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Abstract. The same fundamental questions that have driven enquiry into
cytoskeletal mechanics can be asked of the considerably less-studied, yet
arguably just as important, biopolymer matrix in the plant cell wall. In this
case, it is well-known that polysaccharides, rather than filamentous and tubular
protein assemblies, play a major role in satisfying the mechanical requirements
of a successful cell wall, but developing a clear structure–function understanding
has been exacerbated by the familiar issue of biological complexity. Herein, in
the spirit of the mesoscopic approaches that have proved so illuminating in the
study of cytoskeletal networks, the linear microrheological and strain-stiffening
responses of biopolymeric networks reconstituted from pectin, a crucial cell wall
polysaccharide, are examined. These are found to be well-captured by the glassy
worm-like chain (GWLC) model of self-assembled semi-flexible filaments.
Strikingly, the nonlinear mechanical response of these pectin networks is found

6 Author to whom any correspondence should be addressed.

Content from this work may be used under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOI.

New Journal of Physics 15 (2013) 035002
1367-2630/13/035002+21$33.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft

mailto:m.williams@massey.ac.nz
http://www.njp.org/
http://creativecommons.org/licenses/by-nc-sa/3.0
http://creativecommons.org/licenses/by-nc-sa/3.0


2

to be much more sensitive to temperature changes than their linear response,
a property that is also observed in F-actin networks, and is well reproduced by
the GWLC model. Additionally, microrheological measurements suggest that
over long timescales (>10 s) internal stresses continue to redistribute facilitating
low frequency motions of tracer particles.
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1. Introduction

1.1. Mesoscopic models

Much progress has been made recently in the study of the mechanical properties of solutions
and networks of semi-flexible protein filaments, driven largely by the desire to understand
the functionality of the cytoskeleton [1–6]. Indeed, the results gleaned from the study of
such biologically relevant structures as F-actin have been exploited by soft-matter physicists
interested in modelling the behaviour of all manner of semi-flexible filaments [7–10].
In particular the worm-like chain (WLC) model of polymer physics [11, 12] has found
considerable utility in describing the dynamics and the force-extension behaviour both of single
biopolymer chains, and of higher-order semi-flexible assemblies such as multimeric filaments,
ribbons, tubes and worm-like micelles. Generally speaking the malleable mechanics and slow
dynamics characteristic of soft and biological matter arises from the thermo-reversible assembly
of low-dimensional manifolds into (transient) meso-structures.

In order to understand the time and length-scale dependent rheological properties of such
systems, the central task is to understand how the interactions interfere with the dynamics
of the individual constituents. Inspired by the underlying similarity of constraint release in
these systems and the thermally-activated jumping between local traps in soft glasses [13, 14],
the glassy worm-like chain (GWLC) model [15–17] addresses this problem by exponentially
stretching the relaxation spectrum for single-chain motions involving wavelengths beyond
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a characteristic backbone length, 3. While the exponential form of the stretching is not
microscopically derived, the model builds on the known mesostructure of the polymer network,
and introduces a single ‘stickiness’ parameter that intuitively corresponds to the characteristic
depth of the potential well that a cross-linked chain section must escape in order to dissociate.
Despite its simplicity, the model has been successfully used to parameterize the frequency-
dependent linear rheology of such systems, their nonlinear strain-stiffening behaviour, and
additionally, by considering the stress dependence of the number of cross-links, their eventual
softening [18].

The GWLC theory has not however been previously applied to the analysis of
polysaccharide systems, despite the fact that they too play a significant role in controlling the
mechanical properties of tissues, ranging from mammalian connective tissues to the ubiquitous
plant cell wall. Herein, pectin gels have been studied to test the utility of existing models
in describing the rheological properties of networks of this important class of carbohydrate
biopolymers. Specifically the acid-gel system was selected where the ‘stickiness’ of the
interaction between network strands originates from hydrogen bonding between extended
patches on different chains. Microrheological studies were undertaken using (i) diffusing
wave spectroscopy (DWS), which maximizes the accessible frequency range and (ii) multiple-
particle tracking (MPT), which allows the homogeneity of the system to be probed. In addition
measurements of the stress–strain behaviour following the application of varying pre-stresses
were carried out. Results are discussed within the framework of models of semi-flexible
networks and slow, glassy network relaxation.

2. Materials and methods

2.1. Materials

2.2. Pectin

2.2.1. Pectin structure. Pectin is a complex polysaccharide of the plant cell wall that is
thought to be a crucial player in the control of its mechanical functionality [19]. Indeed, a
recent reappraisal of cell wall mechanics and growth control suggests not only that pectin is
crucial in this regard in Charophycean algae, the closest relatives of land plants, but that a
primitive pectin-based control mechanism may still be functional in terrestrial plants. In this
context, it has been proposed to be operating in parallel to more recently evolved and more
widely-studied mechanisms involving cellulose, xyloglucans and expansins [20]. While the
detailed structure of pectin is still a matter of debate to some extent [21] the preponderance
of homogalacturonan (HG) regions within the macromolecular chains is well established.
These regions consist of the order of 100 sugar residues connected together by axial 1–4
linkages and are essentially co-polymers of two types of sugar ring: galacturonic acid and its
methylesterified counterpart (figure 1). Depending upon the pH-controlled protonation state of
the bare galacturonic acid group, and the enzymatically controlled pattern of the uncharged
but hydrophobic methylester substituents this yields chain sections that have varying local
charge densities and differing propensities to associate through polyelectrolytic, specific ion,
hydrophobic or hydrogen bonding effects. These HG regions are primarily responsible for the
associations between chains, and from a physical point of view, offer the exciting possibility of
tuning the interaction potentials by various mechanisms.
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Figure 1. Molecular to mesoscopic: a schematic diagram showing the molecular
structure of the pectin used herein, its proposed assembly mechanism in
conditions of low pH, and larger-scale formation of a network.

