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Abstract

ABSTRACT

Water uptake, respiration and exudation are some of the biological functions fulfilled by plant
roots. They drive plant growth and alter the biogeochemical parameters of soil in the vicinity of
roots, the rhizosphere. As a result, soil processes such as water fluxes, carbon and nitrogen
exchanges or microbial activity are enhanced in the rhizosphere in comparison to the bulk soil.
In particularly, the exudation of mucilage as a gel-like substance by plant roots seems to be a
strategy for plants to overcome drought stress by increasing soil water content and soil
unsaturated hydraulic conductivity at negative water potentials. Although the variations of soil
properties due to mucilage are increasingly understood, a comprehensive understanding of
the mechanisms in the pore space leading to such variations is lacking.

The aim of this work was to elucidate the gel properties of mucilage in the pore space, i.e.
interparticulate mucilage, in order to link changes of the physico-chemical properties in the
rhizosphere to mucilage. The fulfilment of this goal was confronted to the three following
challenges: The lack of methods for in situ detection of mucilage in soil; The lack of knowledge
concerning the properties of interparticulate mucilage; The unknown relationship between the
composition and the properties of model substances and root mucilage produced by various
species. These challenges are addressed in several chapters.

In a first instance, a literature review picked information from various scientific fields about
methods enabling the characterization of gels and gel phases in soil. The variation of soil
properties resulting from biohydrogel swelling in soil was named the gel effect. The combined
study of water entrapment of gels and gel phases in soil and soil structural properties in terms
of mechanical stability or visual structures proved promising to disentangle the gel effect in
soil.

The acquired methodical knowledge was used in the next experiments to detect and
characterize the properties of interparticulate gel. "H NMR relaxometry allows the non-invasive
measure of water mobility in porous media. A conceptual model based on the equations
describing the relaxation of water protons in porous media was developed to integrate the
several gel effects into the NMR parameters and quantify the influence of mucilage on proton
relaxation. Rheometry was additionally used to assess mucilage viscosity and soil
microstructural stability and ESEM images to visualize the network of interparticulate gel.
Combination of the results enabled to identify three main interparticulate gel properties: The
spider-web effect restricts the elongation of the polymer chains due to the grip of the polymer
network to the surface of soil particles. The polymer network effect illustrates the organization
of the polymer network in the pore space according to the environment. The microviscosity
effect describes the increased viscosity of interparticulate gel in contrast to free gel. The impact
of these properties on soil water mobility and microstructural stability were investigated.
Consequences on soil hydraulic and soil mechanical properties found in the literature are
further discussed.

The influence of the chemical properties of polymers on gel formation mechanism and gel
properties was also investigated. For this, model substances with various uronic acid content,
degree of esterification and amount of calcium were tested and their amount of high molecular
weight substances was measured. The substances investigated included pectic
polysaccharides and chia seed mucilage as model polymers and wheat and maize root
mucilage. Polygalacturonic acid and low-methoxy pectin proved as non-suitable model
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Abstract

polymers for seed and root mucilage as ionic interactions with calcium control their properties.
Mucilage properties rather seem to be governed by weak electrostatic interactions between
the entangled polymer chains. The amount of high molecular weight material varies
considerably depending on mucilage’s origin and seems to be a straight factor for mucilage’s
gel effect in soil. Additionally to the chemical characterization of the high molecular weight
compounds, determination of their molecular weight and of their conformation in several
mucilages types is needed to draw composition-property profiles. The variations measured
between the various mucilages also highlight the necessity to study how the specific properties
of the various mucilages fulfill the needs of the plant from which they are exuded.

Finally, the integration of molecular interactions in gel and interparticulate gel properties to
explain the physical properties of the rhizosphere was discussed. This approach offers
numerous perspectives to clarify for example how water content or hydraulic conductivity in
the rhizosphere vary according to the properties of the exuded mucilage. The hypothesis that
the gel effect is general for all soil-born exudates showing gel properties was considered. As
a result, a classification of soil-born gel phases including roots, seeds, bacteria, hyphae and
earthworm’s exuded gel-like material according to their common gel physico-chemical
properties is recommended for future research. An outcome could be that the physico-
chemical properties of such gels are linked with the extent of the gel effect, with their impact
on soil properties and with the functions of the gels in soil.



Zusammenfassung

ZUSAMMENFASSUNG

Wasseraufnahme, Atmung und Exsudation sind biologische Schliisselfunktionen der Wurzeln
hoherer Pflanzen. Sie steuern das Pflanzenwachstum, indem sie die biogeochemischen
Parameter des Bodens in unmittelbarer Nahe der Wurzeln, der Rhizosphare, verandern.
Folglich sind Bodenprozesse wie beispielsweise Wasserflusse, Kohlen- und
Stickstoffaustausch oder mikrobielle Aktivitaten in der Rhizosphare im Vergleich zu freiem
Boden begulnstigt. Insbesondere die Exsudation von Mucilage durch die Pflanzenwurzeln
scheint ein wichtiger Mechanismus zu sein, um Trockenstress vorzubeugen. Durch diese
gelartige Substanz wird bei negativen Wasserpotentialen sowohl der Bodenwassergehalt als
auch die ungesattigte hydraulische Leitfahigkeit erhdht. Die Veranderung der
Bodeneigenschaften durch Mucilage ist Gegenstand aktueller Forschung. Ein umfassendes
Verstandnis der Mechanismen im Porenraum der Rhizosphére ist bisher allerdings noch
unzureichend.

Ziel dieser Arbeit war die Aufklarung der Gel-Eigenschaften von Mucilage im Porenraum der
Rhizosphare, um Veranderungen der physiko-chemischen Eigenschaften der Rhizosphére auf
dieses interpartikulare Mucilage zurlickzuftihren. Dabei stellten sich drei Herausforderungen:
Zunachst einmal mangelte es an Methoden zur in situ Detektion von Mucilage im Boden.
Aulerdem fehlten detaillierte Kenntnisse bezlglich der Eigenschaften von interpartikuldarem
Mucilage. Desweiteren war die Beziehung zwischen der Zusammensetzung und den
Eigenschaften von Modelsubstanzen und wurzelstdmmigem Mucilage verschiedener Spezies
unbekannt. Diese Fragen werden in den verschiedenen Kapiteln der Arbeit thematisiert.

Zunachst erfolgte eine Literaturrecherche, um Informationen aus verschiedenen
Wissenschaftsbereichen tber Methoden zur Charakterisierung von Gelen und Gel-Phasen im
Boden zusammenzustellen. Die Anderung von Bodeneigenschaften aufgrund vorhandener
Biohydrogelphasen im Boden kann als ,,Gel-Effekt* bezeichnet werden. Die kombinierte Studie
von Wassereinschlissen in Gelen und Boden-Gel-Phasen mit der Untersuchung struktureller
Eigenschaften von Boden hinsichtlich der mechanischen Stabilitdt und visueller Strukturen,
zeigte sich als vielversprechend, um den Gel-Effekt im Boden zu charakterisieren.

Das erworbene methodische Wissen wurde in den néchsten Untersuchungen angewendet,
um die Eigenschaften von interpartikularen Gelen zu detektieren und zu charakterisieren. *H
NMR Relaxometrie erlaubt die nicht-invasive Bestimmung der Wassermobilitdt in porésen
Medien. Ein konzeptuelles Modell wurde aus Gleichungen entwickelt, welche die Proton-
Relaxation in gelhaltigen porosen Medien beschreiben. Dieses Modell berticksichtigt den
beschriebenen Gel-Effekt bei der Wahl der NMR Parameter und quantifiziert den Einfluss von
Mucilage auf die Proton-Relaxation. Dartiber hinaus wurde mithilfe von Rheometrie die
Viskositat von Mucilage sowie die mikrostrukturelle Bodenstabilitat bestimmt. Mittels
Rasterelektronenmikroskopie wurde die Netzwerkstruktur von interpartikularem Gel
visualisiert. Die kombinierte Auswertung dieser Ergebnisse identifizierte drei wichtige
Eigenschaften von interpartikularem Gel: Der ,Spinnennetz-Effekt” schrankt die Dehnung der
Polymerketten aufgrund der Verbindung zwischen dem Polymer Netzwerk und der Oberflache
von Bodenpartikeln ein. Der ,Polymer-Netzwerk-Effekt” veranschaulicht die Anordnung des
Polymernetzwerks im Porenraum gemafy der rdumliche Umgebung. Der ,Mikroviskositats-
Effekt” beschreibt die erhdhte Viskositat von interpartikularem Gel im Vergleich zu freiem Gel.
Die Auswirkungen dieser Eigenschaften auf die Wassermobilitdt und auf die mikrostrukturelle



Zusammenfassung

Stabilitdt des Bodens wurden untersucht und daraus resultierende Konsequenzen fir
hydraulische und mechanische Eigenschaften des Bodens diskutiert.

Der Einfluss von den chemischen Eigenschaften von Polymeren auf Gel-
Bildungsmechanismen und Gel-Eigenschaften wurde untersucht. Dafir wurden
Modelsubstanzen mit verschiedenen Uronsaure-Gehalt, Veresterungsgrade und Calcium-
Gehalt getestet und die Menge an Materialanteil mit hohem Molekulargewicht quantifiziert. Die
untersuchten Modelsubstanzen waren verschiedenen Pektin Polymeren und Chia Samen
Mucilage. Dartber hinaus wurde Mucilage aus Winterweizen und Mais Wurzeln isoliert und
untersucht. Polygalakturonsadure und Niedermethyliertes Pektin erwiesen sich als nicht
geeignete Modelpolymere fir Samen und Wurzelmucilage, da ionische Wechselwirkungen mit
Calcium ihre Eigenschaften dominieren. Die dem Mucilage zuzurechnenden Eigenschaften
scheinen eher durch schwache elektrostatische Wechselwirkungen zwischen verstrickten
Polymerketten beherrscht zu sein. Die Menge an Material mit hohem Molekulargewicht variiert
deutlich, abhéngig von dem Ursprung des Mucilages. Dies scheint ein bedeutender Faktor fr
den Gel-Effekt von Mucilage im Boden zu sein. Zusatzlich zu der chemischen
Charakterisierung der hochmolekulargewichtigen Polymere ist die exakte Bestimmung der
Molekularmassen und der Konformation in verschiedenen Mucilagesorten notwendig, um
Zusammensetzungs-Eigenschafts-Profile aufzeichnen zu kénnen. Die Abweichungen
zwischen den verschiedenen Mucilagestypen, welche sich durch die Messungen ergeben,
haben die Notwendigkeit weiterer Untersuchungen unterstrichen. Nur so lasst sich die Frage
klaren, wie die spezifischen Eigenschaften von verschiedenen Mucilagestypen auf die
Bedurfnisse der Pflanze abgestimmt sind, der sie entstammen.

Schliel3lich wurde diskutiert, wie die Betrachtung von molekularen Wechselwirkungen im Gel
und interpartikularen Gel-Eigenschaften das Verstandnis Uber die physikalischen
Eigenschaften der Rhizosphéare erweitert. Dieser Ansatz ist vielversprechend, um zum Beispiel
der Wassergehalt oder die hydraulische Leitfahigkeit entsprechend die Eigenschaften vom
exudierten Mucilage zu klaren. Darlber hinaus liegt die Vermutung nahe, dass der Gel-Effekt
allgemein fur alle Bodenexsudate mit Gel-Charakter Giiltigkeit besitzt. Eine Klassifizierung
naturlicher Boden-Gel-Phasen einschliel3lich der von Wurzeln, Samen, Bakterien, Hyphen
oder Regenwirmern exsudierten, gelartigen Materialien nach ihren gemeinsamen physiko-
chemischen Gel-Eigenschaften wird fir die zukiinftige Forschung empfohlen. Als Ergebnis
konnten die physiko-chemische Eigenschaften von solchen Gelen zum Gel-Effekt den
Auswirkungen auf die Bodeneigenschaften und den Funktionen von den Gelen im Boden
zugeschrieben worden.
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1 Introduction

1. INTRODUCTION

1.1. Root exudation in the rhizosphere

A range of key biological functions of plant roots such as water uptake, respiration and exudation
considerably alter the biogeochemical parameters of soil in the vicinity of the roots, i.e. the
rhizosphere (Hinsinger et al., 2006). Soil processes involving water fluxes, carbon and nitrogen
exchanges or microbial activity are accordingly enhanced in the rhizosphere in comparison to
the bulk soil. Rhizosphere processes are also important drivers for plant growth, soil organic
matter decomposition and nutrient release at the ecosystem scale (Finzi et al., 2015). Still, a
comprehensive understanding of these processes remains restricted as long as all significant
mechanisms taking place in the pore space are not all resolved.

Hiltner was in 1904 pioneer in the rhizosphere research, as he identified it as the volume of soil
around living roots influenced by root activity and shared with bacteria (Hilther, 1904). Root
activity comprehends root growth, water and nutrient uptake, respiration and rhizodeposition
(Gregory, 2006). Root activity turns the soil-root interface in a pole of dynamic reactions, whose
consequences are felt on a range of temporal and spatial scales (Hinsinger et al., 2009). The
size and shape of the rhizosphere are not definable due to the inherent complexity and diversity
of plant root systems and rather consist of a gradient of chemical, physical and biological
properties, which change both radially and longitudinally along the root (McNear Jr., 2013). For
example, volatile compounds released from roots affect soil up to tens of millimetres, whereas
microbial populations and immobile compounds are found at a fraction of millimetre distant from
the root (Hinsinger et al., 2009).

Root exudation is part of the rhizodeposition process, which is a major source of soil organic
carbon (Haichar et al., 2014). Plants invest 5 to 21% of their photosynthetically-fixed carbon in
root exudation (Haichar et al., 2014). Root exudates can be categorized into secretions, which
are actively released by the root, and diffusates, which are passively relased due to osmotic
differences between soil solution and cell (Bais et al., 2006). The secretions include low
molecular weight (LMW) and high molecular weight (HMW) material. LMW compounds
comprehend organic acids, amino acids, sugar, proteins, phenolics and other secondary
metabolites generally easily used by microorganisms (Nguyen, 2003). Several excellent reviews
have been published recently and give an overview about the chemical diversity, the functions of
LMW exudates and their interactions with the root microbiome (Haichar et al., 2014; Pieterse et
al., 2016; Sasse et al.,, 2018). HMW compounds consist of heterogeneous polysaccharides,
distinct proteins and extracellular DNA released by root cap cells at the root tip and identified as
root mucilage (Oades, 1978; Sasse et al., 2018). The mucilaginous layer around the roots can
expand in volume up to 1000-fold after exudation through water uptake (Shannon and Steer,
1984) and varies from 1 to 10 ym in thickness (Oades, 1978).

Root mucilage is suspected to fulfill several functions supporting the life cycle of plants. These
include the lubrication of growing root tips (McCully, 1999; Traoré et al., 2000), the exchange of
ions between carboxyl groups and soil minerals (Ghanem et al., 2010) or the immobilization of
toxic metal cations (Watanabe et al., 2008). Further, root mucilage is suggested to insure the
perennity of root-soil contact (McCully, 1999), increase the stability of soil microaggregates
(Traoré et al., 2000), or protect roots from desiccation (Carminati et al., 2010).

10



1 Introduction

1.2. Modulation of soil physical properties induced by mucilage gel properties
Gel definition and gel properties of root mucilage

A gel is composed over 90% of water entrapped in a three-dimensional polymer network. Root
mucilage attests typical gel properties, which include high water content, water holding capacity,
shrinking and swelling and viscoelasticity (Almdal et al., 1993). For example, both root mucilage
of maize and lupin seedlings show a higher viscosity than water and a viscoelastic behavior at
concentrations inferior to 1 wt% (Read and Gregory, 1997). Further, maize root mucilage is able
to retain water up to a certain field capacity and to absorb water once dried (McCully and Boyer,
1997; Read et al., 1999).

Modulation of soil physical properties attributed to mucilage gel properties...

The gel properties of root mucilage affect soil hydraulic properties in the rhizosphere: The
increase of soil water content toward the roots in the rhizosphere of chickpea, white lupin and
maize, even when the roots take up water, is attributed to the swelling properties and water
holding capacity of root mucilage (Carminati et al., 2010; Moradi et al., 2011). After drying, the
rewetting of the rhizosphere of lupin is delayed and then followed by an increase of the water
content larger than in the bulk soil (Carminati et al., 2010). This delay was explained by the
presence of phospholipids, measured by Read et al. (2003) in root mucilage, which would
decrease soil wettability after a period of drying. The increase of the water content was explained
by the ability of mucilage to reswell once dried (Carminati et al., 2010; Hallett et al., 2003). Root
mucilage may also affect soil water retention and local water fluxes in the rhizosphere. Chia seed
mucilage amendment of a sandy soil increases its water holding capacity at any matric potentials
(Ahmed et al., 2014), which lets suppose a similar effect of root mucilage at the soil-root interface.
Increasing concentrations of chia seed mucilage also decrease the saturated hydraulic
conductiviry of a sandy soil (Kroener et al., 2014). This effect is primarly attributed to the higher
viscosity of mucilage in comparison to water.

Root mucilage of maize also positively influences soil stability (Traoré et al., 2000), as the
viscosity and elasticity of mucilage increase the resistance to movement of any soil particles in
contact with mucilage. Enhancement of soil stability promotes in the long term soil aeration, root
growth, prevents soil erosion and thus improves soil structure (Jones et al., 2009).

Viscosity, water retention capacity, shrinking and swelling ability are the gel properties of
mucilage at the origin of complex and time-dependent processes in the rhizosphere as they affect
root water uptake and relevant properties including water content, water fluxes and soil structural
stability (Carminati and Vetterlein, 2013; Kroener et al., 2014; Kroener et al., 2015). Still, the
modification of soil physical properties by mucilage results from several gel-induced mechanisms
happening in the pore space.

... and explained by gel-induced mechanisms in the pore space

According to its porosity, the polymer network is suspected to create an additional matrix in the
rhizosphere, which can therefore hold more water than the bulk soil upon negative matric
potentials. The elasticity of the polymer network enables its swelling, and hydrogel swelling can
increase maximal water content in soil and modify soil particle size. Indeed, swelling of released
EPS and of soil organic matter (SOM) is suggested to induce changes in soil pore size
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1 Introduction

distributions (Jaeger et al., 2006; Meyer et al., 2018), although the mechanism is not clear. Being
also able to swell, root mucilage may also affect soil pore sizes in the rhizosphere.

