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Frustrated, out-of-equilibrium materials have been of considerable interest for some time and continue to be some of the least

understood materials. Recent measurements have shown that many gelled biopolymer materials display slow dynamics on

timescales greater than one second, that are not accessible with typical methods, and are characteristic of glassy trapped systems.

In this study we have controlled the fine structure of the anionic polysaccharide pectin in order to construct a series of ionotropic

gels having differing binding energies between the constituent chains, in an attempt to further understand the slow dynamical

processes occurring. Using multi-speckle light scattering techniques it is shown that the slow dynamics observed in these gelled

systems are stress-driven. As the binding lengths, and thus the binding energies, of the junction zones between the polymer

chains in these networks increase the long-time dynamics initially slow, as might be expected, until a critical level of internal

stress is reached upon which the dynamics increase significantly, with gentle creaking punctuated by localised stress-relieving

quakes.

1 Introduction

Typically, colloidal glasses have been the canonical model for

out-of-equilibrium materials that exhibit glassy dynamics and

considerable amounts of underlying theory has been devel-

oped to describe their behaviour, such as mode coupling the-

ory1–3. However, recent measurements on the dynamics of

polysaccharide gels showing bi-modal dynamics, with slow

modes reminiscent of those seen in other frustrated out of

equilibrium systems highlight the breadth of soft materials ex-

hibiting such behaviour4–6. It should perhaps not be surpris-

ing that such slow behaviour exists in polysaccharide gels, as

syneresis, where the gel squeezes water from the network as it

slowly pulls together, on time scales of hours or days has long

been observed7,8. Typically in colloidal systems one seeks to

understand the mechanism behind the slow internal dynam-

ics: are they thermally driven or are they driven by internal-

stresses built up as the system approaches the glass transi-

tion9? Here we investigate the interplay between the inter-

polymer binding strength and the observed slow dynamics.

Recent experiments have highlighted many interesting phe-

nomena regarding the slow dynamics in both pectin and al-

ginate gels4–6. The slow dynamical processes occurring in
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pectin networks is an especially important topic, not only to

understand the stability of gelled systems for controlled re-

lease in the food and pharmaceutical industries, but for the

insights it may provide into how the plant cell wall, in which

it is a major component, can elongate while maintaining its

integrity, or perform directional motion in response to an ex-

ternal stimulus. In light of recent work we have designed

three gels using three different pectin fine structures (the same

monosaccharide composition of the chains, but different pat-

terns of the cross linking moieties), to give differing binding

strengths in a quest to predictably modify the slow dynamics.

Pectin, as found in the plant cell wall, is a complex hetero-

polysaccharide consisting of several domains, predominantly

homo- and rhamno-galacturonan (RGI and RGII), the dispo-

sition of which is still a matter of debate to some extent10. It

is clear however that the homogalacturonan (HG) backbone is

connected through alpha 1-4 linkages and that it is the inter-

molecular association of this part of the polymer that is pri-

marily responsible for pectin’s ion-binding and gel forming

capacity11. While RGI contains rhamnose residues, alternat-

ing with those of galacturonic acid, that act as sites of neu-

tral sugar side chain attachment, these branches are often re-

moved during commercial extraction procedures that are used

to purify pectin and are subsequently not usually present in

significant amounts in commercially available samples. In the

plant cell pectin is biosynthesised as a weak acid with around

20 percent of the monomers in each homogalacturanan chain

bearing naked carboxyl groups, with the remaining groups

carrying a methyl ester. The ratio of methyl ester groups to
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acid groups is referred to as the degree of methyl esterifica-

tion (DM) and can be modified using chemical or enzymatic

procedures. Modifying the degree or pattern of methyl ester-

ification can radically alter the gel forming abilities and me-

chanical properties of the subsequent gels formed. This makes

pectin a particularly attractive biopolymer from which to cre-

ate soft materials with designed mechanical properties.