2.2.2. Pectin assembly. In vivo, one mechanism employed in network building is the cross-
linking of the chains by employing calcium ions to bridge runs of contiguous charged
sugar residues on HG components of different polymeric backbones. The importance of the
pectin methylesterase (PME) enzymes in controlling the amount and distribution of uncharged
methylester groups is highlighted by the fact that around ten consecutive charged residues on
each HG are required to form stable calcium-mediated junctions at room temperature [22–25].
Such ionotropic pectin gels have been considered as a simple model of the middle lamellar of
primary plant cell walls and a reasonable description of the pollen tube [26] and indeed recent
work has focused on utilizing plant-cell-wall enzymes to release the ion-binding galacturonic-
acid-sequences in an attempt to model biomimetic processes of network formation [27–30].
The study of more traditional calcium-set gels where the ions are either introduced into hot
pectin solutions that are then cooled or are released slowly from the dissolution of sparingly
soluble salts under ambient conditions has a long history [19], owing primarily to the industrial
relevance of such systems in food processing.

By contrast, it was only relatively recently that it was demonstrated that highly
concentrated solutions (∼10 c*) of pectins containing limited amounts of the methylesterified
version of the sugar rings (low degree of methylesterification (DM)) could also form networks
in the absence of ions at low pH [31]. Subsequently it was shown that pectic polymers
displaying more extreme contiguous intramolecular arrangements of the unmethylesterified
galacturonic acid groups could in fact form acid-induced networks at much lower polymer
concentrations, similar to those familiar in the more traditional calcium-mediated systems [32].
There is good experimental evidence from chiroptical methods, calorimetry, potentiometry and
NMR to suggest that, as the pH is lowered in these systems and the charged residues are
progressively protonated, the preferred polysaccharide conformation about which the solution-
state structure fluctuates changes from being a two-fold extended helix to a more compact three-
fold structure [33–35]. In its turn this conformational change favours the lateral aggregation of
chains between anti-parallel three-fold helical stretches via hydrogen bonding [36, 37]. This
hydrogen bonding, that is ultimately responsible for the association of the chains into a stress-
bearing meso-scale network, involves interactions between protonated or charged carboxyl
moieties and thus clarifies the detrimental effect of methylesterification in these systems. The
presence of methylester groups reduces the pH sensitivity of the intramolecular conformational
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changes and hinders the zipping together of intermolecular junction zones that require concerted
runs of hydrogen bonds in order to form relatively thermally stable connections. The propensity
of the polymers to form such zipped junction-zones is similarly maximized in samples in
which the methylester content has been reduced using plant derived PME enzymes that are
known to produce extreme contiguous sequences of bare galacturonic acid residues. While
the relevance of these acid-gels, assembled primarily from hydrogen-bonded associations, is
unclear at present for the native plant cell wall compared to their calcium-assembled cousins,
these systems are considerably more thermoreversible than their ionotropic counterparts and as
such are convenient model systems for experiments on semi-flexible networks (figure 1).

2.2.3. Pectin. Pectin (Mw 30–100 kDa), extracted from apple pomace, was purchased from
Fluka Biochemika (Sigma Aldrich, Switzerland) as a starting material. The sample average DM
and the degree of blockiness [32] of this sample, and that produced by modification as described
below, were determined using capillary zone electrophoresis as previously described [39, 40].

2.2.4. Pectinmethylesterase. Pectinmethylesterase (EC 3.1.1.11) was purchased from Sigma
Aldrich (P5400) in order to remove methylester groups from the starting pectin in a contiguous
manner. Stock solutions of the enzyme were prepared by dissolving 0.01 g of dried PME in
20 ml in Milli-Q water, and were stored at −20 ◦C in Eppendorf tubes. Aliquots were thawed
prior to conducting experiments and used immediately.

2.2.5. Polygalacturonase. Polygalacturonase (EC 3.2.1.15) was used to digest the polymeric
substrates in order to verify a contiguous intramolecular distribution of the unmethylesterified
(acidic) groups. The enzyme was kindly provided by Jacques Benen from the University of
Wageningen. It is a pure endo-PG II isoform from Aspergillus niger and has an absolute
requirement for the sugar residues in the active site to be unesterified in order for the chain
to be severed, which yields the degradation pattern methylester-sequence dependent. A 1 ml
solution of substrate at a concentration of 0.5% w/w and pH 4.2 (acetate buffer 50 mM) was
incubated with 20 µl of enzyme solution (0.094 mg ml−1 protein). At the end of the reaction,
the enzyme was denatured at 90 ◦C for 3 min and the oligosaccharides liberated by the digestion
were quantified using capillary electrophoresis as previously described [41–43].