In general, the gluing of soil particles by hydrogel-forming polymers and the cementation of soil
particles upon drying/remoistening events explain the additional soil stabilizing effects of
hydrogels (Albalasmeh and Ghezzehei, 2014; Buchmann et al., 2015; Liu et al., 2009). The
polymer network increases soil particle interconnectivity and interparticle forces as a function of
the polymer properties (for example type and amount of functional groups).

Still, information is lacking concerning the supramolecular mechanisms leading to mucilage
network formation. The organization of the mucilage network in the pore space, the variations of
this network properties with various environmental conditions (plant specie or soil solution) and
the variations of the pore size according to this network (extension, shrinking) are also unknown.
Investigations on mucilage polymer network in the pore space are therefore necessary to link the
macroscopic properties measured for the rhizosphere with mechanisms in the pore space
attributed to mucilage.

1.3. Necessity to clarify interparticulate gel properties
Lack of methods to detect and characterize mucilage in situ

The lack of comprehensive knowledge on the spatial and temporal patterns of mucilage and on
its physico-chemical properties in the rhizosphere represents a major bottleneck in our
understanding of plant-water-soil interactions (Figure 1.1). One reason is the lack of available
methods capable to detect and characterize the properties of interparticulate gel. In contrast to a
free or bulk gel, which has no physical constraint, interparticulate gel is situated in the pore space
and is limited by the pore walls.

Mucilage
Exudation EFFECTS
o time: when, how long? _—————  Modulation of soil
content: how much? ~— — —  properties in the
Mucilage S distribution: where? rhizosphere
Exudation
REASON
[ ) @ Interparticulate

' Modification of
el phases
o000 O =k T pore-scale processes

U Root @ Soil particle ~ Water  E Mucilage

Figure 1.1. Schematic exudation of mucilage, its effects and their reasons.

A solution to detect root mucilage in the rhizosphere is the imaging of mucilage in situ with non-
destructive three-dimensional techniques such as neutron imaging, magnetic resonance imaging
and X-ray computer tomography. Recent progress in imaging techniques provide detailed images
of water content, water fluxes and soil structure in the rhizosphere (Metzner et al., 2015; Oswald
et al., 2015). Still, the detection of mucilage with these techniques faces a methodical problem:
high water content and low carbon content result in low attenuation contrasts of mucilage in
comparison to water. Infrared spectroscopy (Holz et al., 2018) and combination of imaging
techniques (van Veelen et al., 2018) obtained encouraging results to measure the spatial
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distribution of mucilage in the rhizosphere, but still require further development. To date, no
experimental method allows to non-invasively and quantatively characterize the spatio-temporal
distribution of mucilage in the pore space of the rhizosphere, or to measure the properties of
interparticulate gels.

Lack of knowledge about the properties of interparticulate gels

Usually, the properties of free gels such as water absorption, water retention or viscosity are
measured to assess the properties of soil amended with gels, i.e. their swelling ratio, water
retention or structural stability (Andry et al., 2009; Chenu and Roberson, 1996; Naveed et al.,
2017). For example, the effect of xanthan, used as exopolysaccharide (EPS) analog, could be
guantified by linear superposition of the non-treated soil and of the xanthan retention curves
(Rosenzweig et al., 2012). However, the properties of interparticulate gels differ from them of
free gels: in most cases, dependencies are distinctly nonlinear, for example in the case of the
dependency between hydrogel swelling and increase of water-holding capacity of sandy soils
(Kazanskii and Dubrovskii, 1992).

Little literature has been published about the properties of interparticulate gels and how they vary
in contrast to those of free gels. A previous study developed a theory of constrained swelling for
gels subjected to the constraint of hard boundaries (Marcombe et al., 2010). According to this
theory, the constraint causes a field of stress in a gel, often leading to an inhomogeneous
swelling. It is not clear how the hard boundary constraint may affect the properties of
interparticulate mucilage.

Composition-property relationship of various root mucilage unknown

The relationships linking the chemical composition of exuded mucilage and its gel properties are
of high interest to get a comprehensive understanding of mucilage exudation depending on the
plant specie and the environment. Indeed, the amounts and types of rhizodeposits remain highly
context specific (Jones et al., 2009) and studies show that the gel properties of root mucilage
vary in function of the plant specie (Naveed et al., 2017; Read and Gregory, 1997). At the present
time, the dependence on environmental conditions (type and age of the plant, time of the day,
drying period ect...) on the amount of mucilage produced in soil remains unknown.

The chemical composition has already been characterized for several root mucilage: wheat and
cowpea root mucilage (Moody et al., 1988), maize root mucilage (Bacic et al., 1986; Osbhorn et
al., 1999; Read et al., 2003), rice root mucilage (Chaboud and Rougier, 1984). However, beyond
their uncontemporary realization, these studies mostly focus on the sugar composition of root
mucilage and do not consider the supramolecular mechanisms leading to gel formation. They
also mostly discard the other possible components present in root mucilage, which potentially
affect its gel properties such as the presence of phospholipids or proteins. Until now, the
relationships between the chemical composition of mucilage and its physical gel properties have
therefore remained poorly researched.

1.4. Water mobility measured with *H NMR relaxometry as a tool to detect
and characterize interparticulate gel

Measurement of the water mobility
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One solution to detect and characterize interparticulate mucilage in situ could be the
measurement of the water mobility, which is different in interparticulate gel phases and pore
water. Water mobility can be defined by the translational motion and by the rotational motion of
water molecules (Buchmann and Schaumann, 2017), which can be restricted by molecular
interactions (binding) or by physical barriers (within a pore) (G6tz and Hinrichs, 2008). NMR
relaxation has been developed over many years as a tool for the characterization of water mobility
in porous media (Bayer et al.,, 2010; Dunn et al., 2002). In gels, interactions between the
entrapped water molecules and the surrounding polymer chains alter the mobility of water
(Belton, 1997). As an interpatrticulate gel (gel situated in a soil pore), the properties of water in
interparticulate mucilage are different from those of water in soil pore. The method has two clear
advantages in our field of study: first it is non-destructive and non-invasive, and second, water,
being itself a primary constituent of mucilage, is also the primary probe.

The principle and applications of NMR relaxometry are exhaustily detailed in several excellent
texts (Callaghan, 1993; Callaghan et al., 1992; Kimmich, 2012) and in later chapters, so that we
give here only a short introduction to the method to understand the principles and foresee its
potential concerning detection of mucilage in soil. Hydrogen nuclei align parallel and anti-parallel
to an applied magnetic field By according to a Boltzmann distribution, thus creating a bulk nuclear
magnetisation. Short radiofrequency (RF) pulses transmitted to the samples at the Larmor
frequency disturb the equilibrium Boltzmann population and cause the spins to flip into an angle
to Bo. The spins then relax back to their equilibrium orientation along Bo within a coherent
precession. This means that all nuclei turn together in phase, what results in a rotating
macroscopic magnetisation that can be detected by a radio receiver. The magnetic field
experienced by the nuclei does not confined to the applied laboratory field. It is enhanced by
small local fields within the sample itself, for example due to neighbouring nuclei and unpaired
electrons in chemical bonds. According to their chemical environment, different nuclei experience
different local fields.

There are two principles of relaxation, each characterized by a relaxation time: T; and T.. Tz is
the spin-spin relaxation time and can be viewed as the time required for the nuclei initially
precessing together in phase to lose coherence due to local magnetic fields in their environment.
There is no net energy exchange between the nuclei and the lattice, thus no change in the
distribution of the Boltzmann population. In contrast, T; is the spin-lattice relaxation time and
characterizes the return of the nuclei alignment within the magnetic field and the recover of the
thermal equilibrium with the lattice through exchange of energy. Measurement of both relaxation
times provides information on molecular dynamics and water movement in gels over a wide range
of length and time scales (de Celis Alonso et al., 2010; Hills et al., 2000; Prisova et al., 2013).

Recent investigations using the water mobility to detect and characterize interparticulate
gels and their limits

Soil-water interactions are defined by the water distribution in the porous soil matrix and by the
various bindings of water in the porous soil matrix, which for example differentiate clay-
associated water from mineral soil pore water and from gel-associated water (Buchmann and
Schaumann, 2018; Schaumann and Bertmer, 2014). 'H-NMR relaxometry is widely used to
measure water distribution and water binding in porous media (Dunn et al., 2002; Kleinberg,
1999). It allows to assess soil wetting kinetics (Schaumann et al., 2005), pore-size distribution in
various soils (Meyer et al., 2018), influence of microbial activity (Codd et al., 2011; Jaeger et al.,
2006) and soil organic matter swelling (Bayer et al., 2010; Jaeger et al., 2010). In recent studies,
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soil samples were mixed with polyacrylic acid as a hydrogel-forming polymer and the water
mobility was measured with *H NMR relaxometry. The NMR signal corresponding to polymer-
associated water was successfully distinguished from the NMR signal of pure pore water
(Buchmann et al., 2015b, 2015a; Buchmann and Schaumann, 2017). The results allowed an
estimation of the quantity of water trapped in the hydrogel and the expression of hydrogel swelling
as function of clay content in soils with various clay contents. What is more, the structural stability
of the soil samples could be linked with the content of polymer-associated water. Thus, *H-NMR
relaxometry represents a promising method to detect and characterize mucilage in soil via the
difference of mobility between pure water and mucilage water in soil pores.

Polyacrylic acid is a grateful polymer to lead NMR studies on polymer-amended soil due to a
strong shift of the relaxation time to larger values corresponding to polymer-associated water
(Buchmann and Schaumann, 2017). Until now, no study reports about the measurement of the
water mobility in mucilage or mucilage amended soil, but *H NMR relaxometry has been used to
detect biofilm in porous media. Biofilm consists in proteins, polymers and DNA material excreted
by bacteria and forms a biohydrogel composed of more than 90% water (Sutherland, 2001). Yet,
the NMR signal of water trapped in biofilm in porous media is not trivial to distinguish from the
one of “pure” water trapped in porous media (Codd et al., 2011; Sanderlin et al., 2013). Several
studies showed a decrease of the relaxation time due to the presence of biomacromolecules in
biofilm (Codd et al., 2011; Vogt et al., 2013). Those enhance spin relaxation as protons bound to
the polymers and dissolved organics rapidly exchange with free protons on the liquid molecules
(Hills et al., 1991). However, the shift of the relaxation time in biofilm in porous media is relatively
low (Kirkland et al., 2015), so that a quantitative evaluation of the amount of biofilm and of the
concentration of the polymers has not been possible yet with *H NMR relaxometry. What is more,
the mechanisms leading to shifts in relaxation times and the criteria allowing the distinction
between biohydrogel water and non-biohydrogel water in soil pores have neither been fully
identified until now. Although equations allow to measure the pore size distribution in soil by
means of the relaxation time (Brownstein and Tarr, 1979; Godefroy et al., 2001), the presence of
biofilm or swellable organic matter in the pores unvalidate these equations (Meyer et al., 2018).

1.5. Use of model substances to investigate the properties of interparticulate
mucilage

Challenge to collect root mucilage

The little body of research providing data about the physico-chemical characterization of root
mucilage is largely due to the difficulty to collect it in sufficient amounts. One collection method
is the extraction of axenic root mucilage from seedlings by centrifugation (Zickenrott et al., 2016)
or by vacuum succion (Holz et al., 2018) after aeroponic or hydroponic (Watanabe et al., 2008)
growth of the seedlings. Another method collects brace root mucilage (Ahmed et al., 2015) or
nodal root mucilage (Ahmed et al., 2018) from several weeks-old maize plants. The aeroponic
method yielded for maize 16 pg dry mucilage per root tip after 3 days germination (Zickenrott et
al., 2016), and the collection of root mucilage from grown-up maize plants provided around 0.5
mg of dry mucilage per root per day (Ahmed et al., 2015). Both methods have different strengths
and weaknesses, but both are time-intensive and provide small yields.

The use of model substances is therefore necessary to conduct experiments aiming at
understanding fundamental physical mechanisms in soil, which require substantial amounts of
mucilage. Still, to transfer the knowledge gained about the mechanisms, properties or processes
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of soil amended with model substances to the rhizosphere, the model substances used must
share chemical composition and/or physical properties with real root mucilage. Disparities
between the properties of root mucilage and model substances should also be clear to assess
how far the mechanisms, properties or processes found with the model substances are
comparable to root mucilage. Polygalacturonic acid and chia seed mucilage have both been used
to conduct studies on physical soil parameters requiring higher amount of mucilage material
(Barré and Hallett, 2009; Kroener et al., 2014).

Polygalacturonic acid as a model substance for root mucilage

The choice of polygalacturonic acid (PGA) as a model substance relies on one side on the high
content of uronic acid measured in maize root mucilage (Morel et al., 1986) and on the other side
on the similarities of the patterns built by dried root mucilage and dried calcium-polygalacturonate
on garlic roots (Gessa and Deiana, 1992, 1990). Out of these measurements, the authors
concluded that the gel formation mechanism of root mucilage is similar to the one of PGA: the
polymer chains are bound together by ionic bonds between calcium and deprotonated carboxylic
groups (Figure 1.2). A range of studies use PGA as a model substance of root mucilage to
investigate the effect of mucilage on soil microstructural stability, water transport and rewetting
(Albalasmeh and Ghezzehei, 2014; Barré and Hallett, 2009; Czarnes et al., 2000; Peng et al.,
2011; Zhang et al., 2008).
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Figure 1.2. Idealized representation of calcium cross-linking of galacturonate residues in the egg-box
model, modified from Kirtil et al. (2014).

Only, the viability of PGA as a model of root mucilage can be set into question, as well as the
existence of one model of root mucilage for all species. For example, root exudates from rice
contain 5 wt% (based on the total carbohydrate content) uronic acid (Bacilio-Jiménez et al.,
2003), root mucilage from pea and from wheat consist of 13 wt% (Knee et al., 2001) and 11.5
wt% (Moody et al., 1988) uronic acid respectively, and 48 wt% uronic acid were measured for
three days-old cress root mucilage (Ray et al., 1988). Thus, the content of uronic acid in root
mucilage of different species is far below the 100 wt% of PGA and varies greatly depending on
the species. The uronic acid content between various studies is also difficult to compare
quantitatively as it depends on the method of collection, plant specie and age and biotic and
abiotic external factors such as the presence of microorganisms or the nutrient status. For
example, the uronic acid content measured in maize root mucilage varies from 3 wt% to 34 wt%
(Bacic et al., 1986; Morel et al., 1986). Thus, the influence of various uronic acid content on the
gel formation mechanism and gel properties of root mucilage needs to be clarified.

Chia seed mucilage as another model substance for root mucilage
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Besides the use of a chemically defined polymer such as PGA, another approach is the use of
chia seed mucilage as a model substance for root mucilage. Although the exudation mechanism
of chia seed mucilage and its function for the plant are different from root mucilage (Capitani et
al., 2013; Mufioz et al., 2012), it has comparable chemico-physical properties to root mucilage:
Chia seed mucilage is mostly composed of polysaccharides, which are to around 20 wt%
composed of uronic acids (Lin et al., 1994; Timilsena et al., 2015). Chia seed mucilage also has
a high water content, viscous properties and reswells once dried (Capitani et al., 2015; Goh et
al., 2016; Mufioz et al., 2012). Thus, being easily producible and in great quantities, chia seed
mucilage is an appropriate model to study the influence of the gel properties of root mucilage on
soil properties (Ahmed et al., 2014; Kroener et al., 2018).

Still, it is not clear how far both types of mucilage are comparable as the viscosity of chia seed
mucilage is clearly higher than the one of maize and wheat root mucilage for the same
concentration (Naveed et al., 2017). It is also not known how the gel properties of chia seed
mucilage and root mucilage vary according to different chemical conditions. Also, the role of root
mucilage chemistry on gel formation mechanism and gel properties is still to elucidate. It is further
unclear how root mucilage with various gel properties differently affects soil properties.

1.6. Objectives and structure of the dissertation
Goals of the multidisciplinary project MUCILAGE

This PhD thesis is part of the multidisciplinary project MUCILAGE, financed by the German
research foundation (DFG). MUCILAGE aims at understanding the mechanistic role of root
mucilage for the regulation of water supply to plants. The main working hypothesis of MUCILAGE
illustrated in Figure 1.3 is that root mucilage alters the physical properties of the rhizosphere and
that these alterations affect the water flow across the rhizosphere.
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Figure 1.3. lllustration of the water distribution in the rhizosphere during a drying (a-b) and wetting (c)
cycle, expected retention curve (d) and hydraulic conductivity (e) of the rhizosphere (blue) and the adjacent
bulk soil (red) during a drying-wetting cycle. The figure is modified from the MUCILAGE DFG research
proposal.

The expected effects of root mucilage in the rhizosphere are to increase water content 8 at given
soil water potential h (Figure 1.3 d) thanks to mucilage water holding capacity, and to decrease
the saturated hydraulic conductivity k (Figure 1.3 e) thanks to mucilage’s higher viscosity than
water. During drying, the rhizosphere is expected to stay wetter than the adjacent bulk soil (Figure
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1.3 a-b, d). Thus, the unsaturated hydraulic conductivity of the rhizosphere may become higher
than that of the bulk soil at negative water potentials (Figure 1.3 e). As a result, mucilage would
extend the range of water potentials in which roots and soil are hydraulically connected and would
act as a “hydraulic bridge” in the rhizosphere. This way, mucilage exudation may be a plant
strategy to attenuate the effects of drought. The hypothesized effects of mucilage on root water
uptake are illustrated with blue arrows on Figure 1.3 (a-c).

Dried mucilage is also supposed to become hydrophobic and to make the rhizosphere temporary
water repellent, what hinders the rewetting of the rhizosphere upon rehydration. After a
drying/wetting cycle, root water uptake is supposed to be reduced at the root segments covered
with dry old mucilage and to shift to young root segments covered with freshly exuded mucilage.

Three subprojects were designed to test these hypotheses and link stepwise the effect of
mucilage properties on rhizophere soil properties (main responsibility G.E. Schaumann,
University Kobleny-Landau) (Figure 1.4 a-c), the hydraulic properties of soil-gel mixtures and of
the rhizosphere (main responsibility A. Carminati, BayCEER) (Figure 1.4 c-d), and the
interrelation between root water uptake and soil moisture dynamics in the rhizosphere (main
responsibility D. Vetterlein, UFZ Halle) (Figure 1.4 d).
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Figure 1.4. Research strategy of the MUCILAGE project: The characterization of mucilage gel properties
(a) helps to elucidate the gel properties of mucilage in the pore space and to clear the underlying
mechanisms (b), which lead to modulations of soil physical properties (c). With this information,
relationships between root water uptake and moisture dynamics can be established (d). The stripes chosen
for the representation of mucilage highlight the polymer network constituting mucilage.