Ionotropic pectin gels are formed when divalent ions, most

commonly calcium, chelate a series of carboxyl groups on two

different pectin chains, forming a bond between them. Two

carboxyl groups binding a single calcium ion has a binding

energy that is much lower than the thermal energy and hence

cannot form a stable junction between chains. It has been cal-

culated that between 8 and 15 consecutive bonds of this type

are required to form a stable junction, and, as such, the dis-

tribution of the calcium chelating acid groups along a pectin

chain is crucial in determining the gel-forming capacity. A

higher degree of blockiness means that most of the acid groups

are arranged in blocks along the chain, while a lower degree

of blockiness means that most of the acid groups are more

randomly distributed12. As described, the degree of blocki-

ness plays a large role in determining the mechanical proper-

ties of a gel, as the number of binding groups in each junction

defines the binding strength13. Indeed, a qualitative method

used to categorise different pectins is to group them either as

blocky pectins, forming stronger inter-chain junctions, or ran-

dom pectins, forming weaker inter-chain associations. The

number of ions available to form bonds is clearly another crit-

ical consideration in forming a gel: the number of ions relative

to the number of pairs of carboxyl groups is typically defined

as the R value:

R =
2Ca2+

COO−
(1)

with a value of one being where all the ions in the system have

a pair of carboxyl groups potentially available to bind. The

lowest R value that can form a gel depends on the degree of

blockiness with typical R values for pectin gels being between

0.2 to 0.8, and a value greater than one meaning that there are

more ions than binding sites, a situation that is not generally

desirable.

Frustrated, out-of-equilibrium systems that display slow

dynamics generally have similar dynamical behaviour: ultra

slow relaxation that is often the result of internal stress and

spatially and temporally heterogeneous dynamics that slow as

the gel ages14–16. The understanding of these phenomena have

been of considerable interest in recent years and they have

been shown to exist in many soft systems. For this study we in-

vestigate these properties for 3 different ionotropic pectin gels

assembled with calcium using the same R value, from poly-

mers having the same DM but with different levels of blocki-

ness, in a quest to modify the long-time dynamics. To verify

that the different pectin samples studied did indeed form gels

where the only predominant difference was the length of the

inter-polymer junction-zone lengths we utilized Small-Angle

X-ray scattering. Slow dynamical processes in these systems

were studied using time-resolved multi-speckle dynamic light

scattering techniques which offered simple and robust tech-

niques to measure behaviour from non-ergodic samples, and

achieve good statistics. Two different, albeit similar tech-

niques, namely Photon Correlation Imaging (PCI) and multi-

angle multi-speckle dynamic light scattering (MAMS DLS)

were applied. PCI measures spatial information about the dy-

namics, which is particularly important for out-of-equilibrium

systems, on length scales from around 50 µm to 6 millime-

tres. MAMS DLS provides information on the mechanism

driving the dynamics, by measuring how they scale with the

scattering vector q. Where q is related to the angle between

the incident and scattered radiation, θ , the refractive index

of the medium, n and the wavelength of the radiation λ by:

q = 4πnsin(θ/2)/λ . For out-of-equilibrium soft materials at

large length scales the characteristic decay time, τ f of the slow

mode generally scales with the scattering vector as a power

law with an exponent of -1, τ f ∝ q−1, indicating stress driven

dynamics. In contrast, for systems with negligible internal

stress the dynamics have been found to scale with a power law

of exponent -2, τ f ∝ q−2, indicating thermally driven dynam-

ics. For polysaccharide gels in general there has been some

debate about the mechanism driving the slow dynamics, with

speculation that if interchain binding strengths are near that of

thermal energy the dynamics could indeed be thermally, and

not stress, driven6.