2.2.6. Polystyrene. Polystyrene tracer particles, either with a diameter of 505 nm or
fluorescently-labelled with a diameter of 546 nm were purchased from Polyscience Inc.
(Warrington, PA) (2.62% w/v stock solutions) for use as microrheological probes.

2.2.7. Pectin fine structure engineering. Pectin solutions of 1% w/w were made by dissolving
pectin powder in a 50 mM 4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid (HEPES) buffer,
adjusted to pH 7.5 with NaOH. 0.5 ml of enzyme solution was then mixed into 30 ml of
solution, and the solutions were left at 20 ◦C for a chosen time, depending on the final DM
decrease required and on the rate of the de-methylesterification processes. Assuming the enzyme
reaction followed a simple Michaelis–Menton law and were in the linear section of the product
production curve (which was monitored independently using NMR to follow the liberation of
methanol [44]), preliminary experiments were used to determine the rate of DM decrease as
4% per hour for the plant PME de-methylesterification used. Thus, the PME action could be
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stopped after a pre-requisite time in order to achieve a desired final DM. This was carried out
by decreasing the pH and subsequently heating the solution to 80 ◦C for 5 min to denature the
enzyme. The modified polymers were extracted by dialysing twice against Milli-Q water. The
dialysed solutions were freeze-dried and the engineered polymers recovered and stored dry. The
recovered pectin samples had their fine structures analysed by capillary electrophoresis, which
characterized the sample-average DM of the pectin, and provided evidence of the distribution of
the acidic residues by analysing the endo-PG II-digest products. The result of this measurement
was crucial as it confirmed our ability to prepare a polymer with the propensity to form long
contiguous runs of hydrogen bonded sugar rings, unhindered by the presence of methylester
substituents.

2.2.8. Acid induced gels. The acid-induced gels studied herein were obtained by gradually
decreasing the pH of solutions of a pectin of DM (42 ± 4)%, (designated DM42) that had been
obtained by PME modification of a more highly methylesterifed starting pectin as described
above. This polymer was confirmed (by the dominance of unmethylesterified oligomers present
in its endo-PG II digest pattern) to have a highly blockwise distribution of its unmethylesterified,
bare galacturonic residues. The acidification of the polymer solution was performed slowly over
a few hours, initiated by the addition of glucono delta-lactone (GDL) to the polymer solutions,
which slowly hydrolyses releasing protons (figure 2(a), inset). While low DM pectins are known
to be capable of forming gelling systems under simple acidification [30], polymers with blocky
fine structures as engineered herein have been found to have a greater propensity to assemble
under these conditions than those with the same DM but a random distribution thereof [32].
Indeed, at 1% polymer concentration preliminary experiments (data not shown) on various
low-DM pectin solutions found that upon acidification (i) a DM 35% pectin with a random
distribution of its acidic residues showed no discernable change in its materials properties,
(ii) a DM of 37% sample with a medium blockiness simply viscosified slightly and (iii) the more
blockwise 42% sample studied in depth here formed a respectable gel network. This indicates
that long contiguous blocks of acidic residues (longer than those required to chelate calcium
into a stable cross-link for example) are indeed necessary to form stable junction zones under
these conditions, consistent with the idea of weak but concerted hydrogen bonded junctions
being formed when the pH is decreased.

To form the gels the required amount of a pectin stock solution of 2% w/w adjusted to
pH 7, bead solution (for DWS experiments and MPT), Milli-Q water and GDL were mixed in
order to achieve a polymer concentration of 1% w/w and an initial GDL concentration of 8%
w/w. The solution was quickly loaded into the appropriate sample cell and left to set for 24 h.
The final pH of the gels studied was around 2, below the approximate pKa of the galacturonic
acid groups (3.5–4.5), and well within in the acid-gel forming domain found previously [31].

2.3. Microrheology

The aim of microrheology is to extract the rheological properties of soft materials from the
motion of probe particles immersed in the material [45–47]. It is a non-destructive technique and
recovers the linear response of the material. The essential quantity that passive microrheology
experiments set out to measure is the mean square displacement (MSD) of tracer particles,
which can be acquired to high frequencies using DWS or in a spatially resolved fashion with
MPT.
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2.3.1. Diffusing wave spectroscopy. The DWS apparatus used in this study is based on
a system that has been fully described previously [48]. The samples were contained in
polystyrene cells of width 10 mm, height 50 mm and path length L of 4 mm, and were
illuminated with a 35 mW He–Ne Melles-Griot laser operating at 633 nm. The laser beam
was expanded to approximately 8 mm on the surface of the cell. The transmitted scattered
light was detected using a graded-index (GRIN) lens and a single-mode optical fibre (P1-
3224-PC-5, Thorlabs Inc., Germany), which was typically split by a fibre optic beam
splitter and sent to two Hamamatsu HC120-08 PMT photomultiplier-tube modules. The
correlation function was then calculated using a cross-correlation method in software on
a standard personal computer. Using cross-correlation helped circumvent dead-time in the
electronics as well as eliminating after-pulsing effects. Tests were run for between 10 and
100 min to minimize noise. The temperature was controlled using a TLC 50 temperature-
controlled cuvette holder purchased from Quantum Northwest (www.qnw.com), which uses
a thermoelectric device. For heat removal, a small flow of water passes through a heat
exchanger and a calibrated TC 125 temperature controller was used with a thermistor to
control the temperature to within 0.1 ◦C. For an expanded beam mode, the field autocorrelation
function is obtained from the measured intensity autocorrelation function using the Siegert
equation. In the transmission geometry, the field correlation function has been given by
Weitz and Pine [49] and once the light mean free path is determined, the MSD can be
obtained from the experimental correlation functions by inverting them with a zero-crossing
routine.