The main objective of this PhD thesis was therefore to identify the gel properties of mucilage and
how they induce changes in soil physical properties (Figure 1.4 a-c). This included the elucidation
of mucilage gel formation, its supramolecular arrangement and the measurement of mucilage gel
properties (Figure 1.4 a). The constraint of pore walls also needs clarification, as it may affect
the properties of interparticulate gel in contrast to free gel, which has no physical constraint. As
the gel leading to changes in soil physical properties is interparticulate and not free, the
mechanisms in the pore space induced by interparticulate mucilage also needed to be clarified
(Figure 1.4 b-c). With this PhD study, we intend to relate the findings of our partners about
hydraulic processes with gel-induced mechanisms in the pore space.

Structure of the dissertation
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The fulfilment of the goals set by MUCILAGE to this PhD thesis was confronted to three main
challenges already introduced in subchapters 1.3, 1.4 and 1.5. They are the lack of methods to
detect and characterize mucilage in situ, the lack of knowledge about the properties of
interparticulate gels and the unknown relationship between the composition and the properties
of model substances and root mucilage produced by various species. The next five chapters (2-
6) of this dissertation aim at creating the knowledge needed to address these challenges.
Chapter 7 brings the knowledge gained in the previous chapters together and proposes
explanations, which clarify the properties of interparticulate gel in the pore space and their effect
on soil physical properties.

In a first instance, the objective of this work was confronted to a lack of systematic methods to
characterize gels and their mechanistic effect on soil properties, which we defined as the “gel
effect”. This was surely due to the little awareness concerning the presence of gel phases in soil,
and their ability to change soil properties by affecting processes at the pore-scale. In order to fill
this gap, chapter 2 evaluated the potential of methods analysing gel properties developed by
food research and polymer science for their application in soil science. Chapter 2 further critically
reviews the currently available methods for their potential to characterize the spatio-temporal
distribution of biohydrogel phases in soil. The gained knowledge served to orientate the approach
and the choice of the methods to address the remaining challenges.

Water properties in soil pores are key factors affecting soil physical properties. Chapters 3 and 4
therefore focus on the development of 'H NMR relaxometry to detect and to characterize
mucilage gel phases in soil by measurement of the water mobility. The properties of
interparticulate gel as a contrast to free gel are also considered. Chapter 3 aims at identifying the
mechanisms leading to a shift of the relaxation rate for biohydrogel-associated water, considering
the NMR parameters governing the relaxation rate in porous media defined by Brownsein and
Tarr. Two-dimensional T:-T, measurements were conducted on pure mucilage and on artificial
soils of several particle sizes mixed with one concentration of mucilage.

The quantitative distinction between biohydrogel-associated pore water and “pure” pore water is
further developped in chapter 4. The effect of particle pore size and of mucilage concentration
are particularly considered. A conceptual model integrating the “gel effect” on the NMR
parameters identified in chapter 3 is proposed based on the equations of Brownsein and Tarr
(1979). The results obtained with the two-dimensional T:-T, NMR experiments are combined with
visual characterization of the samples with the electron microscope and image analysis from uCT
images. The difficulty to create homogeneous and defined mucilage-amended samples to
guantify the NMR parameters complicates the exact quantification of the several “gel effects”
affecting the NMR parameters and is discussed in this chapter.

To fully assess the influence of mucilage on the properties of the rhizosphere, the physico-
chemical properties of mucilage need to be characterized. Chapter 5 focuses on the control of
the chemical properties of the polymer on the gel formation mechanism and on the resulting gel
properties relevant for soil hydraulic properties, such as water content, water mobility or water
holding capacity. Until now, the hypothesis has been accepted that the gel formation of mucilage
is driven by cross-links between uronic acids and calcium and thus is comparable to the one of
polygalacturonic acid (PGA). We put this hypothesis into question and investigate the role of the
uronic acid and Ca?* content on the gel formation mechanism and gel properties of chia seed
mucilage and other model substances.
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The relationship between the chemical and physical properties of several root mucilage and
model substances are investigated in chapter 6, as well as how they variously affect soil structural
stablity. For this, several chemical conditions including free uronic acids, calcium adsorption and
content of high molecular weight (HMW) material are measured for maize and wheat RM, chia
seed mucilage and low-methoxy pectin. The control of these chemical conditions on the viscosity
of the substances is investigated. Then, the influence of these substances on the microstructural
stability of artificial soils is examined. Sand and glass beads were used as artificial soils with
defined water content to measure the microstructural stability of the samples and to picture the
structure of the interparticulate gel networks. Unfortunately, measurement of the water mobility
at the time of the experiment was not possible due to a long-term technical failure of the NMR
relaxometer.

The systematic study of fundamental mechanisms conducted in this thesis requires the use of
artificial and homogeneous soil samples to limit the unavoidable heterogeneity present in
disturbed soils. Glass beads and sand are therefore used as artificial soils to discard the influence
of chemical interactions between the polymers and the patrticles, the swelling of soil particles or
the non-controlled effect of soil solution. Although the artificial soil-gel systems studied in this
thesis are simple in comparison to “real” soils and far from the reality, they permit the elucidation
of several properties of interparticulate gel in the pore space. Those provide explanation for gel-
induced changes of soil physical properties and help to understand further processes in the highly
complex system which is the rhizosphere.
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Abstract

Biohydrogels such as microbial exudates and root-derived mucilage are soil-bom cross-linked
polymers, able to form porous three-dimensional networks during water uptake. The gel effectis
the variation of soil properties, such as soil hydrology and soil structural stability, resulting from
hiohydrogel swelling in soil. Conventionally, soil-water-hydrogel interactions are investigated by
measuring soil bulk properties such as water retention curves and porosity, without further ana-
lyzing the effect of biohydrogel phases in soil on a quantitative basis. Therefore, the evaluation
of advanced and novel methods for the characterization of bichydrogel phases in soil and soil-
water-hydrogel interactions is necessary. This review evaluates currently available methods for
their potential to analyze processes associated to the gel effect.

A promising approach to investigate the spatio-temporal distribution of biohydrogel phases in
porous media is based on Nuclear Magnetic Resonance (NMR) such as 'H-NMR relaxometry,
as well as on imaging technigues such as Environmental Scanning Electron Microscopy
(ESEM). Especially NMR techniques enable the identification of different water populations
based on their differences in the relaxation, and thus the mohility of water molecules in bichydro-
gels and non-gel water in soil pores,

Rheology measures the flow behavior of biohydrogels, providing information on the structural
behavior of the hydrogel network and its gelling mechanism. Soil rheology further quantifies the
effect of the biohydrogel phases on the interactions between soil particles, and thus the impact
on soil microstructural stability. However, rheology does not elucidate the spatio-temporal distri-
bution and structural state of biohydrogel phases in soil.

Allin all, a systematic combination of rheology, NMR and suitable imaging methods seens prom-
ising and necessary in order to elucidate the still widely unknown gel effectin soil.

Key words: rheology / imaging techniques / *H NMR relaxormetry / diffusion coefficient / differential scanning
calorimetry / biohydrogel / mucilage / polysaccharides
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1 Introduction

Soil-water interactions determine the structural and hydrolog-
ical properties of soil and are modulated by the soil water con-
tent and soil physicochemical properties such as mineral
composition, grain size distribution and soil organic matter
(SOM) content. Natural organic substances derived from veg-
etal residues in soil are around 95% composed of biopoly-
mers, namely polysaccharides, lignin and proteins (Haider,
1999). They comprise microbial exudates (Flemming and
Wingender, 2010}, root-derived mucilage (Czames et al.,
2000; Deng et al., 2015), and other naturally swellable organ-
ic structures, such as polysaccharidic biopolymer (e.g., starch
or cellulose), being part of SOM (Paul, 2014; Kégel-Knabner,
2002). In the presence of water, these organic substances
swell, which results in the formation of three-dimensional gel
networks, able to take up water several times their own
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weight (Czames et al., 2000; Kégel-Knabner, 2002; Schau-
mann et al., 2005). In this review, soil-bom organic substan-
ces in their swollen state are referred to as “biohydrogels”
and dried as “dry biopolymers”, while the term “hydrogel”
comprises both synthetic and biohydrogels.

It is currentdy unknown to what extent biohydrogels are
present in soil as separate biohydrogel phases. Part of the
water in soil can be incorporated in biohydrogel phases
between soil particles (Fig. 1). Such biohydrogel phases rep-
resent a microporous matrix in which, complementing the
usual capillary forces, water is structured by interactions with
the biohydrogel polymer chains. Soil biochydrogels are in-
creasingly drawing scientific interest as their specific proper-
ties, such as water holding capacity, swelling, shrinking or
viscoelasticity, are acknowledged to affect soil-relevant pro-
cesses such as structural stability, water retention, and soil-
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Figurel: Schematic representation of gel phases (lighter areas
between the soil particles) in saturated soil pores.

water repellency (Carminati, 2012; Rosenzweig et al., 2012;
Kroener et al., 2014; Mizuta et al., 2015). Gel-induced varia-
tions of soil properties are defined here as the “gel effect”.
Characterization of biohydrogels, e.g., their water holding
capacity, is necessary to apprehend how they modify soil
properties. For example, the effect of xanthan, used as exo-
polysaccharide (EPS) analog, on the hydraulic properties of
sandy soils could be quantified by linear superposition of the
original pure soil and the xanthan retention curves (Rosen-
zweig et al., 2012). Generally, swelling and wetting of bio-
hydrogels are complex processes and they are expected to
additionally induce changes in pore size distribution, sorbent
properties of SOM and soil hydraulic properties (Schaumann
etal., 2005). Drying is suspected to transport and depose dry
biopolymers towards the surface of particles, where they then
can serve as gluing agent between soil particles and thus
affect soil aggregation (Albalasmeh and Ghezzehei, 2014).
As non-Newtonian fluids due to their viscoelastic nature, gels
affect soils response to mechanical stress otherwise that ton
minerals do (Buchmann and Schaumann, 2016).

Water stored in expanded biohydrogel structures may serve
as water reservoir for plant growth, especially in regions with
reduced water availability or periodic dry periods (Bouranis
et al., 1995; Agaba et al., 2011; Mazen et al., 2015). Root,
microbial and fungal biohydrogels have been demonstrated
to stabilize the soil structure (Watt et al., 1994; Zhang et al.,
2008; Barre and Hallett, 2009; Peng et al., 2011; Albalasmeh
and Ghezzehei, 2014; Buchmann et al., 2014). This process
is complex and depends on the nature of exudates (Bamé
and Hallett, 2009; Peng et al., 2011), clay content (Barr€ and
Hallett, 2009; Buchmann et al., 2015), soil structure rigidity
(Peng et al., 2011), amount of organic matter (Albalasmeh
and Ghezzehei, 2014; Buchmann et al., 2015, 2014), and
moisture dynamics (Peng et al., 2011). Swelling-shrinking of
biohydrogels induced by moisture dynamics is supposed to
increase bond strength between particles (Czames et al.,
2000) and to influence a reorientation of soil particles and
their gluing by organic structures (Peng et al., 2011; Buch-
mann etal., 2015).

Root biohydrogels, such as mucilage, have been suspected
for a long time to increase the water-holding capacity of the
rhizosphere (Morel et al., 1991; Young, 1995). Although
recent studies have confirmed such effects of mucilage
(Deng et al., 2015; Peng et al., 2011; Rosenzweig et al.,
2012; Kroener et al., 2014), laboratory experiments revealed
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a restricted rewetting of dried soil and model rhizosphere con-
taining biological exudates as result of hydrophobic properties
of root exudates in their dry state (Peng et al., 2011; Carmi-
nati, 2012; Ahmed et al., 2015). A first attempt to describe the
rewetting of dry rhizosphere has been done by using a perco-
lation model in which the impemeability of dry rhizosphere
relies on a critical mucilage concentration, depending itself on
the soil texture and the soil matric potential (Kroener et al.,
2015). These results show the versatile effect of mucilage on
soil and outline the need to characterize the properties of
pure bichydrogels in order to forecast their behavior in soil.
Once the properties of pure biohydrogels, such as swelling
degree, viscosity, shrinking or reswelling ability, are well-char-
acterized under different conditions, their behavior and their
effects in soil can be better estimated.

The ability of hydrogels to modify soil physicochemical prop-
erties, such as water holding capacity, soil structural stability
and thus soil productivity, has already been employed with
the use of soil amendments such as synthetic hydrogels for
agricultural purposes (Hedrick and Mowry, 1952; J ohnson,
1984; Guilherme et al., 2015). Current approaches assessing
interactions between synthetic hydrogels and the mineral soil
body are based either on soil hydrological properties, e.g., its
hydraulic conductivity or water storage (Al-Darby, 1996;
Santos and Semalheiro, 2000; Andry et al., 2009; Levy and
Warnington, 2015;), or on mechanical properties defined by
the soil microstructure and its stability against extermal forces
(Bai et al., 2010; Mamedov et al., 2007; Peng et al., 2011,
Buchmann et al., 2015). Although these studies provide
some information on the interaction between hydrogels and
soil and their impact on soil properties, they rather focus on
the effects on soil properties than on the processes goveming
these properties. As most limiting factor, the knowledge on
synthetic hydrogel-soil interactions cannot be directly trans-
ferred to biohydrogel-rich soils, as many of the biohydrogels
properties, such as the gelling mechanism or the types and
amounts of functional groups, may differ fundamentally from
the ones of synthetic hydrogels.

Due to the synergistic processes of hydrogel swelling itself
and the simultaneously induced changes of the mineral soil
pore system coming along with it, the swelling degree of the
hydrogel is not necessarily reflected in the expansion of the
soil on a larger scale (Buchmann et al., 2015). This compli-
cates the direct transfer of hydrogel-adapted physicochemical
methods to hydrogel-rich soil. Although an increasing number
of studies have shown that biohydrogels are highly contribu-
ting to manifold soil physicochemical properties, detailed
mechanisms have not been considered and remain still unre-
solved (Schaumann et al., 2002; Schaumann and HurraB3,
2003). Extraction of biohydrogel structures from soil is not ap-
propriate, as it would change both the properties of the soil
and of the biohydrogel (viscosity for example); analysis of the
biohydrogel in soil should take place in situ. In situ methods
should allow the identification of different water populations
such as water entrapped in biohydrogel and free pore water,
and their subsequent quantification. This should be generally
feasible, as some properties of water entrapped in biohydro-
gels differ from the ones of pure water and can be described
with methods such as nuclear magnetic resonance (NMR) re-
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laxometry, NMR diffusometry, differential scanning calorimetry
(DSC), and a variety of imaging methods such as environ-
mental scanning electron microscopy (ESEM), X-ray com-
puter tomography (X-ray CT), and magnetic resonance imag-
ing (MRI1).

This review aims o evaluate techniques which are suitable to
assess biohydrogel swelling in soil and its effect on soil pro-
cesses and soil physicochemistry on quantitative and qualita-
tive basis. In order to achieve this goal, we will first define the
term “biohydrogel” and enlighten its temporal altemation
(aging) as well as its replacement by model polymers. Sec-
ond, we will discuss the peculiarities of hydrogels flow proper-
ties, including shear-thinning and viscoelasticity, and how
they affect the rheological properties of soil. Third, we will
review how conventionally used methods analyze hydrogel-
rich soils in comparison to techniques such as NMR relaxom-
etry, NMR diffusometry, and DSC, which have the potential to
identify the different types of water in hydrogels and hydrogel-
rich soils. In order to link the effect of hydrogel phases on soil
physicochemistry, we will point out how rheological and imag-
ing methods may further improve our understanding of the gel
effect.

2 Biohydrogels, a “new” form of matter
for soil scientists

2.1 Definition and properties of hydrogels

Hydrogels are commonly defined as chemically or physically
cross-linked polymers, whose hydrophilic structure allows
them to absorb water into their porous three-dimensional net-
works and swell without dissolving (Kazanskii and Dubrovskii,
1992; Mathur et al., 1996; Gerlach and Amdt, 2010; Ahmed
et al., 2015; Lauth and Kowalczyk, 2016;). Their ability to
absorb water arises from hydrophilic functional groups
attached to the polymer backbone, while their resistance to
dissoluton comes from the cross-links between network
chains (Gerlach and Amdt, 2010). A hydrogel is a form of
matter intermediate between liquid and solid: it has the prop-
erty of both, respectively viscosity and viscoelasticity, typically
measured by rheometry (see respective chapter). In this con-
text, the viscosity h (Pa>s) of hydrogels characterizes their
flow resistance because of the intemal frictions of molecules
in the hydrogel. Viscoelasticity describes the structural stabili-
ty of hydrogels and is defined by an elastic modulus (G4 and
a loss modulus (Gd); G¢describes the energy stored by a
sample during the deformation process and counts for the
elastic behavior of the sample, while Ggtis a measure for the
lost deformation energy of a sample due to inner friction, and
thus represents the viscous behavior of the investigated sam-
ple. The most commonly used definition describing hydrogels
in terms of their properties refers to
“gel” as a viscoelastic system with G¢>
Gdt (Williams et al., 2004). There is no
universal definition describing hydro-
gels more specifically as their proper-
ties vary widely according to their water
content and to their three-dimensional
(3D)-network. Since the water content

Chemical compaosition

External conditions
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is another important parameter contributing to the structural
stability of hydrogels, the water holding capacity (WHC) of hy-
drogels exposed to external forces, e.q., centrifugal force or
osmotic pressure as used to adjust a certain matric potential
in the hydrogel, can be determined according to Eq. (1) as:

WHC %% 100; (1)

where W, and W, are the initial water content and the
remaining water content after extermal force exposition. At
the equilibrium swelling (WC,,), osmotic forces and elastic-
ity are balanced out and the water content of the hydrogel
is in equilbium with the surrounding solvent (Ganji et al.,
2010). A hydrogel reaches equilibrium swelling [synony-
mously called swelling at infinite ime or maximum water-
holding capacity (Ganji et al., 2010)] when there is no fur-
ther hydrogel swelling. The time range it needs can be
within a couple of seconds or take over several hours,
depending on the chemical nature and the particle size of
the polymer (Zohuriaan-Mehr and Kabir, 2008). The sev-
eral methods available to determine WC_, have been
described in a recent review (Zohuriaan-Mehr and Kabiri,
2008). The WCeq depends on the chemical composition of
the hydrogel polymer as well as on the nature and density
of the network joints (Ganji et al.,, 2010). It is a dynamic
property as it characterizes a hydrogel under specific condi-
tions for a given time period. The 3D-structure is intercon-
nected with the WC,, but depends directly on the gelling
mechanism of the polymer as indicated in Fig. 2.

