri-methyl cellulose and acrylate-terminated PEG [ 147 ], Copyright 2020. Adapted with permission from Elsevier Science Ltd. 
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As with any polysaccharide, each MC chain has a reducing end, 

t which a single AGU is capable of undergoing mutarotation in 

queous solutions through reversible opening of the cyclic hemiac- 

tal into its acyclic form, exposing a single aldehyde group. Using 

elective chemistries, this aldehyde group can be modified to allow 

ynthesis of MC block copolymers. While many research groups 

ave explored different strategies to form block copolymers from 

olysaccharides [ 134 –141 ], there are few examples for MC-derived 

lock copolymers. Early examples by Kamitakahara and coworkers 

ocused on attachment of model compounds to MC enabled by gly- 

osylation of single sugar units [ 142 - 145 ]. One study stands out for

eveloping a synthetic method to introduce a single azide group or 

 single propargyl group to the reducing and non-reducing ends of 

ri-methyl cellulose oligomers by performing a Huisgen 1,3-dipolar 

ycloaddition [ 146 ]. Recent work by Chen et al. [ 147 ] showed the

se of olefin cross-metathesis to conjugate tri-methyl cellulose 

ith poly(ethylene glycol) to form an amphiphilic block copolymer 

 Fig. 18 c) [ 147 ]. While the precursor material was MC with DS = 2,

he researchers chose to fully methylate MC before conjugation to 

llow for the possibility of making MC-based triblocks and to have 

 range of usable reaction conditions due to the enhanced solubil- 

ty of tri-methyl cellulose in various organic solvents. Future work 

n synthesizing MC block copolymers could potentially expand the 

pplications for MC, as well as forming interesting self-assembled 

tructures upon heating. 

.4. Chemical crosslinking 

As MC is derived from the most abundant natural polysaccha- 

ide, cellulose, in addition to its unique gelation properties [ 12 ], it 

erves as a promising sustainable material for the preparation of 

hree-dimensional network structures such as hydrogels. MC hy- 

rogels have found applications across the fields of drug delivery 

 125 , 127 ], soft tissue reconstruction [ 148 , 149 ], and tissue engineer-

ng scaffolds [ 124 ]. However, the thermoreversible nature of aque- 
14 
us MC solutions renders the MC gels impermanent, as they revert 

o liquid solutions upon cooling [ 12 ]. Since most MC gels are appli-

able to biological systems between room (25 °C) and body (37 °C) 
emperatures [ 124 , 125 , 127 , 148 , 149 ], chemical crosslinking of aque-

us MC solutions can be used to produce robust hydrogels with 

unable material properties at low temperature. 

Various reaction mechanisms and pathways have been explored 

n chemically crosslinking aqueous MC solutions. Urethane linkages 

sing hexamethylene diisocyanate and catalytic dibutyltin dilaurate 

ere used as chemical crosslinkers for MC hydrogel synthesis, by 

nnealing at 70 °C for half an hour [ 126 ]. A recent paper by Shin

t al. [ 124 ] showed that MC hydrogels can be synthesized by the 

ttachment of dicarboxylic acid groups, further modified with tyra- 

ine and chemically crosslinked using photosensitive vitamins un- 

er visible light. The authors discussed a dual-crosslinking method 

hat involved irreversible photo- and reversible thermal crosslinks, 

ith a maximum temperature studied of 37 °C [ 124 ]. Pakulska 
t al. [ 125 ] showed that poly(ethylene glycol)-bismaleimide can be 

hemically crosslinked with thiol-modified MC within minutes, at 

hysiological pH and room temperature, with no toxic catalysts re- 

uired. Similarly, the authors explored the effects of both chem- 

cal and physical crosslinks on the properties of the MC hydro- 

el at 37 °C, and showed that the chemically crosslinked MC gels 

ere more stable and swelled less than their physically crosslinked 

ounterparts [ 125 ]. In a recent paper by Morozova et al. [ 122 ], al-

yl substituents were first introduced by reacting aqueous MC solu- 

ions with allyl bromide under basic conditions. Allylated MC was 

ubsequently crosslinked through UV irradiation in the presence of 

 photoinitiator for 20 min, at either room temperature or 80 °C, 
roducing two distinct hydrogels, denoted as xsol -MC and xfib -MC 

els respectively, with distinct structures and properties discussed 

elow [ 122 ]. 

The crosslinking of MC using aldehyde groups such as glu- 

araldehyde (GA) catalyzed by strong acid has been extensively 

tudied as another type of chemical modification [ 127 - 130 ]. In 
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articular, Rimdusit et al. [ 130 ] reported that the swelling ratio 

nd moisture absorption decreased with increasing GA concen- 

ration, while the gel content increased and eventually plateaued 

t higher GA concentrations. In addition, Park et al. [ 129 ] re- 

ealed that the crosslinking density and tensile strength of the 

els increased with increasing GA and acid concentration, while 

he maximum elongation of the gels decreased. Patenaude et al. 