2 Materials and methods

2.1 Materials

Three pectin samples with a known degree of methylesterifica-

tion (DM) and de-esterification methodology (that controls the

intramolecular pattern of charged residues) were used for this

study, two of which were purchased from CP Kelco and the

other modified from apple pectin. The two purchased samples

had: a DM of 43 and a random intramolecular charge pattern

(R40), and a DM of 40 and a blockwise de-esterification pat-

tern (B40) respectively. The other sample was modified from

an apple pectin sample that had a starting DM of 75 (Sigma),

by reducing the DM to 40 (P40), using pectin methylesterase

(PME) extracted from orange (Sigma), under ideal conditions

to produce a very blocky sample. The polymer fine structure

modification was performed by first dissolving dried apple

pectin in ultra pure water (milliQ) to a final polymer concen-

tration of 0.25 wt% and then adjusting the pH to 7 using 1N

and 0.1N analytical grade sodium hydroxide together with a

calibrated digital pH meter. A pH-monitored demethylesteri-

fication method was then carried out. The pH of the solution
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was monitored, and held at 7 by slowly adding known volumes

of 0.1N NaOH, to counteract the active PME enzyme liberat-

ing galacturonic acid groups on the polymer backbone from

their methyl esters, until the DM was lowered to 40 %. The

sample was then heated to 80 ◦C to denature the PME, frozen

using liquid nitrogen and finally freeze dried for 24 hours to

allow for the long term storage of the dried polymer.

Gels with a final polymer concentration of 1 wt% were

formed from the different polymers using the well-studied

controlled calcium release gelation method, that introduces

calcium using the dissolution of initially insoluble calcium

carbonate. Gels were formed by dissolving 30 mg of the

dried pectin in 2.37 ml ultra pure water (MilliQ) by mixing

the suspended pectin with a magnetic stirrer for approximately

6 hours, then heating the solution to 50 ◦C for less than 30

minutes to ensure complete dissolution. To initiate gelation

2.32 mg of calcium carbonate with a nominal diameter of one

micron was suspended in a solution consisting of 8.25 mg of

glucono-δ -lactone (GDL) in 0.593 ml of ultra pure water. This

gave a ration of calcium ions to GDL of 1:2 which ensured

that the pH of the solution was unchanged. The calcium car-

bonate and GDL solution was quickly added, within the order

of tens of seconds, and mixed through the pectin solution to

make a homogeneous solution, that was initially turbid ow-

ing to the inclusion of the calcium carbonate particles. The

final sample weight was 3 grams. For samples with added

tracer particles, 0.505 micron diameter polystyrene particles

(Polysciences) were added to the calcium carbonate suspen-

sion to make the final phase volume of spheres in the sample

0.0013 %. Samples were left for 12 hours to gel in a 1.5 mm

diameter quartz glass capillary for small-angle x-ray scatter-

ing measurements, a 10 mm path length cylindrical cuvette

for dynamic light scattering, or a 10 mm path length rectan-

gular cuvette for photon correlation imaging. After gelation

the samples without added tracers had an almost transparent

appearance with a low turbidity.

2.2 Small-angle x-ray scattering.

SAXS measurements were performed at the Australian Syn-

chrotron on the SAXS beamline17, where samples were pre-

pared in 1.5 mm quartz glass capillary tubes (purchased

from Hampton Research or capillarytubes.co.uk) and irradi-

ated with 11 keV (λ = 1.127 Å) radiation. For this high-flux

undulator-beamline a slit was used to attenuate the beam and

multiple 1 second exposures were averaged over in order to

increase the signal to noise ratio. Scattered radiation was col-

lected using a Dextrus Pilatus 1M detector with the detector

positioned either at 7179 or 719 mm from the sample which

corresponds to a scattering vector, q, of 0.001-1 Å−1. The

scattering vector is defined as: q = 4πλ−1 sin(θ/2), where θ
is the angle between incident and scattered radiation. Absolute

scattering intensities were measured using water as a standard

scatterer.

2.3 Multiple-angle multi-speckle photon correlation

spectroscopy.