2.2 Gel formation

Hydrogel formation involves the association of dispersed pol-
ymer segments to form a 3D-network that contains water in
the interstices. The associated regions are known as “junc-
tion zones” and are formed by two or more polymer chains.
Hence, gelation process is essentially the formation of these
“junction zones”. The physical arrangement of junction zones
can be affected by various parameters such as temperature,
presence and concentrations of ions, and the inherent struc-
ture of the hydrocolloid. Three main mechanisms are pro-
posed to explain the gelation process: ionotropic gelation,
cold-set gelation, and heat-set gelation (Djabourov, 1991;
Burey et al., 2008). lonotropic gelation occurs via cross-
linking with ions, especially polyvalent cations such as calci-
um or magnesium (e.g., for pectin and alginate) (Burey etal.,
2008). During cold-set gelation, hydrogel network formation
results fromthe formation of enthalpically-stabilized interchain
helices of individual chains during the cool down of hydro-
colloid solutions from elevated temperatures (e.g., for gelat-
ine, agar) (Burey et al., 2008). For heat-set gelation, native
structures (e.g., for starch, methyl cellulose) are heated until

. 3D-network -~ | Water holding capacity
Gelation —
[ I —_— Flow behavior
mechanism T .
Water entrapment Shape stability

Figure 2: Influence of hydrogel formation on hydrogel properties.
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unfolding/expansion of the polymer chains occur with their
subsequent rearrangement into a 3D-network structure
{Burey etal., 2008).

The different gelling mechanisms of pectin illustrate how gel-
ling depends on the chemical nature of the polymer (Gamier
etal., 1993); the most frequent sugar unit of pectin is D-galac-
turonic acid whose carboxylic group can be either methylated
or deprotonated. Low-methoxy pectin has a degree of methyl-
ation <50% and forms a hydrogel after addition of polyvalent
cations. In this case, the junction zones resulting from interac-
tions between anionic polysaccharides and cations are typi-
cally described by the egg-box model (Grant et al., 1973).
The high degree of esterification of high methoxy pectin pre-
vents the formation of such ionic network. The addition of
sugar, such as galactose, lowers the water activity and pro-
motes polymer-polymer interactions. Consequently, the for-
mation of the hydrogel matrix rather relies on physical forces.
The prevailing gelling mechanism of bacterial biofilm depends
on ionic intermolecular interactions (Mayer et al., 1999). The
same hypothesis is accepted for mucilage as it is principally
composed of uronic acids (Gessa and Deiana, 1992; Mimmo
etal., 2008).

3D-network fommation by gelation and hydrogel swelling
extremely depend on environmental conditions such as phys-
ical stimuli (temperature, pressure, sound, light) and chemical
stimuli (solvent composition, pH, ionic strength) (Caillard
etal., 2009; de Kruif et al., 2015). The type of polymer build-
ing the network structure also affects the hydrogel properties
as function of the composition and concentration of cross-link-
er in the surrounding solution (Gerach and Amdt, 2010). The
types of bonds between the polymer chains can be either
covalent chemical bonds or weaker physical bonds, and are
used to label the hydrogel as a chemical or a physical hydro-
gel, respectively (Cald and Khutoryanskiy, 2015). Physical
cross-links are electrostatic forces, hydrogen bonds, hydro-
phobic bonds, chain entanglements, and cation mediated
cross-linking (Ottenbrite et al., 2010; Cald and Khutoryanskiy,
2015). Since chemical cross-links prevent chemical hydrogels
from dissolving in the surrounding solvent, chemical hydro-
gels behave macroscopically solid-like. Because of their
weaker nature compared to chemical cross-links, physical
cross-links are found in a constant cycle of creation and
destruction. At short time scale, the cross-links do not have
time to dissolve, while at long time scale, physical hydrogels
adapt to their environment. The concentration of cross-links is
crucial as itis responsible for the swelling behavior and deter-
minates the solid-like or liquid-like properties of the hydrogel.
The main components of bichydrogels are polysaccharides,
which form gels by physical association of their polymer
chains (Rees and Welsh, 1977). Polysaccharides have func-
tional groups with coordinative properties, e.g., hydroxyl or
carboxyl groups. The oxygen donor group may tend to form
coordinative bonds with metal ions, thus, forming inner-sphere
complexes which are energetically more stable than outer-
sphere complexes. These hydrogels may thus have solid-like
properties and can be defined as coordinative physical gels.

Contrary to well-defined hydrogels, such as pectines and algi-
nates, mucilage primarily consists of neutral and acid poly-
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saccharides (» 94%), proteins (» 6%), small amounts of phe-
nolic acids (Bacic et al,, 1986), and phospholipids (Read
et al., 2003). Mucilage concentrations in the rhizosphere are
estimated at » 0.1% (Carminati and Vetterlein, 2013). Besides
the complex composition of mucilage in the rhizosphere, bac-
teria can produce EPS (Flemming and Wingender, 2010) in
which polysaccharides, proteins and DNA, and in some cases
extracellular lipids, are the main constituents (Schmitt and
Flemming, 1999). The complexity in composition indicates
the limitations to directly link physicochemical properties of
well-defined hydrogels to complex soil-bom biohydrogels,
although several processes, such as ageing or drying/reswel-
ling, might be comparable.

2.2.1 Hydrogel specific processes

2.2.1.1 Aging and drying/swelling processes

In this review, the physicochemical hydrogel properties
changing with time are summarized as “aging”. In this con-
text, aging processes depend on specific environmental con-
ditions (temperature, pressure, solvent composition) and
include shrinking, reswelling, and syneresis over time (Diehl
et al., 2014). Drying/swelling processes induced by extemal
changes in the water potential and being constant over time
once reached the equilibrium value are distinguished from
aging. The following chapter shows how aging and drying/
swelling processes are often inextricably combined for hydro-
gels. Especially for hydrogel-rich soils, experiments invest-
gating hydrogels specific processes might help to understand
how gel phases in soil will react to soil processes and how
they influence soil physicochemical properties.

Hydrogels exposed to extermal forces (e.g., load, drying,
drainage) generally loose water, which typically results in
their shrinkage in terms of volume. Their tendency to shrink
is characterized by their WHC. As hydrogel properties are
strongly related to their water content, shrinkage leads to a
higher elasticity for many polysaccharide hydrogels (Llisse
and Amold, 1998; de Kruif et al., 2015). One particularity of
hydrogels is their ability to reswell after shrinking. Reswel-
ling can be hysteretic if the hydrogel follows a different
course of rehydration over time but ends up with the same
WCeq as before the shrinkage (Sun et al., 2016). If the
hydrogel does not reabsorb the same amount of water as
at the iniial WC_,, the hydrogel-specific properties are
changed. This can ‘i)e atiributed to an ireversible modifica-
tion of the hydrogel network during shrinking, e.g., reduced
average distances among cross-linking sites (Chang et al.,
2010). Polysaccharide hydrogels are often subjected to
syneresis, which describes the spontaneous release of
water resulting from passive diffusion and from rearmrange-
ment of the polymer to an energy-favorized conformation
(Rees, 1968; Matsukawa et al., 2009). lonic gels, such as
alginate and pectate, show decreased volumetric expansion
of their hydrogel network with increasing calcium concentra-
tions upon storage due to syneresis (Hills et al., 2000; Mao
et al.,, 2001). Syneresis is rarely taken into account during
the induced dehydration of hydrogels by application of
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extemal forces, despite this effect adds up to the other suc-
tion forces applied to the hydrogel.

2.3 Methods to quantify drying/swelling and aging

The proportion of water in hydrogels is =>90%, hence, varia-
tions of the water content lead to drastic changes in the physi-
cochemical properties of hydrogels. Traditionally, procedures
to study hydrogels artificially trigger hydrogel dehydration or
rehydration, and determine the time-dependent development
of WHC. These procedures are limited in their information val-
ue due to (1) the diversity of the experimental methods which
prevent comparison between the results and (2) the destruc-
tion and modification of the hydrogel structure by the meas-
uring procedures themselves (Gotz and Hinrichs, 2008).
However, two approaches are commonly used to study the
dehydration of hydrogels: (1) the application of an extemal
force at different degrees of load and connection of the results
with a certain matric potential (Hall, 1996; Andry et al., 2009).
These methods involve the application of pressure, centrifu-
gal forces, capillary suction, osmotic pressure or water poten-
tial with subsequent measurement of the water loss; (2) the
assessment of desiccation kinetics of a hydrogel under con-
stant dehydration conditions.

For the adjustment of a certain matric potential using centrifu-
gal dehydration, hydrogels are placed on a centrifuge filter
and centrifuged at different centrifugal forces for a cerain
time. This method offers the advantage to be quick, but a
negative side-effect is the potential destruction of the hydro-
gel microstructure such as phase separation of water and rec-
reation of water compartments with distinct motion properties
(Shin et al., 2002). Moreover, it is recommended to choose
relative high centrifugal acceleration to avoid gravity artifacts
which may result in inaccurate capillary pressure data (Chen
and Ruth, 1995). Ancther method is the application of a
matric potential by direct pressure reduction using a water
column () chnson and Veltkamp, 1985). The reproducibility of
the results depends on the contact between hydrogel and the
suction plate which is not self-evident (Fonteno and Bilder-
back, 1993). In this context, syneresis effects are an addition-
al problem encountered for low matric potentials. Polysac-
charide gels exhibit continuous water exudation, therefore,
the determination of the equilibrium mass for a given matric
potential cannot be based on the time-dependent constancy
of the hydrogel mass. Moreover, the bacterial degradation of
polysaccharides will limit the incubation time for which the
hydrogel can stay unaltered (Morel et al., 1991; Mary et al.,
1993; Nguyen et al., 2008). The application of osmotic pres-
sure on a hydrogel through dialysis against polyethylene gly-
col (PEG) solutions can also be related to a matric potential
(Williams and Shaykewich, 1969). The matric potential is
adjusted for 10-15 d using a defined concentration of PEG in
the dialysis solution (Chenu, 1993; Chenu and Roberson,
1996). This technigue allows the adjustment of both pH and
salt concentration and a soft dehydration which should
exempt artefacts due to fast dehydration (Lisse and Amold,
1998). However, this procedure is time-consuming and
chemically intensive. Even more, unexplained discrepancies
in the water release for the osmotic pressure method and the
pressure plates have been observed for some polyacrylamide
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hydrogels (Huttermann et al., 1999). Although the above cited
methods aim to characterize the water retention of hydrogels
under application of different loads, the factor ime cannot be
completely separated from the results due to the liquid-like
properties of hydrogels.

An approach to study hydrogel aging is the investigation of
desiccation kinetics which can be measured under different
temperatures or vapor pressures (Hills et al., 2000; Bakass
et al., 2002). Here, gentle hydrogel dehydration takes place
by directly putting the hydrogel in contact with a porous, hy-
drophilic soil surface {Kaith et al., 2013; Buchmann et al.,
2015). Dynamic de-swelling tests allow the determination of
the water retention ability by placing swollen hydrogels in a
desiccator containing silica gel at 37°C (Guan et al., 1996). A
variation of this test is the exposure of wet samples to differ-
ent relative humidities, which are generated in desiccators
over saturated salt solutions (Froix and Nelson, 1975; Chenu,
1993).

Rehydration of hydrogels gives information on their aging
properties; hydrogels in soil are continuously subjected to
moisture dynamics, e.g., rainfall or irigation. This typically
induces their reswelling, especially when they are previously
dry, e.g., due to dry periods or intensive solar radiation. The
standard method to investigate hydrogel rehydration is the
immersion of dry polymer in an excess of water or in saline
solutions and the measurement of the water content against
rehydration time (Fonteno and Bilderback, 1993; Abd
El-Rehim et al., 2004). This allows the investigation of hydro-
gel rehydration kinetics and hysteresis process as it has been
recently done for mucilage (Kroener et al., 2015).

The method of choice to study hydrogel specific processes
strongly depends on the parameters involved. Application of
an extenal force can produce artefacts, which are signaled
either as discrepancies between the theoretical and real
degree of load applied to the hydrogel or as destruction of the
hydrogel microstructure. To avoid potential interferences with
aging, one option could be to apply the extemal load for a
defined time, e.g., when the hydrogel is subjected to different
matric potentials but only three days for each potential. To
simulate the aging of biohydrogels in soil, pure hydrogels are
dehydrated in order to forecast how the material and structur-
al properties of the hydrogels in soil may change under de-
hydration over time. Since aging of hydrogels in soil is a con-
tinuous process, the application of an extemal force at differ-
ent degrees of load is not recommended. The ideal approach
to study aging effects on hydrogels involves their gentle and
continuous desiccation with a potential rehydration, especially
under different environmental conditions.

2.4 Can biopolymer characteristics be mimicked
by well-defined model hydrogels?

The laboratory-induced natural production of biopolymers,
such as root mucilage or extracellular polymeric substances
(EPS), is time-consuming and vyields only small quantities
(Ahmed et al., 2015). Hence, the investigation of natural bio-
polymer by traditonal physicochemical methods seems
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already a methodical challenge. The storage of the “har-
vested” biopolymer is further problematic since biopolymers
have a fast degradation rate of » 3 d (Morel etal., 1991; Mary
et al., 1993; Nguyen et al., 2008). Several authors have
reported that the structure of polysaccharide hydrogels imre-
versibly alters during freezing with a significant loss of water
during thawing (Belton et al., 1988; Hills et al., 2000; Mao
etal., 2001).

Studies directly characterizing biopolymers typically use well-
defined polysaccharide model substances such as polygalac-
turonic acid (PGA) or agarose (Gessa and Deiana, 1992;
Strathmann et al., 2001, 2000). For biohydrogels-rich soils,
model polymers are also used to investigate complex pro-
cesses induced by bichydrogels (Buchmann et al., 2015). In
soil, the use of model polymers arises from the difficulties to
study the impact of one single biohydrogel property in macro-
scopic observations. For example, the hydrophobicity of mu-
cilage after drying is supposed to result from the presence of
amphiphilic compounds in mucilage, whereby no single com-
pound or physicochemical property have been directly attrib-
uted to the hydrophobic effect untl now (Read et al., 2003;
Ahmed et al., 2015). Given that the chemical composition, the
gelling mechanism and other hydrogel physicochemical prop-
erties are known, the use of model polymers with comparable
properties can enable the investigation of biohydrogel-in-
duced processes in soil in more detail, e.q., metal sorption by
the root apoplast (Mimmo et al., 2008). The use of xanthan,
an anicnic polysaccharide, and of dextran, a neutral polysac-
charide, as models for EPS allows separating the influence of
EPS on soil properties from other environmental factors. In
this case, clay- and sand-associated EPS showed to improve
water retention on clay minerals and sand upon repetitive
desiccation and rehydration (Chenu, 1993; Chenu and
Roberson, 1996; Czames etal., 2000; Du et al., 2010; Henao
and Mazeau, 2009). PGA is typically used as model for root
mucilage since several authors have shown similariies to
natural root mucilage with a favored rhizosphere formation by
increasing soil microstability (Czames et al., 2000; Barre and
Hallett, 2009; Zhang et al., 2008; Peng et al., 2011).

2.5 Chemical characterization of biohydrogels
for the choice of model polymers

The gelling mechanism and the resulting physical properties
of biohydrogels are mostly determined by their chemical
structure. Hence, the first step to identify an appropriate mod-
el palymer consists in identifying the main chemical compo-
nents of the biopolymer. A firstindication is given by the neu-
tral, acidic or basic nature of the biohydrogel and by the
valence and concentration of cross-linking cations. Simple
and standard spectrophotometric methods allew the quantfi-
cation of the monomers building up the 3D-network of the
biohydrogel (Dubois et al., 1956; Blumenkrantz and Asboe-
Hansen, 1973). Carbon and cation content are typically
measured by total organic carbon (TOC) analyzer or Induc-
tively Coupled Plasma-Atomic Emisson Spectrometry (ICP-
AES) after microwave digestion (Mimmo etal., 2008).

Sugar monomers are identified with a glycosyl compositional
analysis. The polysaccharides are first isolated from the
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matrix in order to undergo a separation treatment govemed
by the fractionation between neutral and acid polymers or
between high and low molecular weights (Timotiwu and
Sakurai, 2002). In a next step, polysaccharides are degraded
to their monomer units for the glycosyl compositional analysis
per gas chromatography (Osbom et al., 1999). Further com-
ponents which do not belong to the hydrogel structure, e.g.,
phospholipids (Read et al., 2003), phenolic acids (Bacic
et al,, 1986), amino acids (Ray et al., 1988), and proteins
(Bradford, 1976), can even modulate the physicochemical
properties of the biohydrogel and are therefore also chemi-
cally identified.

However, due to the high chemical diversity of biohydrogels,
one model polymer may not cover all the characteristics of
the represented bichydrogel. For root mucilage, two reasons
have made PGA such a popular model: (1) uronic acid is one
of the principal component of root mucilage, although it widely
varies in dependence on the plant species (Tab. 1) (Ray et
al., 1988; Liu et al., 2003); (2) the scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM)
images of artificially formed Ca-PGA on a root surface are
similar to the ones of naturally produced root mucilage
(Gessa and Deiana, 1992).

Despite the reasonability of the two criteria, other physico-
chemical properties of PGA, such as flow behavior or reswel-
ling capacity, are not comparable with natural root mucilage.
The yellow mustard mucilage investigated by Liu et al. (2003)
has shown an interfacial activity and a shear-thinning behav-
ior rather comparable to xanthan gum dispersions than to
PGA. Moreover, depending on the degree of esterification of
the uronic acids in root mucilage, the biopolymer may have
another gelling mechanism than PGA. One reason for using
model polymers is based on the fact that the choice of model
polymers has mostly relied on past observations or general
acceptance. Indeed, defined criteria to select appropriate
model polymers are lacking, probably because soil scientists
still miss the tools to measure the properties and direct effects
of biohydrogels in more complex systems such as soil. The
microbiologists Mayer et al. (1999) and Strathmann et al.
(2000) have compared the physicochemical properties of
biofilms formed by model polymers with those naturally
formed by plants or microorganisms (Tab. 2). This approach

Table 1: Principal composition of polysaccharides in root mucilage
(Ray etal., 1988; Liu etal., 2003).