 131 ] demonstrated an alternative way to introduce aldehyde func- 

ional groups through the selective oxidation of MC in the pres- 

nce of sodium periodate at room temperature for 2 h. A subse- 

uent crosslinking reaction with PNIPAm functionalized with hy- 

razide groups was achieved [ 131 ]. Similarly, MC can be func- 

ionalized with methacrylate crosslinker groups through esterifica- 

ion of MC hydroxyl groups [ 148 , 149 ]. Stalling et al. [ 148 ] showed

hat methacrylate-modified MC solutions can be crosslinked with 

 photoinitiator under UV exposure for 10 min at 4 °C [ 148 ]. How-

ver, Gold et al. [ 149 ] argued that the photo crosslinking method 

estricts clinical applications for in situ gelation due to the lim- 

ted penetrability of UV light into human skin. Instead, an ammo- 

ium persulfate-ascorbic acid redox initiation system was utilized 

o chemically crosslink methacrylate modified MC, in phosphate 

uffered saline at room temperature [ 149 ]. 

In these chemical crosslinking reactions, MC gels were typ- 

cally synthesized at or below room temperature [ 122 , 125 , 128 -

31 , 148 , 149 ], and it was reported that the gels were clear and

ransparent. Rheological measurements showed that the storage or 

lastic modulus G 
′ was always greater than G 

′′ as a function of 
ime [ 125 ], after the onset of gelation [ 149 ], and during frequency

weeps and heating ramps [ 122 ], as expected for network struc- 

ures. A common way to tune the hydrogel properties is by chang- 

ng the MC concentration in the precursor solution [ 122 ], whereby 

ncreasing the MC concentration decreased the subsequent water 

ptake, and hence the swelling ratio, while increasing the elastic 

odulus [ 122 , 148 , 149 ]. For example, Morozova et al. [ 122 ] showed

hat as the temperature was increased from 25 °C to 80 °C, the 
quilibrium volume fraction φe for xsol -MC gels increased by an 

rder of magnitude due to the gel deswelling. The authors argued 

hat G 
′ in xsol -MC arose from the loss in conformational entropy 

f individual polymer chains as a result of deformation, consistent 

ith established theories for crosslinked polymer chains [ 122 ]. 

The fibril formation behavior of aqueous MC solutions upon 

eating, concurrent with the onset of gelation and phase separa- 

ion, has only been known over the past 10 years [ 43 - 45 ], and

herefore work on chemically crosslinking MC fibrils has been lim- 

ted [ 122 ]. By chemically crosslinking at 80 °C, opaque and solid 
fib -MC gels were formed and the opacity persisted even after 

ooling to room temperature. This indicated the locking in of the 

bril structure, as also deduced from SAXS patterns, with the mean 

bril radius systematically increasing from 10 to 20 nm upon cool- 

ng due to weakening polymer–polymer interactions [ 122 ]. On the 

ther hand, crosslinking MC solutions at room temperature was 

ound to prevent fibril formation on subsequent heating [ 122 ]. 

Similar to xsol -MC gels, xfib -MC gels showed no frequency de- 

endence to the moduli, and G 
′ was larger than G 

′′ [ 122 ]. φe of

fib -MC gels only increased by 50% upon heating to 80 °C, in con- 
rast to the order of magnitude changes for xsol -MC gels, attributed 

o the difference in the swelling mechanism [ 122 ]. Additionally, at 

0 °C, the scaling of G 
′ with volume fraction for xfib -MC gels was

imilar to that of uncrosslinked MC fibril gels, indicating that the 

ulk elasticity arose, at least partly, from the bending modulus of 

he MC fibrils [ 122 ]. 

.5. Outstanding issues 

Modification of MC gelation properties is of wide commercial 

nd scientific interest and has been achieved through both the ad- 
15 
ition of salts to MC aqueous solutions and by chemical modifi- 

ations through functionalization or chemical crosslinking. These 

odifications have been recently studied to understand their ef- 

ect on the MC fibrillar structures. 

The addition of salt has been extensively demonstrated to re- 

uce or increase the gelation point of MC solutions. This behavior 

s now understood in the context of fibrils as well. Besides the ef- 

ect of the addition of salt on gelation and fibril formation, the di- 

meter of the fibrils decreases monotonically with molar salt con- 

entration. This behavior with salt concentration is unexpected be- 

ause the fibril morphology is relatively insensitive to variations of 

ost other parameters. This aspect of MC gelation warrants further 

tudy. 

Grafting different polymers (PEG and PNIPAm) onto the MC 

ackbone has been shown to affect the overall persistence length, 

bril diameter, and fibril formation and gelation. Longer polymer 

rafts and higher grafting densities increase the persistence length 

nd the fibril diameter. At a critical persistence length of 23 nm, 

he gelation and fibril formation are completely suppressed. This 

onfirms the close correlation between the ability of MC to form 

brils and to gel. Moreover, the solution properties of PNIPAm- 

rafted MC exhibited an increase in the apparent theta tempera- 

ure, which implies unfavorable interactions between MC and PNI- 

Am grafts. Chemical crosslinking of fibrils in the gel state has 

een shown to preserve the fibrillar structure upon cooling as well. 

his shows the ability to control gelation through fibril formation, 

hich is potentially of great importance. 