2.3.2. Multiple-particle tracking. An inverted microscope (Nikon Eclipse TE2000-U) on an
air damped table (photon control) equipped with a mercury lamp (X-cite Series 120PC EXFO)
and a 60x 1.2 NA (Nikon, Plan Apo VC 60x WI) water immersion objective lens was used for
MPT experiments. Samples were gelled in welled microscope slides and sealed with a cover slip.
A CCD camera (Foculus FO124SC) was used to record image series taken for up to 100 s; at 43
frames per second. Typically around 40 individual particles were tracked in any one experiment.
x–y coordinate data was extracted from the movies using a homebuilt program written
using algorithms obtained from: http://physics.georgetown.edu/matlab/. In-house programs to
calculate the MSD and Van Hove correlation function were used in combination with a program
to de-drift the data obtained from: http://people.umass.edu/kilfoil/downloads.html.

2.4. Pre-stress experiments

A stress controlled ARG2 rheometer from TA Instruments (Delaware, USA) was used with
a cone and plate geometry of 40 mm diameter and a cone angle of 4◦. The linear complex
modulus was determined by applying small amplitude strain oscillations (0.1%) at 1 Hz,
and the normal force was also recorded at every time step. Pre-stress experiments were
performed by superimposing small-amplitude stress-oscillations, dσ , on top of a constant
pre-stress σ0 [50]. The differential stiffness was then computed for different pre-stresses
according to

K =
dσ

dγ
(1)

with dγ being the measured small-amplitude strain oscillation. The temperature was controlled
using a Peltier system to within 0.1 ◦C.
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2.5. Glassy worm-like chain model

2.5.1. Differential shear modulus. In the GWLC model, the microscopic susceptibility is
given by

α f (ω) =
L4

kBT π4l2
p

∞∑
n=1

1

(n4 + n2 f/ fL)(1 + i ωτ̃n/2)
, (2)

where L is the polymer length, lp the persistence length, f an optional backbone tension,
and fL = κπ 2/L2 the Euler buckling force of a rod with bending rigidity κ [12]. The mode
relaxation time τ̃n is given by

τ̃n =

{
τn (λn < 3),

τn exp[E(λn/3 − 1)] (λn >3),
(3)

where

τn =
τL

n4 + n2 f/ fL
with τL =

ζ⊥L4

κπ 4
(4)

is the mode relaxation time of the WLC. For wavelengths λn ≡ L/n longer than the typical
contour length 3 between neighbouring bonds, the relaxation is stretched by an Arrhenius
factor, where the stretching parameter E controls the slowing down of the dynamics, which
is understood to be caused by the interactions of the test polymer with the surrounding polymer
network.

The stretching parameter E is interpreted as the height of a characteristic barrier in units of
kBT . It may be either enhanced or lowered by external or internal stresses, which are therefore
coupled into the Arrhenius factor in equation (3) as follows:

E→ E ± f/ fT with fT ≡ kBT/1, (5)

where fT represents the scale of the thermal equilibrium tension present in a force-free sample,
and 1 the characteristic width of the free energy barrier. For the fits in the following, we
invariably assume that the negative sign holds in equation (5). Within this scheme, the shear
modulus of the prestressed sample is equivalent to the nonlinear differential shear modulus [38]:

K ∗(ω) =
c

15

ρ3

α f (ω)
− i ωη, (6)

where ρ ≡ 3/ξ 2 is the contour length concentration, ξ the mesh size, η the solvent viscosity and
c a numerical fitting parameter that is needed to adapt the prediction derived for homogeneous
semiflexible networks to our case, where the precise relation between the microstructural
parameters and the meso-structure is a priori not known.

Experimental data can be fitted to the model by inserting the microscopic susceptibility
α f (ω) from equation (2) into equation (6) and evaluating it numerically for ω = ω3 = 2π/τ3.
Assuming strong entanglement, L � 3, and with the substitution n → z = n (3/L), the sum
can be approximated by the following integrals:

α f (ω) ≈
34

kBT π 4l2
p

{∫
∞

1
dz

1

z4 + z2 f/ f3 + i ωτ3/2

+
∫ 1

0
dz

1

z4 + z2 f/ f3 + i ωτ3/2 exp[E(1/z − 1)]

}
.

(7)

New Journal of Physics 15 (2013) 035002 (http://www.njp.org/)

http://www.njp.org/


9

Figure 2. (a) De-correlation of scattered laser light induced by the movement of
microspheres within a sample of the engineered DM42 blocky-pectin recorded
immediately, and 24 h after, the introduction of GDL at 25 ◦C. The inset shows
the rate of the pH decrease induced by the hydrolysis of the GDL. (b) The
corresponding MSD of the probe particles.