Cress Maize Rice Yellow Mustard
(%)? (%) (%) (%)

Uronic acid®  47.8 3 n.d 14.6

Galactose 33.3 26 20.3 13.8

Glucose 151 18 37.9 23.5

Arabinose 21.8 20 13.7 3.0

aExpressed as percentage of total amount of polysaccharide carbo-
hydrates.

bUronic acids determined as galacturonic acid equivalents and
expressed as a percentage of the total carbohydrate equivalents.
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Table 2: Central studies justifying the choice of appropriate model polymers to investigate natural biopolymers.

Biopolymer

Model polymer

J ustification

Source

Root mucilage

PGA

SEM and TEM showed arrangement of
Ca-PGA in fibrils similar to those of plant
roots. Chemical composition {large fraction
of uronic acid in mucilage)

(Gessa and Deiana, 1990; Gessa and Deia-
na, 1992)

Bacterial biofilm

Xanthan, dextran

Chemical composition

(Chenu, 1993)

Agarose

High water binding capacity, stability against

(Strathmann et al., 2000; Strathmann etal.,

dissolution, pore structure variable, highly

hydrated gel network

2001)

Polyacrylic acid

Functional group analysis (NMR spectra),

(Mayeretal.,, 1999)

Similar molecular interactions (viscosity and
effect of inorganic structures on the viscosity)

is relevant, as hydrogels formed by biopolymers and model
polymers have to be characterized from different perspectives
and that the choice of an appropriate model polymer has to
rely on both the research question and on the behavior of the
biohydrogel under the situation considered.

3 Rheometry: a tool to measure material
properties

3.1 Rheological properties of hydrogels

3.1.1 Shear-thinning behavior

The flow behavior of hydrogels provides information about
the arrangement of the polymer chains in the sample. Shear-
thinning behavior [expressed as the viscosity h (Pa>s)] de-
creases with increasing degree of shear load and is described
by the entanglement model (Mezger, 2014). In the absence
of extemal forces, the polymer chains are entangled several
times with each other and occupy the lowest energy state.
Application of extemmal forces, such as shearing, decreases
the flow resistance because the polymer chains disentangle
to a certain extent (Graessley, 1974). Polyelectrolytes like
gums or mucilage are characterized by a more pronounced
shear-thinning behavior when the polymer solution gets more
concentrated (Smidsred and Haug, 1971). Flow properties of
mucilage are dependent on the molecular conformation of the
molecules, which depends on the ionic strength, temperature,
and sclution pH (Medina-Torres et al., 2000; Chen and Chen,
2001; Vinod et al., 2008). At zero ionic strength, the negative
charges of an anionic polyelectrolyte polymer cause strong
intermolecular repulsion with an expanded molecule of high
viscosity (Medina-Torres et al., 2003). Increasing the ionic
strength by counter ions with no specific molecular interaction
(e.g., monovalent metal ions) typically reduces the viscosity
and suggests a collapse of the hydrogel network by shielding
the electrostatic repulsions of the polyions (Medina-Torres
et al., 2000; Medina-Torres et al., 2003; McConaughy et al.,
2008b). When cation binding takes place with polyvalent cat-
ions, intemolecular and intamolecular interactions can
occur. Hence, the resulting viscosity depends on the antago-
nistic shielding and the cross-linking effects. For example, the
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viscosity of arabic, karaya or cashew tree gums decrease in
the presence of NaCl, but increase in the presence of CaCl,
and AICl; (Davidson, 1980; de Paula and Rodrigues, 1995).

3.1.2 Viscoelastic behavior

As already stated, hydrogels can simultaneously show vis-
cous and elastic behavior; therefore, viscoelasticity character-
izes the solid-like or liquid-like properties of hydrogels. Varia-
tions in viscoelasticity can help to elucidate gelation mecha-
nisms, e.g., for acid and ionic hydrogels. The formation of
acid hydrogels results from the reduction of the solution pH
below the pKa of the functional groups, which allows the
bonding between adjacent polymer chains. Clear differences
between G¢and Gdtand their frequency independence indi-
cate @ more pronounced gel-like character, as shown for
acidic low-methoxy pectin at low pH values (Gilsenan et al.,
2000). The influence of the network density and of the water
content on the hydrogel elasticity also suggests that elastic
modulus and swelling pressure are closely interconnected
(Kazanskii and Dubrovskii, 1992; Yoshinobu et al., 1992). For
example, the higher the calcium concentration in ionic algi-
nate augments, the higher is the strength of the hydrogel in
termns of G¢>>G (] srgensen et al., 2007).

Since material properties provide a hint of the conformation of
the hydrogel-forming polymer, they also allow to proof the
effects of environmental conditions, such as storage, freez-
ing, and drying on the hydrogel, as they often lead to a rear-
rangement of the inner molecular structure (Van Den Bulcke
et al., 2000; Wang et al., 2009; Van Vlierberghe et al., 2010;
Ledn-Marthez et al., 2011). The knowledge on rheological
properties of hydrogels enables the contribution of soil-water-
hydrogel interactions on the structural stability of biohydrogel-
rich soil.

3.2 Rheometry as tool to measure soil
microstructural stability

Soil rheometry addresses the two main tasks: (1) assessing
the sample microstructure by stress-strain relationships and
(2) explaining the rheclogical properties of the sample from
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the known rheological properties of its constituents (Reiner,
1960; Markgraf et al., 2006; Holthusen et al., 2010; Keller
et al., 2013). Soil structural stability and soil particle interac-
tons, e.g., induced by dynamic soil deformation processes
have been recently characterized with rheology. Similarly to
hydrogels, soils samples reveal viscoelastic properties with a
fast recovery of the soil structure when G ¢ > Gdt (Markgraf
and Hom, 2009). The increase in the shear stress t (Pa) and
the corresponding deformation g (rad) results in an imeversi-
ble microstructural change of the soil sample due to the loss
of particle-particle contact and a subsequent particle distor-
tion. This follows a continuous decrease of both G¢and Gt
(Fig. 3). The vyield point (cross over) implies an irmeversibly
destroyed inner sample structure with G¢£ Ga

In recent years, rheology has proven to be a sensitive tech-
nique for assessing soil structural stability, especially in the
context of several soil physicochemical properties such as
clay mineralogy, soil texture (Markgraf et al., 2006), menisci
forces (Markgraf and Hom, 2007) and soil solution composi-
ton (Holthusen et al., 2010).

3.3 Studying the impact of biohydrogels on soil
rheology

First attempts to relate soil rheological properties to swollen
hydrogel phases in soil were done by Barré and Hallett
(2009) and Deng et al. (2015) for model root mucilage (PGA)
and fungual polysaccharide (sceroglucan) at different concen-
trations and soil types. The results showed significanty
increased soil structural stability after biopolymer addition. An
explanation for this phenomenon is the binding of soil par-
ticles by swollen gel phases. Although the additional pres-
ence of hydrogel-forming substances in soil increases soil
structural stability, the spatio-temporal distribution of existing
hydrogel phases and their swelling degree in soil remains
unclear. Recently, Buchmann et al. (2015) started first
attempts to close this research gap by combining rheology
and 1H proton nuclear magnetic resonance (IH-NMR) relax-
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ometry in order to assess the direct effects of hydrogel swel-
ling on the rheological stability of an unstable, silty sand soil.
The results reveal that the stabilization of the soil structure is a
function of both polymer treatment and its swelling degree
between the soil particles. The higher the proportion of palymer-
associated water, the more stable is the soil structure as a result
of its “gluing” effects and higher viscosity compared to mineral
pore water. Nevertheless, several limitations of this method are
pointed out in the chapter dealing with IH-NMR relaxometry.
Despite the promising potential of soil rheology for the assess-
ment of soil microstructural stability, the limited number of exist-
ing studies dealing with the effects of soil-water-hydrogel
interactions points out the need of further investigations.

4 Entrapment of water in hydrogels

4.1 Overview on methods to characterize the water
entrapment

The term water entrapment refers to the surroundings of
water molecules when trapped in a porous structure: gel net-
work, soil pores or a mixture of both. It is more accurate than
“water bonding”, as the water molecules are not chemically
or physically bond in the network, and better appropriate than
water retention which has a specific meaning in soil science.
Water entrapment describes both the types of interactions the
water molecules have with the porous network, e.g., if they
interact with a stiff or labile polymer matrix or with stable soil
pores. It also depicts the intensity of the interactions, which
depends on the pore dimensions.

The gravimetric methods reported in chapter 2.3 measure the
maximum WHC and the WHC of hydrogels under load. They
give a hint about the strong or loose entrapment of water in
the gel network but give no information about the physico-
chemical parameters of the surroundings. Similarly, conven-
tional methods in soil science measuring WHC __, and water
retention curves (WRCs) of soils indicate how strongly the
presence of biohydrogels influence soil hydraulic properties,

but do not detect—neither qualitatively nor quant-
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tatively—and do not characterize biohydrogels in
soil. With H-NMR relaxometry, the relaxation
times of protons aligned in a magnetic field by ra-
diofrequency (RF) pulses are measured. Thus,
water molecules in an environment are character-
ized by their relaxation times as well as the amount
of water in each environment Pulsed field gradient
spin-echo NMR (PFG-NMR) measures the self-dif-
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physical barriers encountered by the water mole-
cules during a measurement. Thus, due to differ-
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ences in their chemical and physical sumoundings,
NMR methods have the potential to detect qualita-
tively and quantitatively gel water from non-gel
water in soil pores. Until now, mechanism of proton

Figure 3: Typical course of a viscoelastic solid material such as soil or hydrogel

during an armplitude sweep test (adapted from Mezger, 2014).
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relaxation in heterogeneous gel-soil mixtures is,
however, litle understood and has not been de-
scribed by any theoretical model yet Differential
scanning calorimetry (DSC) measures the freezing
and melting temperatures and enthalpies of water.
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They give a hint about the degree of interaction of water mole-
cules with the polymer or soil matrix (from bound to bulk
water). Very few studies deal with the application of DSC on
gel-soil mixtures, probably because the analysis of heteroge-
neous systems is complicated due to interactions of water in
gel phase with soil constituents.

4.2 Conventional methods based on water
retention of hydrogels

Maximum water holding capacity (WHC ) and water-
retention curves (WRCs) are typically determined in order to
assess the hydrological characteristics of biohydrogel-rich
soil. Generally, biohydrogels increase the water retention of
soil. The WRC of a biohydrogel gives a hint about the ten-
dency of the WRC of a soil mixed with this bichydrogel
(Chenu, 1993; Rosenzweig et al., 2012). However, due to the
limited number of investigations on bichydrogels, to the differ-
ent ways the same biohydrogel affects the retention curve of
different soils, and due to the plurality of the methods used to
measure the retention curve of biohydrogels, it is difficult to
make a universal quantitative relationship between the water
retention curve of hydrogels and the one of soil. Among
others, polymer type, polymer concentration, environmental
conditions, and physicochemical soil properties are the princi-
pal parameters that define the complexity of biohydrogel-rich
soil and, thus, affect soil hydrology (Fonteno and Bilderback,
1993; Muta et al., 2003; Andry et al., 2009; Narjary et al.,
2012). The soil texture itself is the driving factor influencing
hydrogel swelling in soil. For example, synthetic hydrogels
typically increase the WHC_ . of soils with high sand con-
tents (e.q., sandy soil or sandy loams) more than the WHC,
of loamy and clayey soils (Agaba et al., 2010; Hussien et al.,
2012). This is due for two reasons: (1) hydrogel swelling leads
to shifts of the pore size distributions towards small, water-re-
taining pores with higher capillary forces than in large pores
(Bhardwaj et al., 2007); (2) swollen hydrogel in pores of
sandy soils retin more water as their swelling is less
restricted than in clays and loams (Zohuriaan-Mehr and
Kabiri, 2008; Guilherme et al., 2015). The swelling of hydro-
gels in heavy-textured soils, such as clays and loams, can be
restricted due to the difficulty of the partly swollen hydrogel to
displace and rearrange surrounding soil particles, especially
in the presence of swelling clay particles (Hussien et al.,
2012; Smagin etal., 2014).

Besides the manual separation of hydrogel from soil after
wetting/drying cycles for proofing the hydrogel reswelling
degree (Fonteno and Bilderback, 1993), the reswelling
potential of biohydrogel-rich scil and artficial soil-hydrogel
mixtures has been poorly investigated. This results from a
lack of methods allowing the distinction between hydrogel-
associated water from water confined in mineral soil pores.
Indeed, it still remains unclear how hydrogels in soil contrib-
ute to a higher WHC,__; either hydrogels might reabsorb
water after drying/rewetting or dried polymers might form a
film on the surface of mineral soil pores which consequently
reduces the pore diameter and hence increase the water
holding against gravity. In order to investigate the water
entrapment in bichydrogel-rich soil, proton nuclear magnetic
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resonance (NMR) relaxometry shows a high application
potential as is discussed in the following section.

4.3 Characterization of water entrapment by means
of IH-NMR relaxometry

4.3.1 Basic principle of 'H-NMR relaxometry to measure
the entrapment of water

IH-NMR relaxometry allows non-invasive investigations of
water populations by measuring the relaxation time of water
aligned in a magnetic field by radiofrequency (RF) pulses.
When a sample is placed in an outer magnetic field B, water
protons orientate and precess around the direction of the
magnetic field with their specific Larmor frequency. A RF
pulse is applied to the sample, so the spins are flipped into an
angle to the external magnetic field B, causing a magnetiza-
tion M. After the RF is switched off, the spins relax back to
their equilibrium orientation and the apparent magnetization
induced by the RF pulse decays. Water molecules in an envi-
ronment are characterized by their relaxation time, whereby
two types of relaxation can be distinguished: spin-lattice or
longitudinal relaxation (T, ), and spin-spin or transverse relax-
ation (T,). Transverse relaxation refers to the relaxation due
to variable molecular interactions in the slightly inhomogene-
ous magnetic field (Dunn et al., 2002). As a result of different
relaxation mechanism and relaxation times of water trapped
in hydrogel and water confined in soil pores, both water popu-
lations and their respective amountin each phase may be dis-
tinguished (Buchmann et al., 2015).

4.3.2 Entrapment of water in hydrogels measured with
1H-NMR relaxometry

Longitudinal relaxation of hydrogel-associated water is gov-
emed by proton chemical exchange between protons of free
water and exchangeable protons of the polymer, e.g., protons
from carboxylate, hydroxyl and amino groups (Belton et al.,
1988; Hills et al., 1989, 1991; Belton, 1997; Calucci et al.,
2008). Transverse relaxation depends on the rotational corre-
lation time of the water molecules. Depending on the polymer
itself, the mobility of water molecules will change due to differ-
ent flexibility of the polymer network and water binding prop-
erties (Belton, 1997; Lusse and Amold, 1998). Hence, the
relaxation times T, and T, of water vary according to their
local environment. In hydrogels, hydration water (water mole-
cules in close interaction with the polymer chains) has differ-
ent properties than “free water” frapped in the junction zones
of the hydrogel network (Hills, 1992). There is rapid exchange
between “free water”, which tumbles freely and hydration
water, which has a slower tumbling rate (Fyfe and Blazek,
1997; Degrassi et al., 1998; Okada et al., 2002; Calucci
et al., 2008; Prisova et al., 2013). Hills et al. (1991, 1990)
developed a microphase model for polysaccharide hydrogels,
in which the observed relaxation time is weighted between
the superjunction phase whose relaxation rate is hundred
times higher than the one of the interstiial phase, eg.
718 ms~1 and 5.5 ms~1 for agarose, respectively .
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The decrease of relaxation times with increasing polymer
concentration reflects the decrease in the tumbling frequency
of water due to the number of hydrogen-bonding interactions
with the hydroxyl groups of the polymer chains (Fyfe and
Blazek, 1997). Shorter T, values indicate higher exchange
rates of water molecules in the polymer matrix (Hills et al.,
1991). For example, the hydrophilicity of the poly(HEMA-co-
VP) polymer is higher than the one of poly(2-hydroxyethyl
methacrylate) caused by more interactions of water mole-
cules with hydroxyl groups in poly{(HEMA-co-VP) (Ng and
Swarmi, 2008). This observation is in agreement with *H-NMR
measurements of hyaluronan-based native and sulfated-
hydrogels (Barbucci et al., 2006). The type of interaction
between polymer chains and water molecules further influen-
ces the measured relaxation time, i.e., methyl-ester groups in
HMP restrict the mobility of water molecules due to a sur-
rounding formation of water clathrate (Walkinshaw and Amott,
1981) but not to the extent of dipolar or hydrogen-bonded
groups such as in LMP (Kerr and Wicker, 2000). Further, the
chain rigidity of a gelled polymer increases due to the forma-
tion of junction zones and cross-links, which implies a signifi-
cant reduction of the rotational comelation time (Shapiro,
2011) and a strong dependence of the relaxation times on the
moisture content (Froix and Nelson, 1975; Kenr and Wicker,
2000).

As non-invasive tool, the degree of water entrapment in
hydrogels can be investigated by H-NMR relaxometry. This
is of special interest when hydrogels underge dynamic pro-
cesses, such as drying or reswelling, as the relaxation of
water molecules directly depends on the multiplicity and ri-
gidity of the junction zones (Hills et al., 2000; de Celis Alonso
et al., 2010). The relaxation time further gives an indication on
the hydrogel viscosity and strength (Degrassi et al., 1998;
Capitani et al., 2001; Shin et al., 2002). The characterization
of water entrapment for pure hydrogels under different condi-
tions, e.g., swollen or partly dehydrated, using IH-NMR relax-
ometry enables to: (1) quantify the effect of environmental
conditions on the water entrapment, (2) distinct hydrogel
water from mineral pore water in hydrogel-rich soils, and (3)
identify the recent state of the hydrogel in soil.

4.3.3 Entrapment of water in soils measured
with TH-NMR relaxometry

Water entrapment distinguishes fundamentally hydrogel-free
from hydrogel-rich soil. In a simplified hydrogel-free soil, water
is confined to mineral soil pores, while in a hydrogel-rich soil,
water is additionally trapped in swollen hydrogel phases. The
direct assessment of water entrapment in soil is important
since it is conventionally indirecly measured by water reten-
tion curves or by manual sorting of hydrogels from soil-hydro-
gel mixtures. Fortunately, the rotational and translational
mobility of water molecules confined in mineral soil pores and
associated to hydrogel structures differ from each other,
which enables their distinction using *H-NMR relaxometry.
Although H-NMR relaxometry cannot be easily transferred to
soil due to the high complexity and heterogeneity of soil and
to the poorly understood role of SOM swelling on the water
entrapment in soil, several efforts have been made to apply
this technique for soil specific research questions (Schau-
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mann, 2006a, 2006b; Schaumann and Bertmer, 2014). Soil-
water interactions by H-NMR relaxometry are commonly
investigated by solely observing the transverse relaxation
time T,, since T, measurements are very time-consuming
(Dunn et al., 2002; Schaumann and Bertmer, 2014). The
measured T, results from solid-fluid interactions at soil pore
surfaces with fixed spins and the additonal presence of
paramagnetic ions or paramagnetic crystal defects (Kleinberg
et al., 1994; | aeger et al., 2008). Under the assumption of a
surface-limited regime (Schaumann and Bertmer, 2014), the
relaxation directly depends on the pore size of the soil sam-
ple. In porous systems, such as scil, a wide distribution of
pore sizes is given, which typically results in a distribution of
relaxation times and not in one single relaxation time as typi-
cally measured for bulk water (Fig. 4).