MAMS PCS was used to measure the dynamics at multiple

angles simultaneously. A setup with four CMOS detectors

(Basler AG, model no. acA2040-90um) positioned around

a sample formed in a 10mm path length cylindrical cuvette

was illuminated with λ = 532 nm wavelength light, emit-

ted from a 300 mW ultra-low-noise diode-pumped solid state

laser (Cobolt Samba). The scattering vector is calculated from

the scattering angle and is defined as: q = 4πnλ−1 sin(θ/2),
where n is the refractive index of the solvent. Laser light was

attenuated using a neutral density (ND) filter which reduced

the power to levels where a good signal to noise ratio was

observed. We estimate the power at the sample to be less

than 100 mW. The setup was mounted on a large-area rotation

stage (Thorlabs, model RBB18A), for ease of detector align-

ment, which was then positioned on an air damped optical ta-

ble (Photon Control). The sample to detector distance was

modified to adjust the speckle size to approximately the size

of one pixel. Measurements were performed after allowing the

sample to equilibrate for at least one hour in the sealed, tem-

perature regulated, laboratory, with no other activity present

and surrounded by curtains to further minimise low frequency

air vibrations. Data were collected and post processed using

the MATLAB programming environment.

The formalism outlined by ref. Cipelletti et al. 18 was used

in the analysis, with the time resolved degree of correlation

defined as:

cI(t,τ) =
〈Ip(t)Ip(t + τ)〉p

〈Ip(t)〉p〈Ip(t + τ)〉p

−1 (2)

where Ip(t) is the intensity recorded at the pth pixel at time t

and τ is the time lag. To improve statistics cI is averaged over

a period of time to give:

g2(tw,τ)−1 = 〈cI(t,τ)〉tw≤t≤tw+tav (3)

where tw is the time between making the sample and perform-

ing the measurement. In addition

χ(τ) = 〈cI(t,τ)
2〉t −〈cI(t,τ)〉

2
t (4)

where χ(τ) is the variance of the correlation function, which

is similar to the dynamical susceptibility as is often calculated

in numerical work19.

2.4 Photon correlation imaging.

PCI measurements were performed using the laser and ND

filter as described above, although, for these experiments the
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2mm diameter beam (at sample) was sent through a beam ex-

pander consisting of a pair of plano-cylindrical lenses to ex-

pand the beam into a vertical sheet with a height of 10mm.

This line collimated beam was used to illuminate the sam-

ple which was gelled in a 10mm path length square cuvette

(Hellma-Analytics) and scattered light was collected at an an-

gle of 90◦ using a zoom lens (thorlabs, MVL7000) with inter-

nal aperture and a CMOS camera (Pixelink PL-B741) with a

resolution of 1280 by 1024 pixels. The imaged area was 6.40

mm wide by 5.12 mm high, and each pixel at the detector cor-

responded to 5 µm in real space. Data was collected then post

processed using the MATLAB environment.