The prestress σ is related to the tension f via

σ =
f

5ξ 2
. (8)

2.5.2. Mean-square displacement. The transverse mean-square displacement (MSD) of the
polymer backbone, which we assume to be proportional to the MSD of the embedded
microspheres, is given by

δr 2
⊥
(t) =

4L3

lpπ4

∑
n

1 − exp(−t/τ̃n)

n4 + n2 f/ fL
. (9)

Analogous to the procedure for the susceptibility in the preceding section the sum can be
approximated by the following integrals:

δr 2
⊥
(t) ≈

433

lpπ4

{∫
∞

1
dz

1 − exp[−t/τ3(z4 + z2 f/ f3)]

z4 + z2 f/ f3
(10)

+
∫ 1

0
dz

1 − exp[−t/τ3(z4 + z2 f/ f3)e−E(1/z−1)]

z4 + z2 f/ f3

}
.

3. Results and discussion

3.1. Diffusing wave spectroscopy

Figure 2(a) shows the de-correlation of scattered laser light induced by the movement of
microspheres within a 1% solution of the engineered DM42 blocky pectin, recorded both
immediately and 24 h after the introduction of GDL at 25 ◦C. The inset shows the rate of the
pH decrease induced by the hydrolysis of the GDL. In particular it is noteworthy that the pH
was stable within uncertainties at around (2.1±0.1) when the measurements were taken in the
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gelled state. There is a clear change in the form of the correlation function as the acidification
induces interactions between the chains and a network is formed. While generally reminiscent
of the behaviour of glasses and the qualitative form predicted by mode-coupling theory [51] the
correlation function of the gel does ultimately show ergodic behaviour and figure 2(b) shows
the derived MSD of the tracer particles corresponding to the recorded correlation function.

3.1.1. Short times: τ < 0.1 ms. The high-frequency (short-time) data reveals that the MSD of
the tracer particles scales with lag time according to a power law with an exponent close to
0.75 of (0.76±0.01). This behaviour has also been seen in previous experiments carried out on
calcium-induced pectin gels, where it was assumed to arise from the fact that the persistence
length of the network strands was an appreciable fraction of the mesh size so that the bending of
semi-flexible entities dominates the resistance to small displacements of the tracer particles.
Indeed, many hierarchically assembled biopolymer networks have been found to behave as
semi-flexible networks [2–10, 52, 53], as exemplified by F-actin. In previous work on calcium-
induced pectin gels, the proposal that the 3/4 power law scaling found at short times was a
strong signature of the bending undulations of individual semi-flexible polymers was supported
by TEM and small angle x-ray scattering (SAXS) data [54], and carrying out such studies of the
current acid gel systems forms part of ongoing work.

3.1.2. Intermediate times: 0.1 ms < τ < 10 s. While the short-time behaviour exhibited by the
tracer particles embedded in the acid-gels studied herein echoes that observed in the previously
studied calcium-induced networks, the longer time behaviour is strikingly different. Whereas
a largely time-independent elastic plateau is observed for calcium-induced gels (as expected
for long-lived cross-links), the acid-gels clearly show some time dependency in this regime
(figure 2(b)). Such behaviour has been demonstrated for F-actin networks [17] and living
cells [55] and is thought to arise from the thermally activated release of weak cross-links
permitting the sliding of network chains. Its observation in our measurements could indicate that
the binding energies of the putative hydrogen bonded cross-links are less than those associated
with the ionic bonding in the previously studied systems, as might be expected. In order to
pursue the molecular nature of the associations, the experiment was repeated in the presence of
urea, a recognized hydrogen-bond breaker. Figure 3(a) shows these results along with fits to the
GWLC model. It can be seen that (i) the GWLC model provides an excellent description of the
microrheological data exhibited by these systems over some six orders of magnitude in time,
(ii) that the insensitivity of the 3/4 scaling region to the presence of urea confirms its origin
in the mechanics of single filament deformations and (iii) that the increased mobility of tracer
particles upon increasing the urea concentration supports the hypothesis that hydrogen bonds
are largely responsible for the formation of the cross-links.

The experiments were repeated for a number of polymer concentrations. Despite the fact
that a plateau in the MSD data at the lower frequencies was not strictly observed, the value
of the MSD in this slowly varying intermediate region (at 0.1 s) was recorded and is plotted
in figure 3(b). It can be seen that the concentration dependence of this quasi-plateau value
is close to a power law scaling with an exponent of 1.4; as was found in previous work on
calcium mediated pectin networks and indeed as predicted for lightly cross-linked semi-flexible
networks [7, 10]. Thus, the microrheological properties of acid pectin gels over the frequency
range from 1–106 Hz are well captured by a model of self-assembled semi-flexible filaments,
with weak hydrogen-bonded connections permitting slippage at longer timescales.
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Figure 3. (a) MSD of tracer particles as obtained by DWS measurements:
0.4wt% DM42 acid induced gel, and the same gel formed in the presence of
1 M urea. (Only every third data-point is shown for clarity.) The lines are the
best fits from the GWLC model, with 3 = 0.1215 µm (lower curve), 0.146 µm
(upper curve), ζ⊥ = 0.223 Pa s, E = 26 and lp = 0.3 µm as for the fits in the
temperature dependent data discussed in due course. (b) The value of the MSD
in the slowly varying intermediate region for a set of experiments performed at
low concentrations (at 0.1 s). It can be seen that the concentration dependence
of this quasi-plateau value is close to a power law with an exponent of 1.4 as
expected for semiflexible polymer networks [3, 5, 38, 53, 65, 66].