Thus, within each relaxation time distribution, the amplitude at
a given relaxation time indicates a certain pore size (Schau-
mann et al., 2005). In recent years, 'H-NMR relaxometry has
been proven as reliable method to assess the pore-size distri-
bution of soil (] aeger et al., 2009; Costabel and Yaramanci,
2013; Meyer et al., submitted). Wetting and swelling are the
two independent processes directly influencing the IH-NMR
measurements of soil. Several studies proved that relaxation
times of soil are often shifted towards shorter relaxation times
as result of soil pore wettability and swelling processes of
clay particles and organic substances such as SOM (Schau-
mann et al., 2005; Buchmann et al., 2015; Meyer et al., sub-
mitted). Especially the investigations done by ] aeger et al.
(2010) and Buchmann et al. (2015) revealed significant
changes of the relaxation time distributions by the swelling of
organic substances in the soil matrix and subsequent volu-
metric expansion of the soil and water redistribution.

4.3.4 Swelling processes in soils measured with TH-NMR
relaxometry

The fact that hydrogel swelling together with soil mineral con-
stituents significantly affect the measured relaxation time dis-
tributions in soil demonstrates the need to clearly identify the
likely existing water populations such as clay-associated
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Figure4: Transverse relaxation time distribution for soil and bulk
water. The longer the relaxation time, the larger the pore size and
vice versa. Bulk water typically reveals unimodal relaxation times
with T, » 1-3s.
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water, mineral soil pore water, and hydrogel-associated water.
Gradual intensity shifts towards shorter relaxation times
were observed in the first applications of one-dimensional
(1D) 'H-NMR relaxometry in high organic matter soils
(Schaumann et al., 2005). Nevertheless, Schaumann et al.
(2005) were not able to decide from the 1D 'H-NMR meas-
urements if swelling and formation of biohydrogel phases
were the driving mechanisms for the reduction of the T,
since no clear differentiation between the different water pop-
ulations was possible from the measured relaxation time dis-
tributions. Recently, Buchmann et al. (2015) demonstrated
the limitaion of 1D H-NMR relaxometry to differentiate
hydrogel-associated water from pore water. The authors
showed that differentiations are only possible by 1D 'H-NMR-
relaxometry measurement if the relaxation tmes of both
hydrogel and soil are at completely different relaxation times.
Yet, the observed merging of both the relaxation time distri-
bution of hydrogel and soil has shown that it is impossible to
unambiguously differentiate  between hydrogel-associated
water and soil pore water from 1D H-NMR relaxometry
measurements. Buchmann et al. (2015) concluded that 1D
IH-NMR relaxometry should be extended by two-dimension-
al (2D) 'H-NMR measurements and thermo-analytical meth-
ods, such as differential scanning calorimetry (DSC), which
might discriminate the water populations due to differences
in their rotational mobility and freezing behavior according to
their environments.

4.4 Characterization of water entrapment
by the self-diffusion coefficient of water

4.4.1 Self-diffusion coefficient of water in hydrogels

Another parameter which characterizes the water entrapment
is the translational self-diffusion coefficient of water D as
measured by pulsed field gradient spin-echo NMR (PFG-
NMR). Contrary to relaxation time measurements, D is inde-
pendent of the chemical nature of the polymer since the
obtained information are rather associated to the topological
structure than to the microstructure of crosslinks or interchain
structure (Ohtsuka and Watanabe, 1996). D is typically deter-
mined as function of the diffusion time D and allows the calcu-
lation of the mean distance travelled by the diffusing water
molecules (Cotts, 1991). The structural parameters of the sur-
rounding are accessible between 0.3 and 30 nm (Cotts,
1991). At very short diffusion time, the diffusion coefficient is
D and depends on the viscosity of the pore fluid. At longer
diffusion times, physical barriers limit the diffusion coefficient
Ds,. €.9., in network systems as for gellan gum (Ohtsuka and
Watanabe, 1996) or poly[2-hydroxyethylmethacrylate] hydro-
gels (Peschier et al., 1993). According to Eq. (2), D, can
then be related to the root-mean-square (mms) end-to-end dis-
tance r of the pore space in the hydrogel matrix:

< > »6Dg,t; (2)
where t is the inverse of the diffusion time limiting value.
Physical concepts describing the retardation effects of hydro-

gels affecting D are obstruction induced by the slow-moving
polymer molecule, hydrodynamic interactions between water
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and polymer and free-volume effects (Masaro and Zhu, 1999;
Mariette et al., 2002). Several parameters characterizing the
hydrogel structure can be calculated on the basis of both Dy,
and Dg, such as the critical pore radius, the tortuosity, the
surface to volume ratio S/V, the pore size distribution, and the
permeability (Gotz and Hinrichs, 2008). These information
help elucidating hydrogels morphology as exemplarily shown
for Ca2* cross-linked Aloe Vera polysaccharide (AvP) hydro-
gel. For the same calcium concentration, the diffusion pro-
file of AvP 0.20 and 0.60 wi% relate to similar pore sizes,
but a greater surface area and tortuosity for AvP 0.60 wt%
(McConaughy et al., 2008a). Variation of the diffusion coeffi-
cient in function of the water content gives also information on
the dynamic changes of the microstructure when facing de-
hydration (Topgaard and Séderman, 2002).

Measurement of D at several diffusion times is time-consurm-
ing and in many studies D is only determined for one fixed dif-
fusion time. However, this may lead to some difficulties in the
interpretation of the results as changes in the polymer mobility
iniiated by gelation are not evident to measure with the self-
diffusion coefficient of water (Fyfe and Blazek, 1997; Mariette
et al., 2002). This difficulty is illustrated by the similarity
between self-diffusion coefficients measured in agqueous solu-
tion and alginate gels, and is atiributed to the microporous
nature of the hydrogel matrix (Hills et al., 2000). Studies of
hydrogels by means of D is thus a promising and challenging
approach at the same time and has not yet been much inves-
tigated, especially for hydrogel-rich soils as subsequently dis-
cussed.

4.4.2 Self diffusion coefficient of water in soil

Sail directly affects the diffusion path of water molecules by
its structural properties, e.g., pore space, pore geometry, and
pore interconnectivity (Stallmach and Karger, 1999; Van As
and Lens, 2001). PFG-NMR measurements of macroporous
materials, such as petrophysical objects (Stallmach and
Kérger, 1999), permeable sandstones (Fordham et al., 1994;
Frosch et al., 2000), medium and coarse sands (Vogt et al.,
2002), as well as for microporous systems such as zeolite
absorbate-absorbent systems (Cavalcante et al., 1997),
have provided information on the translational mobility of the
fluid confined to different pore sizes. The results obtained
from PFG-NMR measurements have shown an independ-
ency of the investigated fluids on the chemical properties of
the fluid/grain interface (Vogt et al., 2002). Thus, D is a prom-
ising parameter to assess translational mobility of water in
hydrogel-rich soils, although some difficulies exist; the con-
ventional measurement of D is one-dimensicnal and gives
only a weighted value for all diffusion coefficients in the sam-
ple. A two-dimensional measurement would overcome this
limitation, as D could be related to another parameter, such
as the relaxation time T, Since hydrogels and soil have differ-
ent physical barriers, D of hydrogel and soil should differ from
each other. Only few data are yet available about D in hydro-
gels as well as in soils, thus, a demonstration whether D of
both soil and hydrogel distinctively differ from each other has
not been possible until now. The combination of PFG-NMR
and conventional *H-NMR relaxometry still seems a promis-
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ing approach, as it relates rotational tumbling which gives
information about soil-water interactions (e.g., water binding
in soil pores or swollen organic structures) to molecular diffu-
sivity (Bayer etal., 2010; ) aeger et al., 2010).

4.5 Two-dimensional measurements to
characterize the water entrapment
in porous media

T, and T, relaxation times are often analyzed together
(McConville et al., 2002), but correlations between longitudi-
nal and transversal relaxation time (T,/T, ratio), as well as
between transversal relaxation time and diffusion coefficient
(T,/D), can be combined in one single T,-T, or T,-D NMR
relaxation experiment (Fig. 5) (Hills, 2007; Haber-Pohlmeier
etal., 2010; ) aegeretal., 2010; Song etal., 2012; Tang etal.,
2014).

T, and T, relaxation measurements performed on different
hydrogels revealed that T, values are more sensitive to the
polymer composition and to the water content than T, values
(Degrassi etal., 1998; Ng and Swami, 2008). In the course of
water uptake and water distribution in soil, shifts in both the
relaxation time distributions and T,-T, (T,-D) ratios allow the
assessment of wetting and swelling kinetics in soils (Schau-
mann et al., 2005; ] aeger et al., 2010; Todoruk et al., 2003),
and the resulting distribution of soil pore sizes (] aeger et al.,
2009; Costabel and Yaramanci, 2013). In this context, | aeger
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Figure5: Schematic two-dimensional T,-T, and T,-D correlation
spectra for water, hydrogel, hydrogel-rich soil and hydrogel-free soil.
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et al. (2010) investigated the effect of SOM swelling on soil-
water interactions in peat The authors showed that SOM
swelling induced significant changes in the peat structure dur-
ing the course of water uptake and water drainage. Especially
the rotational water mobility was significantly affected by the
swollen SOM as function of the water content. The T,/T, ratio
at saturated conditions of the peat increased from 1.1 up to
18 at 10-20% water content, most likely due to the reduced
rotation mobility of water confined in gel phases of SOM.
Similar results were found for pure agar hydrogel in which the
T/T, ratio increased with agar concentration (and thus
decreasing water content) up to 30. Additional measurements
using cryo-NMR relaxometry and differential scanning calo-
rimetry (DSC) showed that large T,/T,, ratios of water in peat
can be related to non-freezable water in hydrogel phases
(strongly restricted in mobility) and physically immobilized
water at 0°C to -5°C (partly located in hydrogel phases)
() aeger et al., 2010).

4.6 Freezing behavior of water investigated
by differential scanning calorimetry (DSC)

4.6.1 Different water types distinguished in hydrogels

Differential scanning calorimetry (DSC) provides information
on polymer-water interactions in terms of freezability of water
in a swollen matrix (Radosta and Schierbaum, 1990; Garcia
and Walter | r., 1998; Hatakeyama and Hatakeyama, 1998).
The definition of different dynamic states of water in hydrogel
depends on experimental conditions such as temperature,
water content, and time scale of the experiment (Roorda,
1994; Bouwstra et al., 1995; Mdiller-Plathe, 1998). The con-
ventional DSC approach includes cooling and thawing of the
hydrogel and allows the categorization of water into different
fractions according to its behavior during the conducted
cooling and heating cycles (Yoshida et al., 1993a, 1993b;
Hatakeyama and Hatakeyama, 2006). The presence of a
freezing/melting peak about 10-40°C below 0°C in the DSC
thermogram comresponds to supercooling water (freezing
bound water). Considering that pure water (bulk water) typi-
cally reveals a melting enthalpy of 333.5 ) g1 and a melting
temperature T, around 0°C, the amount of non-freezable
water can be directly determined by the melting endotherms
as the differences between the calculated water amounts
from the endothermic melting peaks in the DSC thermogram
and the known water amounts in the sample. The detection of
small amounts of mobile water between 0 and -20°C and
<-20°C using cryo-NMR underlined the categorization of the
different water fractions (Leung and Steinberg, 1979; ] aeger
et al., 2010). The observed thermodynamic properties of
water are related with the degree of interaction between water
molecules and biopolymer structures (McBrierty et al., 1999).
The close association of water molecules to the polymer
matrix through hydrogen bonding and polar interactions
causes the formation of non-freezing water, while freezing
bound water is related to water with intermediate properties
between those of bound and free water.
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4.6.2 A fingerprint of the polymer structure

Water uptake during hydrogel swelling can be followed by
identifying different water fractions with the DSC thermogram,
e.qg., at different water content or polymer concentrations. At
very low water contents, all water molecules are present as
non-freezing water (Quinn et al., 1988). An increase in the
water content comes along with increasing amounts of freez-
ing-bound water (Takigami and Takigami, 1993). Upon an
increase of the water content, the area of the endothermic
peak corresponding to the melting of ice originating from
freezable water with position shifts from-5°C to slightly higher
values as exemplarily shown for humic acid (Kucerik et al.,
2012). A peak shoulder traduces overlapping processes
which may correspond to different types of freezing bound
water. This indicates different kinds of interactions between
polymer structures (especially polar groups) and water mole-
cules. For hydrogels, melting enthalpy tends to increase line-
arly as function of the water content (Priisova et al., 2010),
but does not show a linear trend for some humic acids which
suggests the additional presence of hydrophobic domains at
specific concentrations (Kucenk et al., 2012).

The amount of non-freezing water for polyelectolytes de-
pends additionally on the valence of the cross-linking ions.
This relationship indicates that the structure order of polyelec-
trolytes strongly influences the number of water molecules
tightly bound by cations (Hatakeyama et al., 1995). The quan-
tity of non-freezing bound water gives an indication on the
hydrophilicity of the polymer and on the intensity of intermo-
lecular hydrogen bonding within the network (Guan et al.,
1996). Molecular flexibility of the polysaccharide chain also
affects the structural organization of water (Yoshida et al.,
1993a; 1993b). Freezing-melting experiments finally allow
identification of changes in the hydrated structure after hydra-
tion, aging processes or diverse drying methods (Prisova et
al., 2013). Some polysaccharides revealed an alteration of
their physical structure during subsequent identical freezing-
melting cycles, while others were not affected (Prawitwong
etal., 2007; Kucerk etal., 2012).

4.6.3 Distinction of the freezing behaviors of water in
biohydrogel-rich soils

The transfer of water entrapment in hydrogel to more complex
systems, such as biohydrogel-rich soil, is not trivial since the
water entrapment in soil is directly influenced by interactions
with soil constituents such as the organic fraction or mineral
fraction. It is well-known that the hydrogen bond network of
water is significantly perturbed by additional interactions with
hydrophilic substrates which results in pronounced effects on
the thermophysical properties of the water in socil (McBrierty
et al., 1996; Schaumann, 2005). Thus, changes in the freez-
ability of water in scil can result from both chemical interac-
tions and local steric constrains with its identification from the
amounts of freezing bound and non-freezing water (McBrierty
etal., 1996). The melting of freezable water in moist soil can
also be characterized by the endothermic water melting peak
in the DSC thermograms. Generally, the water state in soil
can range from tightly bound (non-freezable) water to more
loosely bound water, and freezable bulk water as it has been
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shown for peat samples and cylindrical silica materials
(McBrierty et al.,, 1996; ) ahnert et al., 2008; ] aeger et al.,
2010). Tightly bound water predominantly consists of hydra-
tion water and water which chemically interacts with hydro-
philic moieties in the soil matrix having transition temperature
around -123°C to -83°C. Loosely bound water does not sig-
nificantdy differ from nomal bulk water and consequently
melts with increasing temperature. Contrary to freezable bulk
water, the melting temperature is < 0°C (McBrierty et al.,
1996; Ping et al., 2001).

In soil where swollen hydrogel phases exist the melting
peaks are broader than for pure water and can be partly sep-
arated into several overlaying peaks. First detailed attempts
to identify swollen hydrogel phases in soil using DSC were
done by McBrierty et al. (1996) and Schaumann (2005) for
peats below WHC_ .. The authors observed a significant
spliting of the melting peaks of water in peat and traced it
back to the entrapment of water in swollen gel phases. Similar
observations were done in a recent study conducted by
] aeger et al. (2010). Here, the authors investigated the swel-
ling of SOM in peat by combining several analytical tech-
niques such as DSC, TGA, and 1H-NMR relaxometry. In this
case, the combination of thermal analyses and NMR relaxom:
etry revealed an innovative method to identify processes in
soil goveming its physicochemical changes during hydration
and hydrogel swelling.

5 Imaging three-dimensional hydrogel
networks and soil structures

5.1 Imaging hydrogel networks

The visualization of the three-dimensional (3D) hydrogel net-
work would help to link hydrogel rheological properties to the
spatial amangement of the polymer chains. As swollen
hydrogels mainly consist of water, their imaging is a major
challenge. Various imaging techniques are available, where-
by scanning electron microscopy (SEM) is one of the rare
methods which can directly picture hydrogel structures.

For example, the visualization of the hydrogel matrix using
SEM enables to screen different water holding behaviors of
gellan gels with and without the application of extemnal forces.
The results have revealed that two different types of micro-
structures exist simultaneously, whose distributions depend
on the calcium concentration (Mao et al., 2001). The sample
preparation is yet highly invasive due to the required drying
steps, e.g., by freeze-drying, before each measurement
However, ice crystal formation during freeze-drying can dis-
tort the native microstructure of hydrogels and creates unde-
sirable artefacts in the SEM micrographs; ice crystals forming
in the interstitial spaces in the hydrogel lead to an alteration of
the superjunction and interstitial microphases with the crea-
tion of a network with bigger pore distances (Belton et al.,
1988; Hills et al., 2000; Mao et al., 2001). Shock-freezing with
sample immersion in liquid nitregen, directly followed by subli-
mation, might be an appropriate altemative to limit the arte-
facts, but, to our knowledge, has up to now not been tested
yet
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5.2 Imaging biohydrogel-rich soils

Visualization of biohydrogel phases in soil would improve the
understanding of the gel effect. Soil microstructural changes
iniiated by biohydrogel phases and visualized by imaging
technigues could be linked to various macroscopic properties,
e.g., the stability of aggregated soil structures (Liu et al.,
2009). 3D-imaging of biohydrogel phases in soil could further
give answers to recently unsolved questions such as: can
biohydrogel phases redistribute in other soil pores or do they
stay in the pore space where they have been produced? Do
biohydrogel phases stick to the surface of soil particles or do
they swell in the whole pore space? Furthermore, 3D-imaging
of hydrogels could also give a clue about their response to
environmental dynamics such as their reswelling after drying
events. All in all, imaging methods must be able to distinguish
between swollen biohydrogel phases and mineral pore in the
soil matrix in order to answer these questions.