Another interesting, yet sparsely studied, modification approach 

s the chemical attachment of another polymer to MC to form 

 block copolymer, which permits manipulation of the solution 

tructure and properties. This can potentially broaden the number 

f applications through microphase separation, and formation of 

ifferent morphologies as a function of temperature. 

. Summary 

MC is a highly-studied and well-known polymer with myriad 

ommercial applications as a consequence of its water solubility 

nd gelation properties. Yet, interesting fundamental questions re- 

ain about the solution and gel properties of MC. This polymer ex- 

ibits LCST behavior in water, with T θ ≈ 48 °C, and gels upon heat- 
ng. Early studies related MC gelation to hydrophobic attractions, 

eading to physical crosslinks. More recent experimental results 

ave brought a new understanding concerning the source of gela- 

ion. The use of a powerful combination of experimental tools, i.e., 

ryo-TEM, SANS/SAXS, and rheology, allowed researchers to corre- 

ate the gelation of MC with the formation of stiff fibrils, which 

ercolate into a fibrillar network. Experimental work showed that 

he fibrils consist of both semicrystalline and amorphous domains, 

ith an average water content of 60% by volume. Upon heating, 

C spontaneously self-assembles into fibrils with a constant mean 

iameter that is independent of the MC concentration, the tem- 

erature of gelation, and the MC molecular weight. However, it 

as been found that the fibril contour length and gel strength are 

oth functions of the molecular weight, whereby lower molecu- 

ar weight polymers form shorter fibrils that result in a less inter- 

onnected gel network, as characterized by a lower storage modu- 

us. Furthermore, dilute MC solutions exhibit aggregation and fib- 

il formation behavior when annealed for a prolonged time be- 

ow T θ , where water is considered a good solvent, which conflicts 

ith expectations based on Flory-Huggins theory. Along with ex- 

erimental work, computational modeling has been directed at ad- 

ressing the fibrillar structure, dimensions, and formation mecha- 

ism. However, to date the proposed models fail to account for the 

ey experimental observations. Therefore, the fundamental ques- 

ions regarding the origin of the reproducible fibril diameter and 
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he self-assembly mechanism await further experimental and com- 

utational efforts. Of particular significance is the issue of fib- 

il nucleation. Primary nucleation may involve formation of small 

rystalline moieties, recently shown to be present in the fibril- 

ar gel. This could be followed by coalescence of the associated 

hains, with additional crystallization, leading to the extended fib- 

ils. Conversely, initial fibril formation may involve a predomi- 

antly amorphous assembly of MC chains, with the fixed diame- 

er governed by wrapping of helical segments around the periph- 

ry, followed by partial crystallization. These represent two possi- 

le nucleation mechanisms for a single fibril. Growth of a dense 

rray of fibrils following nucleation, including branching, presents 

dditional puzzles that need to be addressed, although presum- 

bly branching reflects participation of sections of a given chain 

n two or more fibril nuclei. Experimental tools such as liquid- 

ell TEM may provide in-situ information about the fibril formation 

rocess upon heating. Moreover, future computational efforts will 

enefit from taking into consideration all the recent experimental 

vidence. 

Further studies indicate that the gelation, fibril formation and 

tructure, and gel mechanical properties can be modified through 

hemical modification, the addition of both salting-in and salting- 

ut salts, and chemical crosslinking. Specifically, grafting of the 

C backbone with PEG chains increases the fibril diameter by in- 

reasing the persistence length of the polymer, and at high graft- 

ng densities completely suppresses fibril formation and gelation. 

his provides experimental support to the idea that the fibril di- 

meter is controlled by the persistence length of MC. The intro- 

uction of salts into MC solutions has been shown to affect the 

elation temperature, depending on the salt type. Moreover, re- 

ent studies report that an increase in the salt concentration leads 

o a smaller fibril diameter, while not affecting the semicrystalline 

tructure, regardless of the type of the salt used. This indicates that 

he diameter is mainly controlled by the amorphous domains in 

he fibrils. Chemical crosslinking of aqueous MC solutions at differ- 

nt temperatures/states reveals significant changes in the mechan- 

cal properties of the systems. These recent findings demonstrate 

he ability to control the fibril formation, gelation, and mechanical 

roperties of aqueous MC solutions, and may potentially expand 

he variety of applications of MC. Another important and not well- 

xplored route is the synthesis of MC-derived block copolymers. 

uch polymers may form interesting micro-phase separated struc- 

ures upon heating, which could further broaden MC industrial 

se. 

In summary, MC is an extraordinarily versatile macromolecu- 

ar platform with many documented structural features, physical 

roperties, and uses. Despite substantial recent advances in under- 

tanding, the detailed mechanism of fibril nucleation and growth, 

nd the appropriate thermodynamic and structural models, re- 

ain elusive. We speculate that deeper understanding will expose 

ndiscovered opportunities for further development. 
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