3.1.3. Long times: τ > 10 s. Over longer timescales still another process is observed that
completely de-correlates the scattered light and manifests as the MSD increasing as a power law
with a sub-diffusive exponent that is substantially greater than that found at intermediate times.
MPT experiments were subsequently undertaken in this regime in order to validate the observed
phenomena and investigate the possibility that it arises from dynamical heterogeneities or the
‘pore-hopping’ behaviour of a sub-population of beads. While the latter process has previously
been observed in F-actin networks when the size of the tracer particles approached that of the
mesh [56], in this system a uniform mesh size is estimated to be an order of magnitude smaller
than the probes.

3.2. Multiple-particle tracking

Figure 2(b) includes the ensemble-averaged MSD from the MPT experiments compared with
that obtained from DWS. The MPT result has been scaled to three dimensions and additionally
by a factor to account for slight differences in probe size between the two experiments. It can be
seen that there is reasonable agreement between the results of the two independent experiments
suggesting that indeed the long-time behaviour observed is physically meaningful. Figure 4(a)
shows the ensemble-averaged MSD, while figures 4(b) and (c) show Van Hove plots of the
probe particles displacements and a selection of individual particle trajectories, respectively,
calculated for several time lags within the intermediate and long-time regimes. Van Hove plots
calculated for times less than 1 s could all be very clearly described by Gaussian distributions,
suggesting a unambiguously dynamically homogeneous system over these timescales. For
sampling displacements over the scarcer longer time intervals the statistics become substantially
worse, and while there are no clear indications in the Van Hove plots of sub-populations of probe
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Figure 4. (a) The ensemble-averaged MSD obtained from the MPT experiments
carried out on a gelled sample of the engineered DM42 blocky-pectin recorded
24 h after the introduction of GDL at 25 ◦C. Panels (b) and (c) show Van Hove
plots of the probe particles displacements and a selection of individual particle
trajectories respectively, calculated for a variety of times lags within the short,
intermediate and long-time regimes.

particles moving in different micromechanical environments (figure 4) it is difficult to eliminate
such a possibility completely. All individual trajectories appear similar by eye, as illustrated in
the figure, with typical dimensions on the order of less than one tenth of the beads size.

3.3. Nonlinear rheology: stress-stiffening experiments

Nonlinear rheological measurements provide a further critical test to assess how far the
similarity between our pectin gels and cytoskeletal and extra-cellular networks extends. They
also allow for a more thorough investigation of the utility of the GWLC model in capturing
the essential behaviour of the acid-induced pectin networks. Stress-stiffening experiments were
performed on the microrheologically-interrogated systems as described in the experimental
section. Figure 5 shows the scaled normalized differential shear modulus of pectin plotted
against the scaled prestress, where three regimes can be distinguished. At low stress, it is
approximately constant, meaning that the stress–strain relation is linear. Above a certain stress,
one observes a stiffening with increasing prestress, until it drops sharply.

3.3.1. Temperature dependence of nonlinear rheology. Of particular interest to us is the
dependence of the stress-stiffening response on temperature. The data in figure 5 reveal a
characteristic reduction in the stiffening response of the differential shear modulus as the
temperature increases by a few degrees. The measurements were performed at four different
temperatures, 10, 20, 30 and 40 ◦C. Temperature enters the model via different pathways. The
solvent viscosity decreases with temperature and is estimated using the empirical Vogel–Fulcher
relation

η(T ) = η∞ exp

(
A

T − TVF

)
(11)
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Figure 5. Differential modulus plotted against the pre-stress, scaled by the zero-
pre-stress differential modulus, for a 1% w/w pectin solution (DM42) acidified
to pH 2 by GDL, at four different temperatures. Fitted with the assumptions
described in the text and the following parameters: lp = 0.3 µm, ξ = 0.01 µm,
E = 32 for T = 30 ◦C, ζ⊥ = 62.17η, c = 0.439. The effective barrier width 1

and the distance 3 between closed bonds as a function of temperature are plotted
in figures 6(a) and (b).

with the parameters for H2O, η∞ = 0.02984 mPa s, A = 496.9 K and TVF = 152.0 K. This
affects the transverse friction coefficient which is proportional to η. In the nonlinear regime,
the effect of the temperature dependence of the viscosity on the differential shear modulus
is negligibly small, but it cannot be neglected for linear measurements, as we will see in the
following section for the MSD. Besides the viscosity, the bending rigidity κ = kBT lp and the
dimensionless effective barrier height, E , depend on temperature. The precise functional for the
experimental system is unknown. While any relation of the form κ, E−1

∝ T x with 06 x 6 1
seems physically plausible, the precise value of the exponent x only affects the predictions of
the model relatively mildly. In contrast the model predictions turn out to be more sensitive to
the structural properties encoded in the crossover scale 3 and the bond length 1, for which
even a weak temperature dependence matters. For the fits in figure 5, a linear increase of 1 with
temperature is assumed, as shown in figure 6(a).