Contrary to the imaging of hydrogel structures, the imaging of
soil samples by SEM has been done for years in order to
identify structures associated to certain soil properties such
as its structural stability. For example, Liu et al. (2009) dem-
onstrated that swellable polymers ought to build membranous
structures between and on the surface of polymer-treated soil
aggregates, which significantly increased their structural sta-
hility. Comparable observations were done by Markgraf et al.
(2012) who clearly showed how polymeric network structures
derived from organic compounds (e.g., roots, fungi, and fun-
gual hyphae) formed an extemal network around soil aggre-
gates. Albalasmeh and Ghezzehei (2014) recently investi-
gated the effects of wetting and drying on the aggregation of
glass beads by a model mucilage. SEM micrographs showed
that wetting and drying promoted the aggregation of glass
beads by adjusting the morphology of the model mucilage
during drying and rewetting. Until now, most authors investi-
gated the polymer structures in soils on samples in their dry
state. However, picturing the morphology under wet condi-
tions, e.g., using environmental scanning electon micro-
scopy (ESEM) is necessary to directly assess swollen hydro-
gel phases in soil and their contribution to the morphological
and physical state of the soil structure. Furthermore, the num-
ber of existing studies using (E)SEM to assess visible effects
of hydrogel swelling on soil structure is limited, which points
out the need of further investigations.

5.3 Additional imaging techniques
and their limitations

Besides (E)SEM, innovative and non-destructive three
dimensional (3D) imaging techniques such as neutron imag-
ing (NI), magnetic resonance imaging (MRI), and X-ray com-
puter tomography (X-ray CT) are available and enable the
observation of samples in their wet state. Although the appli-
cation of these technigues is relatively new in soil science
(less than two decades), they are increasingly used, espe-
cially in the context of plant-soil research. The listed tech-
niques rely on different physical principles and hence reveal
specific potentials and challenges. However, the major short-
coming of all these techniques is the low-attenuation contrast
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between different types of water such as hydrogel-associated
water or water confined in soil pores.

NI and MRI allow the spatio-temporal visualization of soil
water distribution. NI is based on neutron transmission and
maps the total proton density. It is able to detect pattems with
high resolution (Oswald et al., 2015). Moradi et al. (2011)
showed a water enrichment of the rhizosphere using NI and
related the observations to the exertion of mucilage by the
roots of the investigated plant species, as NI cannot directly
distinguish hydrogel-associated water from other water types.
In addition to this, the long acquisition imes of about 4 hs for
an entire tomogram limits the use of NI for in situ measure-
ments of fast processes associated with soil-water-hydrogel
interactions (Oswald et al., 2015). In comparison to NI, MRI
uses the principle of nuclear magnetic resonance to image
the water protons present in the sample. Contrary to 1D and
2D H-NMR relaxomelry, the possibility of MRI to investigate
samples on a three-dimensional scale involves a higher noise
and a smaller number of data points (Haber-Pohlmeier et al.,
2010). The conftrast parameters include differences in proton
density and the time constants (T, and T,) of the signal
decay. Image distortions and invisibility of certain water types
are the major problems of MRI. They result from very short
relaxation times due to the presence of ferromagnetic par-
ticles, high clay content, and low water content in the sail
samples (Merz et al., 2015). Small soil pores and the pres-
ence of hydrogel phases also contribute to reduced relaxation
time and can probably induce artefacts in the MRI images as
observed by Oswald et al. (2015) for lupine roots; a dark
zone for water depletion was observed around the root sys-
tem, contradicting the results of Moradi et al. (2011) obtained
with NI. The actual limitations of MRI do not yet allow the
detection of bichydrogel phases in soil, but much effort is
done to further develop this technique (Merz et al., 2015;
Hemmann et al., 2002).

The third technique, X-ray computer tomography (CT), iradi-
ates a X-ray beam through a sample, whereby the intensity of
the beam is absorbed according to the density of the sample
components (Metzner et al., 2015). The differentation
between biohydrogel-associated water and other water types
is rather impossible with X-ray CT as both water types have
nearly the same density. However, with a relatively short
measurement time, X-ray CT has the potential to examine
dynamic processes, such as water movement, before and
after an infilration period or water redistribution processes
during swelling and shrinkage (Mooney, 2002). This advant-
age could be useful in order to study water fluxes in samples
in which the localization of biohydrogel phases is already
known.

NI, MRI, and X-ray CT offer the exciting possibility to invest-
gate in situ processes in the rhizosphere (Helliwell et al.,
2013). Due to methods’ limitations and to a missing attention
for the distinction of biohydrogel phases in soil, the major
shortcoming of these methods conceming our research ques-
tion is the low attenuation contrast to hydrogel water. Thus,
the application of these techniques to detect biohydrogel
phases in soil requires further investigations and, if necessar-
y, developments. (E)SEM offers an interesting altermative,
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although the distinction of biohydrogel phases in wet samples
may be the major challenge to overcome. Nevertheless, the
combination of methods linking physicochemical characteris-
tics of biohydrogel-rich soils with visual structures, e.g., as 3D
pictures, is a promising approach to untangle the diverse
effects of biohydrogels on soil physicochemistry.

6 Conclusion and Outlook

Biohydrogel-rich soils are complex systems as they comprise
two different porous frameworks: mineral soil constituents
and swollen biohydrogel structures. The combination of differ-
ent methods to study water entrapment and structural proper-
ties in terms of mechanical stability or visual structures proves
to be powerful by providing insights into the nature of hydro-
gel-induced soil-water interactions and structural stabilization
mechanisms (Fig. 6).

Conceming the investigation of mechanical stability of soil
structures under the impact of biohydrogel, rheology has
proven to be a sensitive and innovative technique, especially
in the context of microstructural stability in terms of particle-

Structure

mechanical / \I visual
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particle interactions. However, since recent studies have not
yet directly linked the swelling degree of hydrogel with the
structural stability of hydrogel-rich soil, further research is
needed to close this research gap.

1H-NMR relaxometry, PFG-NMR and DSC seem the most
capable methods in order to investigate the swelling degree
of hydrogel structures in biohydrogel-rich soils to explain soil
structural stability. They enable the study of molecular mobi-
lity of water molecules and the differentiation of several water
types and degrees of water entrapment in the investigated
samples. Nevertheless, the application of 1D H-NMR as well
as DSC on biohydrogel-rich soil seems limited due to re-
stricted differentiability of water phases in soil and due to the
lack of knowledge regarding the spatiotemporal distribution of
swollen hydrogel phases within the soil matrix. 2D 1H-NMR
relaxometry is promising to overcome these limitations as it
combines the measurement of the two relaxation mecha-
nisms or the one of the diffusion coefficient. Further, imaging
techniques such as (E)SEM, NI, MRI and X-ray CT might
enable the visualization of biohydrogel-rich soil structures and
the spatio-temporal distribution of water in the sample.
Hence, imaging techniques might offer the possibility to dis-

Water
entrapment

/N

Viscoelasticity

_I 3D picture / dry (wet) state

Information: material properties Information: qualitative,

magnification of the sample

Method: Rheology

,, Method: (E)SEM

+ Quantification of the effects of
external conditions, polymer
treatment and swelling state on
the material properties

- Do not link the swelling degree
of the gel with material
properties of soil-gel mixtures

- No information about the
spatio-temporal distribution of
gel phases in the sample

- Very few data for soil mixed
with bio/model polymers

+ Organization of the polymeric
structures around soil
aggregates

- Invasive method

- Not measured yet in the wet
state for biohydrogel-rich soil
samples

_l 3D picture / wet state I_

Information: qualitative and
quantitative, resolution of the
inner structure of the sample

Method: NI, MRI, X-ray CT

+ Non-invasive
- Not yet developped to observe
gel phases in soil sample

Relaxation time

Information: relaxation time
distribution of water in soil and
water mobility

Method: 'H NMR Relaxometry

+ Non-invasive

- Ambiguous distinction between
water in gel from water in soil
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- No (yet?) information about
swelling degree of hydogel in
soil

- Very few data for soil mixed
with bio/model polymers

Freezing behavior

Information: freezing and
melting temperature of different
water fractions and their amount

Method: DSC

+ Identification of swollen
structures n soil samples

- Differentiability between the
water fractions

- Very few data for soil mixed
with bio/model polymers

2D-methods
development

Diffusion coefficient

Information: translational
diffusion coefficient of water in
the sample

Method: PFG-NMR

+ Non-invasive

- Weighted information of all
water fractions in the sample
- Very few data for soil mixed
with bio/model polymers

Methods linking soil water interaction and soil structural properties

Figure 6: General overview of the different techniques allowing the disentanglement of hydrogel swelling in biohydrogel-rich soils and the asso-

ciated soil-water-hydrogel interactions.

2 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.plant-soil.com

36



2 Biohydrogel induced soil-water interactions: how to untangle the gel effect?

16 Brax, Buchmann, Schaumann

tinct between swollen biohydrogel structures and other water
types, although further developments can be assumed as
investigations of swollen hydrogel structures in biohydrogel-
rich soil has not been investigated until now.
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Mucilage produced at the roct tips is a soil-born biohydrogel, whose framework is a three-dimensional
polysaccharidic polymer network, which can contain over 90%water. The specific biohydrogel properties
of mucilage, such as volumetric expansion and shrinkage, affect soil mechanical and hydraulic properties.
Still, the physico-chemical mechanisms governing the interactions between mucilage and the porous soil
system remain mostly unclear. To our best knowledge, no currently applied method allows the
distincticn between biohydrogel phases and pore water in the porous soil system.

In this work, we used 'H NMR rel axometry to analyze the presence and properties of biohydrogels in
soil. Mucilage in soil leads to a hierarchical pore structure, consisting of the polymeric biohydrogel
network surrounded by the surface of soil particles. Water molecules entrapped in mucilage-containing
soils revealed an accelerated bulk relaxation and a higher surface relaxivity in comparison with soils not
containing mucilage. In model soils, we quantified the gel effect, here defined as the influence of
mucilage on proton relaxation. The difference between transversal and longitudinal relaxation rates was
plotted as a function of the reciprocal diameter of the model soil particles for soils containing and not
containing mucilage. The gel effect was thereby characterized by an accelerated bulk relaxation and an
accelerated surface relaxation, traduced respectively by an increased y-intercept and an increased linear

coefficient for mucilage-containing soil.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Mucilageis a biohydrogel produced mainly at theroot tipsin the
rhizosphere [1]. In general, biohydrogels are soil-born three-
dimensional polysaccharidic polymer networks [2]. Due to their
flexible porous network, biohydrogels have specific properties
including a high water holding capacity, viscosity, and the ability to
undergo volumetric expansion and shrinkage [2]. In the porous soil
system, biohydrogels affect soil mechanical and hydraulic proper-
ties [3,4]. Current approaches assessing the effect of biohydrogels
on soil focus rather on the effects of biohydrogels on soil properties
than on the processes governing soil hydrological and mechanical
properties [5,6]. These processes include the spatio-temporal dis-
tribution and the water content of biohydrogels in soil [7]. In this
context, the term “gel effect” is used to designate biohydrogel-
induced variation of soil properties [7]. One reason for the still
poorly understood biohydrogel-soil interactions is the difficulty in

* Corresponding author.
E-mail address: schaurnann@uni-landau.de (G.E. Schaumann).

http://dx.doi.org/10.1016/j.micromeso.2017.07.044
1387-1811/© 2017 Elsevier Inc. All rights reserved.

identifying swollen biohydrogel phases in soil. To our best knowl-
edge, no currently applied method has allowed yet the distinction
between biohydrogel phases and pore water in soil, which is most
probably due to the high water content and low density of bio-
hydrogels [7].

As socil-water interactions determine soil physical properties
[8,9], water properties in soil pores are key factors to decipher the
mechanisms of the gel effect. 'H Nuclear Magnetic Resonance (1H-
NMR) relaxometry could be a method of choice to study in situ soil-
water-biohydrogel interactions: the presence of biofilm and
hydrogel in soil leads to a shift of the transversal relation rate (TRR)
or longitudinal relaxation rate (LRR), and to higher T/T, ratios
[10e14]. The authors interpreted these effects by a restricted
rotational mobility of water molecules. Yet, the mechanisms lead-
ing to shifts in relaxation times and the criteria allowing the
distinction between bichydrogel-water in soil pores and non-
biohydrogel water have neither been fully identified nor guanti-
fied until now.

This study aims to identify and quantify the gel-induced
mechanisms leading to changes influencing relaxation times in
mucilage-containing soil. Water in mucilage-containing soil is

Please cite this article in press as: M. Brax, et al., Effect of mucilage on water properties in the rhizosphere monitored by 1H-NMR relaxometry,
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entrapped in a hierarchical pore structure consisting of the porous
biohydrogel network, itself surrounded by soil particles. Proton
relaxation in porous systems mainly depends on bulk and surface
relaxation and on the pore size [15]. Proton relaxation in bio-
hydrogel and soil pores should be analyzed separately to distin-
guish their contribution on proton relaxation in mucilage-
containing soil. Bulk relaxation in mucilage-containing soil
should correspond to proton relaxation in biohydrogel [16]. We
hypothesized that proton relaxation in mucilage is concentration
dependent. The gel effect in soil is thus expected to be quantifiable
for non-swelling soils with the same surface relaxivity and same
pore size. The influence of mucilage on the relaxation rates is ex-
pected to vary proportionally with the soil pore size.

In order to test these hypotheses, we investigated how chia seed
mucilage concentration affects the relaxation rates. Glass beads of
different diameters were taken as simplified model rhizospherein
order to identify the influence of the pore size, and to remove
complex parameters such as soil swelling, heterogeneous soil
grains sizes or paramagnetic impurities at the soil surface [17,18].
Both water-containing and mucilage-containing glass beads have
the same quantity of water, which corresponds to the amount of
water in water-saturated glass beads.

2. Experimental
21. Mucilage preparation

Mucilage from chia seeds (Salvia hispanica L) was extracted
similarly to Ahmed et al. [19]. The collected biohydrogel was
dropped slowly in liquid nitrogen and put directly into the freeze-
drier. 4 mL of distilled water were added to the freeze-dried
material to prepare mucilages between 0.1 and 1.0%(w/w), esti-
mated to be the concentration range of mucilage in the rhizo-
sphere [4]. The samples (three replicates) were sealed and stored
for 24 h.

2.2. Modd rhizosphere preparation

Four types of glass beads (diameters: 40e 70 nm, 100e 200 mm,
400e 600 mm and 2000 nim) and coarse quartz sand (grain size: 0.2%
2000-630 nm, 94.9% 630-200 N, and 4.9% 200-63 Nm) were
washed successively with 2 M HCl solution and distilled water,
oven-dried at 105 C for 24 h, and filled in plastic cylinders
(height ¥44.1 cm, diameter ¥ 3.7 cm) to ca. 3.7 cm sample height.
The samples (three replicates) were filled with water by capillary
rise to reach the maximum water holding capacity.

Chia seed mucilage (0.50 + 0.05%(w/w)) was mixed homoge-
neously with the glass beads to reach the same water content as the
water-saturated samples. The samples were closed and stored for
24 h prior to the measurements.

2.3. 'H-NMR rel axometry measurements

Two-dimensional T1-T» TH-NMR relaxometry measurements
were performed for all samples using a Bruker Minispec MQ at a
magnetic field strength of 0.176 T. For this, the inversion recovery
method was combined with a Carr-Purcell-Meiboom-Gill pulse
sequence [20]. 32 steps of the inversion recovery time between
0.3 ms and 2072 ms were used to sample a Ty relaxation decay
curve. Echo time was constantly set to 0.3 ms with ranging
numbers of data points. The T;-T» correlation spectra were ob-
tained with a two-dimensional numerical inverse Laplace software
based on the Schlumberger algorithm [21]. For each sample, the
T1 and T; were obtained by calculating the mean value of the
three relaxation times with the highest intensities. Results were

statistically analyzed by linear regression and correlation analyses.
Variability within the replicates was presented as the mean devi-
ation. Calculations and figures were done using Microsoft Excel
2007 and R statistics 3.2.2.

3. Results and discussion
3.1 Pure chia seed mucilage

Fig.1lashows theTRR (1/T2,muc) @nd LRR (1/T1,muc) of mucilage as
a function of its concentration.

The TRR (correlation coefficient r > 0.99, P-value P < 0.001) as
well as the LRR (r ¥ 0.93, P < 0.05) increased linearly over the
mucilage concentration range.

Chia mucilage was considered as a porous material due to its
three-dimensional polymer network. According to the model of
Brownstein-Tarr, proton relaxation in mucilage should vary as a
function of the surface relaxation and of the bulk relaxation. Bulk
relaxation in mucilage should equal the relaxation of pure water if
no paramagnetic compounds are dissolved in water. 1/Ty,ater Was
subtracted from 1/T; myc and 1/T1myc (Fig. 1a). The transversal (r >
0.99, P < 0.001) as well as the longitudinal (r ¥ 0.93, P < 0.05)
relaxation in Fig. la increased linearly over the mucilage concen-
tration range.

Close to zero, the y-intercepts (0.00 + 0.01 s ! for the LRR and
001 = 0.01 s ! for the TRR) indicated that bulk relaxation in
mucilage indeed corresponds to 1/T1zwater. The linear relation-
ships suggested that the polymer network got denser with an
increase of the concentration but that its arrangement did not
change in this concentration range. 1/Tymyc (010 + 0.02 nn s 1)
was not as significantly affected by variations of the mucilage
concentration as 1/Ty myc (0.41 =0.02 M s 1). This observation is
consistent with the proton relaxation mechanisms in biohydrogels
reported in the supporting information. In comparison, Ablett
et al. observed that for agarose, the LRR decreased nonlinearly
with decreasing polymer concentration below 1% (w/w) [22].
Ablett et al. concluded that the super junction regions became
unstable and broke into smaller units at low polymer concentra-
tions. These ones probably depend on the polymer, as the relax-
ation rate for mucilage increased linearly from 0.1 to 1% (w/w).
The biopolymer divided in its sugar monomers would not affect
the relaxation rate as strongly: the monomers can diffuse freely in
the solution, so the surface relaxation is almost non-existent for
small molecules as the “rigidity” of the monomer is very small.
This implies that the dependence of the relaxation rate on the
polymer concentration was a gel effect, as it was due to the
polymer matrix.