3 Results

3.1 Gel Structure

Measurements using SAXS, carried out to resolve and com-

pare the structure of the three gels, all showed scattering

profiles characterised by three different power law regimes,

clearly indicated by the different slopes of these regions on a

log-log plot. Broadly speaking, such plots reveal: in the low q

region, a slope of -2.9; in the intermediate q regime a slope of

-1; and at the highest accessible q values a slope of -3 (tending

towards -4 for the P40 sample), although this is limited by the

instrument background (figure 1). The low q results indicate

highly clustered arrangements of the polymers in space. The

intermediate and high q regimes display the scattering from

the singular subunits, in this case a slope of around -1 indicat-

ing rod like entities compose the polymer network. The high

q slope of -3 is consistent with the scattering from a rough sur-

face fractal, as the interrogated length-scale becomes smaller

than the diameter of the network strands. A model, in the

form of a fractal structure factor with cylinder form factor was

chosen to fit all three regimes simultaneously and is shown in

figure 1 as solid black lines. The model accounts well for the

scattering at the low and intermediate q regimes although it

does not account for the rough surface fractal, represented by

a slope of -3 in the high q regime. A model based on a rough

cylinder form factor could be used, but is beyond the scope of

this work. Using the standard scattering formalism, the mea-

sured intensity can be decomposed into three parts, a form

factor, P(q), which describes the form of the individual scat-

terers, a structure factor, S(q), which describes the assembly

of individual scatterers and a parameter ∆ρ which describes

how strongly such a system should scatter and is related to the

difference in electron density between the solvent and scat-

terer. A final parameter n describes the number of scatterers

in a volume, and these parameters are related by:

I(q) = n(∆ρ)2P(q)S(q) (5)

For our system a cylinder form factor fitted the scattering pro-

file well, as one would expect for rigid calcium-pectin junction

zones. It contains a length, L and radius, r and is given by20:

P(q) =
∫ π/2

0

[

2
sin(qLcos(α)/2)

(qLcos(α)/2)

J1(qr sin(α))

(qr sin(α))

]2

sinαdα

(6)

where J1 is the Bessel function of the first kind. The fractal

structure factor is described by three parameters, r0 describes

the smallest length scale where the scattering becomes self

similar, D the fractal dimension and ξ is the correlation length

which describes a Guinier type behaviour at low q21:

S(q)= 1+
1

(Qr0)D

DΓ(D−1)

1+1/(q2ξ 2)(d−1)/2
×sin[(D−1) tan−1(qξ )]

(7)

For the gels shown here, no Guinier type behaviour was

seen and ξ was set to a value larger than the lowest q.

It can in any case be clearly seen that the three differ-
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Fig. 1 Small-angle x-ray scattering log-log plot showing the

intensity (I) measured on an absolute scale as a function of scattering

vector (q) for the three different gels. Small square symbols are the

measured results and the solid lines are fits to a fractal structure

factor with cylinder form factor model as described in the text.

4 | 1–9

Page 4 of 9Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



ent ionotropic pectin gels produced similar scattering pro-

files in which the main difference is seen in the intermedi-

ate regime, reflecting the length-scale of the rod-like subunits.

The model fitting confirmed that, as hypothesised, gels made

from pectins with blockier intramolecular charge distributions

indeed form longer rod-shaped structures (calcium-chelating

junction zones), see table 1. Furthermore there is little dif-

ference in the radius of these junction-zones or their arrange-

ment in space. The SAXS structural analysis confirms there-

fore that changes in the long-time dynamics of these differ-

ent gels might safely be attributed to changes in the junction-

zone strengths, and concomitantly their binding energies, as

opposed to changes in the overall network architecture.

Table 1 Table showing fitted parameters for the model shown in

figure 1.

Parameter fitted R40 B40 P40

r [Å] 12 ± 1 11.8 ± 0.7 12.3 ± 0.2

L [Å] 70 ± 20 238 ± 4 300 ± 30

D 2.911 ± 0.005 2.9355 ± 0.0006 2.7 ± 0.2

r0 [Å] 78 ± 2 112.4 ± 0.3 150 ± 20

3.2 Slow Dynamics

To investigate the internal network dynamics the gels were ei-

ther seeded with 505 nm diameter polystyrene spheres (for

the MAMS DLS), or studied as-is (for PCI). In MAMS DLS

experiments the additional spheres provided strong scattering

centres to reduce the possibility that different sized hetero-

geneities in the gel network might produce angle-dependent

scattering and complicate the analysis. Figure 2 shows cor-

relation data and fits to an exponential function of the form:

g2−1 ∝ exp[−(t/τ f )
β ] where β acts to either stretch, or com-

press the exponential decay depending on if it is less than or

greater than one. It can be seen that the dynamics from the R40

and B40 gels show good fits to compressed exponential func-

tions with compressing factor, β , between 1.3-1.7, depend-

ing on the sample, (values that are commonly seen in other

soft glassy systems). The results for the P40 sample, figure

2, however, did not show a (compressed or stretched) expo-

nential decay in the correlation function: while periodically

the P40 gel could be described by a smooth exponential de-

cay, most often the dynamics were highly heterogeneous and

showed non-exponential decay behaviour as is shown in 2.