Furthermore, there seems to be a small signature of the fact that the pectin sample was
prepared at room temperature and then heated up or cooled down to the temperature of study, as
seen from the slight but significant deviations of the best-fitting values for 3 from the average
(figure 6(b)). While such temperature-history dependent effects can be seen to be minor in these
thermoreversible gels, it is possible that trapping and annealing effects might be detectable. The
slight increase of 3 for temperatures of 10 and 20 ◦C might be interpreted as an indication that
the fraction of closed bonds is slightly reduced when the sample is cooled instead of heated. This
is in accordance with the results of several stiffness measurements for pectin [31], but also for
other polysaccharides, such as κ-carrageenan [57] or agarose [58]. In these experiments, it has
been observed that the stiffness of the polysaccharide networks was higher when the sample is
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Figure 6. (a), (b) Effective barrier width 1 and distance 3 between closed bonds
as a function of temperature used for the fits in figure 5. (c) Distance between
closed bonds used for the fits in figure 7. That the relevant interaction scale
appears slightly larger if deduced from nonlinear as opposed to linear rheology,
is in line with numerical simulations of transiently crosslinked semiflexible
polymer networks [63].

heated up to a certain temperature compared to the case when it is cooled down to it. Attributing
a lower stiffness to a lower fraction of closed bonds, and thus a larger distance 3 between
neighbouring bonds for the cooling process, our data seem consistent with these studies.

To produce the fits of the data shown in figure 5, we used the parameters E/kBT =32
for T = 30 ◦C, c = 0.439 and ζ⊥(T ) = 62.17η(T ), where η(T ) is the viscosity of water.
The effective bond length in the order of 1 = 0.2 nm is compatible with the length of a
hydrogen bridge bond, and the persistence length of lp = 0.3 µm is in agreement with previous
results [10]. Since lp is a measure for the stiffness, the dominant pectin mesostructures are softer
than actin, the persistence length of which is about lp = 10 µm. The GWLC model suggests
that the temperature dependence of the dynamics originates in the microscopic structure of
the weakly adhesive interactions constituting the mesoscale network, which are summarily
represented by the effective bond parameter 1(T ). Its temperature dependence could hint at a
water-specific effect, which would however need to be biopolymer-specific, and in particular, be
much more pronounced for actin than for pectin. The effective distance 3 = 0.32 µm between
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Figure 7. (a) De-correlation of scattered laser light induced by the movement
microspheres within a sample of the engineered DM42 blocky-pectin recorded
24 h after the introduction of GDL. After the gel had formed experiments
were carried out as a function of temperature between 20 and 40 ◦C. (b) The
corresponding MSD of the probe particles for the data shown in (a). MSD as a
function of time at different temperatures, 20, 30 and 40 ◦C (bottom to top), fitted
with the GWLC using the same values for lp, E, ζ⊥ as for the nonlinear fits in the
preceding section and 3 as plotted in figure 6(c).

closed bonds is larger than the mesh size ξ = 0.01 µm estimated via equation (8) from the ratio
of the experimentally applied stress to the backbone tension used for the fits. While generally
consistent with the weakly sticky interaction suggested by the rest of the analysis, a clear-
cut geometric interpretation of this observation seems elusive, given the schematic level of
modelling (neglecting important elements of the geometry of bond loading) and the fact that the
amount of polymer effectively contributing to the stress-bearing meso-structure is not known.

Indeed, these experiments show the clear stress-stiffening and eventual softening as is
predicted by the same GWLC model that described the microrheological response so well
[12, 17] and the sensitive dependence of its strength on various parameters such as tem-
perature and polymer concentration that has previously been observed in many biopolymer
networks (F-actin [12], intermediate filaments [59, 60], microtubule–actin mixtures [61] and
collagen [62]).

3.4. Temperature dependence of microrheological experiments

Inspired by the ability of the GWLC to capture the temperature dependence of the nonlinear
behaviour, the microrheological study was revisited and the DWS experiments were repeated
as a function of temperature (figure 7). After the gel had formed experiments were carried out
as a function of temperature between 20 and 40 ◦C. It was noted that any differences in the
pH caused by the temperature changes were minimal (<0.2). Samples were left to equilibrate
for 30 min at each temperature before the measurements were made. On revisiting previous
temperatures minimal hysteresis was observed. Interestingly, while the behaviour on short and
intermediate times did not significantly change over the relatively small temperature range that
could be practically investigated at present, the terminal de-correlation of the scattered light
described above, showed a clear evolution with temperature. On increasing the temperature such
behaviour can be observed at shortened timescales and with an increasing terminal relaxation
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rate (figure 7). Neglecting these terminal decay processes then it could be said that whereas
in the nonlinear regime the stiffness of the pectin gels investigated decreases noticeably with
increasing temperature, in the linear regime the effect of temperature is small.

The predictions of the GWLC model, given by the result of the numerical evaluation of
equation (10) for vanishing prestress are shown by the black curves in figure 7. Except for the
distance 3 between closed bonds, which is plotted in figure 6(c), the parameters are the same as
used in the preceding section in order to successfully fit the nonlinear data. The different values
of 3 may be related to the fact that different susceptibilities determine the behaviour. Whereas
the nonlinear response is described by the longitudinal susceptibility, the linear response is
described by the transversal susceptibility. As a comprehensive recent numerical investigation
of an elaborate model for reversibly crosslinked semiflexible polymer networks emphasized,
the linear rheology is governed by non-affine bending deformations and entanglements, but the
nonlinear rheology by predominantly affine filament stretching between crosslinks [63]. Each
type of measurement is demonstrated to have its own characteristic interaction length scale,
consistent with our findings.