Similar non-exponential decay behaviour has been observed

for alginate gels6. While the other two pectin gels investi-

gated here also showed non-exponential decay behaviour on

occasion they predominantly showed a compressed exponen-

tial decay in the average degree of correlation.

Commonly in soft solids one tries to understand the driving

mechanism behind the measured dynamics, which can be ei-

ther stress or thermally driven. This can be done by measuring

how the characteristic time associated with the slow dynamics

scales with the scattering vector, in a similar way to distin-

guishing between ballistic and diffusive motion by observing

how the mean-square-displacement scales with time. For this

study four different scattering vectors were used to investigate

the dynamics. A plot of the characteristic time corresponding

to the slow dynamics, τ f , against scattering vector is shown

in figure 3. It can be seen that the characteristic time clearly

scales with the scattering vector as a power law with an expo-

nent close to 1 (and not to 2), indicating that even for the gel

composed of the smallest junction lengths the dynamics are

driven by internal stresses and not thermally activated fluctua-

tions of the junction-zone integrity. This should not be too sur-

prising as these structures can easily support their own weight:

evidence that a majority of bonds are stronger than thermal

fluctuations, so that they do not slowly creep and flow. For

these gels, even in the R40 sample which appears to be sig-

nificantly softer than the others, the slow dynamics cannot be

controlled by the thermally activated breaking of the weakest

bonds, but instead is governed by collective rearrangements of

the structure driven by stronger longer junctions continuing to

”zip up”.

To gain further insights into these slow dynamical processes

the time-resolved degree of correlation, cI , has been plotted

for the q = 18.9µm−1 data shown in figures 2, for different lag

times, as shown in figures 4, 5 and 6. This angle was chosen

as it probes intermediate length scales compared to the other

angles. The dynamics appear to be stochastic; there is some

probability that the internal stresses will build up sufficiently

to trigger a phase of heterogeneous dynamics. Dynamical pro-

cesses in these gels appear to fall broadly into three different

categories; 1) at the shortest time scales there are ”quake-like”

fluctuations that yield intermittent sudden spikes in the degree

of correlation; 2) on time scales of around 1000 seconds larger

longer-lasting fluctuations reminiscent of creaking are evident,

and 3) a universal decrease in the degree of correlation is also

evident, that stays constant in time, as the time lag increases.

The spiking and fluctuations are heterogeneous dynamics, and

appear to be features of high levels of internal stress. The gels

can enter a period of this type of dynamics then revert back to

a temporally homogeneous regime as shown for the B40 gel in

figure 5 where at a time of around 2000 seconds the dynamics

switch from temporally heterogeneous to homogeneous. Fig-

ure 6 shows that most commonly the high levels of internal

stress in the P40 gel make it predominantly display tempo-

rally heterogeneous dynamics. It can also be seen in figures 4,

5 and 6 that the time resolved degrees of correlation, cI(τ), ap-

pear to increase following the highest frequency of quake-like

events. This appears to be evidence of the build up and subse-

quent release of internal stresses, where the slow, steady drop

in correlation signifies prolonged periods in which many small
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ponent of approximately -1 (and not -2) when changing the

scattering vector, confirming that the dynamics in these sys-

tems are stress-driven for all gels measured. Increasing the

junction zone length can increase the average characteristic

time associated with these long timescale dynamics for in-

termediate blocklength pectin samples, but on the contrary,

when very long junction zones can form, the dynamics often

increase indicating that indeed long time internal network dy-

namics are not controlled by the thermally activated breakage

of weaker junctions, but rather by their stress-induced disas-

sembly driven by the propensity of larger junctions-zones to

continue to assemble.
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