The slight increase of the MSD with temperature at short times is mainly due to the
decreasing solvent viscosity according to the Vogel–Fulcher relation, equation (11); while
at intermediate times, temperature enters mainly via the barrier height E , and the data are
consistent with the presumed standard Arrhenius behaviour E ∝ T −1. We do not attempt here
to model the terminal relaxation for τ> 10 s, the investigation of which remains a focus for
our continued investigations. It is clear that the otherwise relative insensitivity of the linear
microrheological properties on temperature is well captured within the GWLC framework,
despite the substantial temperature dependence of the nonlinear properties.

3.4.1. Comparison with experimental data from other systems. As for pectin, the stiffness of F-
actin decreases with temperature [17]. To compare the actin data to the pectin data recorded for
the acid-gels investigated here, the characteristic slope x of the scaled normalized differential
shear modulus has been determined for the data shown in figure 5 and plotted alongside the
normalized inverse of the creep compliance of F-actin measured in previous work (figure 8(a)).
On average, a temperature increase of 10 ◦C causes a decrease of the slope by about 18% for
this pectin system, compared to about 150% for F-actin. Additionally, we determined the scaled
peak stiffness for the F-actin and the pectin data, shown in figure 8(b). For F-actin, a temperature
increase of 10 ◦C decreases the peak value of the normalized inverse creep compliance by about
90%, while for pectin, a temperature increase of 10 ◦C causes a decrease of the scaled peak
stiffness by about 13%.

A decrease of stiffness with temperature has also been observed in non-adherent THP-1
cells [64]. In this work the Young’s modulus, which was determined from atomic force
microscope (AFM) force measurements, decreased from 3.2 to 0.5 kPa within a temperature
range of 21 ◦C, so that for a temperature change of 10 ◦C, the stiffness decreased by around 60%.
In summary, it can be stated that an increase in temperature causes a decrease of the stiffness
of acid–pectin gels, as well as of F-actin networks and non-adherent THP-1 cells, but that the
temperature effect at least for our particular pectin systems, is less pronounced. The different
extent to which temperature changes affect the nonlinear rheology in pectin, actin and cellular
systems is of fundamental interest. It is, to date, unclear whether these differences arise on the
microscopic scale or rather depend on the mesoscale network architecture. Interestingly the
analysis in our paper shows that the temperature effects for pectin acid-gels are quantitatively
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Figure 8. (a) Slope of the normalized inverse creep compliance and differential
modulus, respectively, plotted against the temperature for actin (open circles) and
pectin (filled circles). (b) Scaled peak stiffness plotted against the temperature for
actin (open circles) and pectin (filled circles). The actin data are taken from [17].

parametrized by a generic polymer-based model (the GWLC), and could be indicative of a
somewhat special mechanism at work in F-actin and cells.

4. Conclusion and outlook

The pursuit to understand the mechanics of the cytoskeleton has already driven forward great
advances in experimental and theoretical areas of microrheology and semi-flexible network
theories. Herein we have studied a polysaccharide network, whose understanding promises
to enlighten another considerably less-studied, but arguably just as important, biopolymer
matrix, that of the plant cell wall. It has been shown that the study of these systems too
can benefit hugely from what has already been achieved in the understanding of reconstituted
protein matrices and the application of mesoscopic models of semi-flexible filaments and glassy
dynamics. We have revealed striking analogies between the rheological behaviour of acid
pectin gels with molecularly highly dissimilar polymeric systems such as F-actin, intermediate
filament and collagen networks. We rationalized the discovered similarity and the corresponding
redundancy with respect to the molecular structure within a schematic mesoscopic polymer
model that provides a faithful and consistent parametrization of our linear and nonlinear
rheological data, obtained by various measurement techniques. Furthermore, at least for pectin
and F-actin, the nonlinear response is found to be much more sensitive to temperature changes
than their linear response, a property that is well reproduced by the GWLC model.

As an outlook, this work suggests that polysaccharide networks such as the pectin gels
studied here are also promising model systems in their own right for testing and developing
mesoscopic theories such as the GWLC model, with their own set of control parameters. In
particular, the ability to modify the molecular architecture of the extended cross-linking sites
(via the manipulation of the methylester pattern) holds the tantalizing possibility of controlling
the junction zone ‘stickiness’ in a systematic way. Additionally using different assembly
modalities offers the potential of modifying the mesoscopic network architecture in a controlled
way while studying the resulting effects on the temperature sensitivity of the nonlinear rheology.
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In general, mesoscopic physical models offer the potential to understand how, in principle,
mechanical functionality at the cellular level arises from microscopic interactions. They aim to
elucidate how a myriad of available molecular level control parameters, ranging from enzymatic
modification of polymeric structure to local manipulation of pH and ionic strength, act within
a unified framework to achieve the manipulation of the free-energy landscape governing the
strength and dynamics of stress-bearing associations. In this way the apparent complexity of
the biological can be seen as ensuring the provision of multiple pathways for controlling the
same essential physics, with the redundancy not only introducing robustness in the system, but
providing mechanisms for compensation, adaptation and homeostasis.
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