3.2. Glass beads and sand mixed with water and mucilage

Fig. 1b shows the LRR in glass beads mixed with water (GB-
water) and mixed with mucilage (GB-mucilage) as afunction of the
reciprocal of the glass beads diameter (1/Dgg). The LRR (1/T1c5)
increased linearly with 1/Dgg for GB-mucilage (r > 0.99, P < 0.05)
and GB-water (r %0.98, P < 0.05) (Fig. 1b). Values of the y-intercept
(046 = 007 s 1) and the slope for GB-mucilage (64.78 +
7.35 nn s 1) were higher than for GB-water (0.44 + 0.07 s * and
46,60 +720Mn s 1) (Fig. 1b). This suggests that the presence of
mucilage accelerates the proton relaxation.

Influence of the bichydrogel on the pore size (b/Dgg) (see
supporting information for the formula), the bulk relaxation rate
(1/Tpuik) and the surface relaxivity (rgg) was investigated. For this,
the LRR of GB-water (1/T16a-water} @and of GB-mucilage (1/T16e-muc)
were expressed as a function of the parameters by/Dgg, 1/Tpuk and
I'eg (Equ. 1 and 2).
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Fig. 1. (a) Linear dependence of LRR and TRR on the mucilage concentration. LRR (b) and TRR {c) for GB-mucilage and GB-water as function of the reciprocal of the GB diameter. (d)
Difference between the TRR and LRR for GB-mucilage, GB-water, sand-mucilage and sand-water as function of the GB diameter reciprocal.
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The y-intercept of GB-mucilage (0.46 + 0.07 s 1) (Fig. 1b) cor
responds to the bulk relaxation rate of mucilage according to
equation (4), and was slightly higher than the one for GB-water
(0.44 £ 0.07 s 1). As dlass beads of the same diameter had the
same water content, the total volume of the sample did not change,
so the pore size was the same for GB-mucilage and GB-water. Water
in gel has a longer rotational correlation time, so the water at the
surface of the glass beads in GB-mucilage should have more time to
relax than water in GB-water, which would lead to I'gg-muc > lNes-
water- This hypothesis is supported by the experimental data shown
in Fig. 1b, as the slope of the regression line for GB-mucilage was
larger than for GB-water.

Fig. 1c shows the TRR in GB-water (1/Tocs water) @nd in GB-
mucilage (1/T2ce-muc) @ a function of 1/Dgg. The TRR (1/Tacg)
was higher than the LRR (1/T1gg) and increased linearly with 1/Dgg
(P < 0.05). The slope and the intercept were higher for 1/Tage-muc
(166.84 =932 N s %; 0.81 = 0.09 s ) than for 1/Tacs water
(11550 =944 mMns ;052 £0.09s 1) (Fig. 1c). The value of the y-
interceptin Fig. 1c corresponds to 1/T2 pulkwater for GB-water, and to
1/T2 buik,mue for GB-mucilage. The difference between 1/T2 pulk,muc
and 1/T2 pulkwater 1S larger than between 1/Tipyk, muc and /Ty
bulkwater, and comes from the relaxation mechanism in pure
mucilage (Fig. 1a).

At this point, the gel effect for 1/Tige muc and L/Tacemuc IS
traduced by an increase of the bulk relaxation rate, defined here as
accelerated bulk rdaxation, and by a strong increase of the surface
relaxivity, defined here as accelerated surface relaxation. Unimodal
relaxation in pure mucilage and uniform distribution of the muci-
lage in the glass beads ensured the observed accelerated bulk and
surface relaxation to be pure gel effects.

However, it is difficult to determine the presence of a bio-
hydrogel in an unknown sample only by examining the 1/T;
and 1/T, values. The ratio between the slopes of 1/Trgs-water
and 1/T1cp-water regression lines was found to be nearly the same
as the ratio between the slopes of 1/Taga-muc and 1/T16B-muc
regression lines (Table 1). This equality suggests that the mecha-
nism increasing the TRR in comparison to the LRR was the same for
GB-water and GB-mucilage.

Therelationship between TRR and LRR (Table 1) enabled 1/T>ag.
water aNd 1/T26e-muc to be expressed as a function of a1 according
to equations (3) and (4), where arz/r is the ratio between the TRR
and LRR slopes:

1 1 b
T Vag P les watery_— %M (3)
2GB water 2 bulk;water GB
1 1 b
Ya r $D— (4)
T2GB muc T2 bullkmue b Toa muc GB S

The difference between the TRR and LRR highlights the
accelerated bulk relaxation and the accelerated surface relaxation
(Equ. 5):

1 1, 1
= Sy, -
T2 Ti Tapuk
Fig. 1d shows the difference between the TRR and LRR as a
function of 1/Dgg. The y-intercept and slope of the regression line

for GB-water (r > 099, P < 0.05) and GB-mucilage (r > 0.99,
P < 0.05) corresponded respectively to 1/T> puie  1/T1 puik and to

Lt

(5)
T1 bulk

1
bb$ aps 1 QGB$—D
GB

Tablel
Ratio between the slopes of the TRR and LRR (ar;
11) for GB-water and GB-mucilage.

arzm
GB-water 248
GB-mucilage 247
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b (azm -1 reg (Equ. 5). Accelerated bulk relaxation was
expressed in the y-intercept of GB-mucilage (0.35 + 0.08 s 1),
higher than the y-intercept for GB-water (0.07 £0.04s ). Asarm
and b are the same for GB-mucilage and GB-water, accelerated
surface relaxation was expressed in the slope of GB-mucilage
(102.06 + 816 nm s ), which was stronger than the slope of GB-
water (6890 = 3.66 m s 1). Both accelerated bulk relaxation and
accelerated surface rdaxation are expressions of the gel effect.

The same experiment and analysis were done for one coarse
sand, whose particle size distribution was previously known. Asthe
surface relaxivity of sand was stronger, the LRR and TRR of coarse
sand were higher than the ones of glass beads for the same grain
diameter. Nevertheless, 1/T2sand-1/T1sand fOr sand-mucilage was
higher than for sand-water. The highlight of the gel effect with the
difference between TRR and LRR worked also for sand. Although
sand is a very simplified soil system, the results set a first step for
the decoding of the gel effect in natural soil samples.

4. Conclusions

Acceleration of the proton relaxation in pure mucilage led to an
acceleration of the proton relaxation in mucilage-containing model
soils, due to an increase of the bulk relaxation rate and of the sur-
face relaxivity. Therefore, knowledge from proton relaxation in
biohydrogels proves to be necessary to assess the influence of the
biohydrogel on the proton relaxation in biohydrogel-containing soil
systems. Further understanding of the gel effect in soil requires an
investigation with a larger spectrum of biohydrogels. Finally,
measurement of several concentrations of mucilage mixed with soil
waould help to clear out in which scope the polymer affected the
surface relaxivity in the mucilage-containing soil system.
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ARTICLE INFO ABSTRACT

Soil-born exudates such as mucilage are known to affect soil physicochemical properties. Characterization of the
gel properties of mucilage at the pore-scale is necessary to gain mechanistic understanding of the underlying

Handling Editor: Ingrid Kogel-Knabner

Keywords:

Me::i’lage processes leading to changes of soil properties. Yet, mucilage intrinsic properties' complicate its in-situ detection.

Pore size Longitudinal and transverse magnetic relaxation rates measured with "H Nuclear Magnetic Resonance (NMR)

'H NMR relaxometry relaxometry have the potential to study mucilage-water interactions in-situ as they are sensitive to restricted

sve' effeﬂb'l‘ molecular motion of water protons in biohydrogels. However, the relations between water mobility and bio-
ater mobility

hydrogel properties in porous media have remained unknown until now.

In this study, the mobility of water molecules in chia seed mucilage in porous systems was systematically
investigated by means of 'H NMR relaxometry. Chia seed mucilage was used as it has hydrogel properties shared
by a range of biological hydrogels found in soil. Glass beads of several sizes were used to study the influence of
the pore size on the NMR signal.

A conceptual model based on the equations describing the relaxation of water protons in porous media was
developed to integrate these gel effects into the NMR parameters. The increased rigidity of the polymer network
and its organization in the pore space, which depended on the particle size and the mucilage concentration, were
assessed as the gel effects significantly affecting the bulk relaxation. Our approach, which combines the use of
NMR along with other imaging methods, is a promising strategy to detect and characterize the properties of
biohydrogel in porous media.

properties, in-situ studies focusing on the properties of mucilage at the
pore scale are necessary (Albalasmeh and Ghezzehei, 2014; Brax et al.,

1. Introduction

Due to its gel-specific properties, mucilage can modulate several soil
physicochemical properties, such as soil water holding capacity or soil
hydraulic conductivity (Ahmed et al., 2014; Carminati et al., 2011).
Gels are characterized by high water contents, swelling and shrinking
induced by moisture dynamics and viscoelastic properties (Brax et al.,
2017; Capitani et al., 2015). The complexity of biohydrogel-soil inter-
actions requires the understanding of simple systems, and coarse sand
has been mostly used as artificial soil (Ahmed et al., 2014; Carminati,
2012; Gregory, 2006; Kroener et al., 2014; Zarebanadkouki et al.,
2012). Recent studies showed that the particle size plays a role in the
extent to which soil-water-mucilage interactions affect the percolation
threshold or the stability of aggregates (Ahmed et al., 2016; Albalasmeh
and Ghezzehei, 2014; Kroener et al., 2018). To elucidate the pore-scale
processes, which are at the origin of changes of soil macroscopic

* Corresponding author.
E-mail address: schaumann@uni-landau.de (G.E. Schaumann).

https://doi.org/10.1016/j.geoderma.2019.01.013

2017).

Recent advances in imaging techniques enable one to visualize the
physical environment around the roots (Helliwell et al., 2013). Low-
attenuation contrasts between water and biohydrogels make it difficult
to image mucilage in porous systems with magnetic resonance imaging
(MRI), X-ray computed microtomography (uCT) or neutron imaging
(Brax et al., 2017). The addition of contrasting agents in biohydrogels is
a method to overcome this limit (Davit et al., 2011), but still stays in-
vasive. "H NMR relaxometry is emerging as a suitable method to dif-
ferentiate mucilage from water in porous media, as biohydrogels reduce
the transverse and longitudinal relaxation time of proximal water
protons (Bayer et al., 2010; Brax et al., 2017; Brownstein and Tarr,
1979; Codd et al., 2011).

The asset and at the same time the difficulty of "H NMR relaxometry
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Fig. 1. Visualisation of bulk relaxation and surface relaxation in a pore filled with water (a) and the same pore filled with a polymeric network (b).

in porous systems come from the multitude of factors affecting the re-
laxation time, such as pore size, swelling of soil particles or para-
magnetic inhomogeneity (Bayer et al., 2010). What is more, biohy-
drogels can change soil pore connectivity or effective pore size (Jacger
et al., 2006; Todoruk et al., 2003), Therefore, characterization of bio-
hydrogels in porous systems first necessitates the use of simple model
systems, such as glass beads or sandstone, in which the gel is homo-
geneously distributed (Brax et al.,, 2018; Sanderlin et al., 2013). Until
now, most 'H NMR relaxometry studies on biohydrogels in porous
media have focused on biofilms, although some studies have been
published about synthetic hydrogels in porous media (Buchmann et al.,
2015a, 2015b; Buchmann and Schaumann, 2017).

NMR studies on the transverse relaxation of 'H spins of water in
porous media (Fig. 1a) typically focused on the influence of the surface
relaxivity and of the diffusion gradients on the overall relaxation be-
havior of the medium (see supporting information for definition)
(Godefroy et al., 2001; Kleinberg et al., 1994). However, the presence of
biohydrogels in the pore space changes the fingerprint of the bulk re-
laxation, which must be taken into consideration in this case (Fig. la-b)
(Kirkland et al., 2015). Biofilm growth within the pore space enhanced
the weighted average of bound and free protons and shifted the re-
laxation to shorter times (Codd et al., 2011; Jaeger et al., 2010). Most
studies on the influence of biofilms in porous media measured the
transverse relaxation time (T2) with one or two-dimensional experi-
ments (Bayer et al.,, 2010; Codd et al., 2011; Sanderlin et al., 2013).
Until now, longitudinal relaxation (7)) distributions of biohydrogels in
soil have not been much investigated, though Bayer et al. (2010} sug-
gested helpfully the combination of T; and T to discriminate between
the effects of water mobility and the ones of pore size distribution in
biohydrogel-containing porous media. In alginate, cellulose derivate or
mucilage, T decreased actually stronger than T} due to a reduced ro-
tational mobility of the water protons in the hydrogel (Brax et al., 2018;
Degrassi et al., 1998; Fyfe and Blazek, 1997).

In biohydrogel-containing porous media, water is entrapped in a
hierarchical porous structure consisting of the polymer network, itself
surrounded by the pore walls (Fig. 1b). As each bichydrogel has its own
relaxation time fingerprint (Hills, 1992), it is necessary to characterize
the relaxation of water protons in the biohydrogel in order to better
assess the biohydrogel-induced shift of the relaxation time in porous
media. The mucilage concentration range in the rhizosphere was esti-
mated to vary between 0.1 and 1.0 wi% (Carminati and Vetlterlein,
2013). In this range, the longitudinal relaxation rate (R;) (1/T; pue) and
the transverse relaxation rate (Ra) (1/Ta p,o) of free chia seed mucilage
varied linearly with the mucilage concentration multiplied by a factor,
which we will call G*; 5 p (Brax et al., 2018).

1
= + Giapetu
Tiamwe Tizew " “ (1)

The subscript 1,2 refers to B, and to R; respectively, the subscript
BW stands for bulk water and the subscript B on the @ factor indicates
that mucilage is in the bulk phase. Rz was reported to depend stronger
on the mucilage concentration than R;, as G*z g (0.41 = 0.02wt

%15~ 'y was higher than G*; 5 (0.10 £ 0.02wt% 's~ 1) (Brax et al,,
2018). The polymeric network effect G* ; p is defined as the dependence
of the relaxation rate on the mucilage concentration. In the preliminary
work to this study, Brax et al. (2018) studied the proton relaxation in
glass beads of several sizes mixed with water and with chia seed mu-
cilage at one mucilage concentration of 0.5wt% (corresponding to
500mg dry mucilage in 100 g water). The water content in the glass
beads mixed with mucilage (GB-mucilage) was set the same as in the
water-saturated samples (GB-water). It was shown that the influence of
mucilage on the relaxation rate, also called “gel effect”, could be
quantified by using the equations describing the relaxation of water
protons in a porous medium. The gel effect expressed itself by an ac-
celerated bulk relaxation and an accelerated surface relaxation (Fig. 1b)
(Brax et al., 2018).

Still, it is not clear how strong these two gel effects vary with the
mucilage concentration, and how relevant they are to describe mu-
cilage at the pore scale. Our aim was to further quantify the gel effect on
the NMR parameters, in order to be finally able to describe the way gel
affects the molecular mobility of water in porous media. This would
help us to deduce how the water mobility reflects the gel properties in
porous media, Therefore, we measured R, and R, of GB-mucilage for
mucilage concentrations between 0.1 and 1.0 wt%. Mucilage was mixed
with glass beads of various sizes. Our approach was double-sided: on
one hand, we hypothesized that the mucilage concentration influenced
quantitatively and proportionally the NMR parameters. For this, we
modified the equations describing the relaxation of water protons in the
pore space under the assumption of a fast-diffusion regime (see below)
and developed a conceptual model incorporating the gel effects iden-
tified by Brax et al. (2018) (Eq. (6)). On the other hand, we also hy-
pothesized that the mucilage polymer network organized differently
according to the pore size and expected the NMR gel effect parameters
to reflect this difference.

2. Theory and conceptual model
2.1. Relaxation in porous systems

In porous systems and under the assumption of a fast-diffusion re-
gime, R; and Rz are determined by the bulk relaxation rate (1/Tg) and
by the surface relaxation rate (1/Ts), and 1/Ty is defined by the surface
relaxivity (p) and the surface-to-volume ratio (5/V) (Fig. la)
(Brownstein and Tarr, 1979; Godefroy et al., 2001), In a fast-diffusion
regime, water molecules can transit the pore several times before their
relaxation and the magnetization decay is spatially uniform. The dif-
fusion relaxation rate 1/Tz, originates from molecular diffusion in in-
ternal magnetic field gradients and additionally affects Rz, but not Ry as
no energy exchange is involved (Brownstein and Tarr, 197%). Internal
field gradients are negligible at small echo time t; and small magnetic
field strengths (Dunn et al,, 2002),

11 1 [L]
Tizwe  Toaswe  Toasiwe\ Top (2)
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The subscript WP refers to a porous media filled with water. The surface
relaxivity describes the efficiency of the particle surface to enhance
longitudinal or transverse relaxation (Brownstein and Tarr, 1979). The
surface to volume ratio is a measure of the pore size and is directly
connected to the diameter of the particles (Dgg) with the constant f8 for
simple shapes (Eq. (2)) (Kleinberg, 1996).

1 S )

= 0‘7 = 'cloDGB

T asrwe

(3)

Low-field NMR has proven to be better adapted to the detection of
biofilm in porous media than high-field NMR: the high susceptibility
gradients inherent to high-field NMR dominate the T, distribution and
prevent the detection of biofilm in porous media with strong suscept-
ibility gradients (Codd et al., 2011; Sanderlin et al., 2013).

2.2, Relaxation in biohydrogels

The surface in biohydrogel corresponds to the polymer junction
zones and cross-links (Belton et al., 1988; Chui et al., 1995). Surface
relaxation is the predominant factor controlling the relaxation of water
protons in hydrogels, and proton chemical exchange between the water
protons and the exchangeable protons of the polymer is the most im-
portant surface relaxation mechanism (Li et al., 1999). There is a rapid
exchange between the water molecules tumbling freely and the ones
“chemisorbed” to the polysaccharide surface, and the measured re-
laxation time is weighted by the relaxation times of these two proton
pools (Belton et al., 1988; Liisse and Arnold, 1998}, The transverse or
spin-spin relaxation differs from the longitudinal or spin-lattice re-
laxation as it depends on direct interactions between the spins without
energy transfer to the lattice. As it is mainly affected by the rotational
correlation of the water molecules, the spin-spin relaxation monitors
the conformation and mobility of the polysaccharide. The mobility of
water molecules in direct vicinity to the polymer backbone is affected
by reorientation processes of these water molecules, with respect to
their physicochemical interactions with the polymer and to the mobility
of the polymer backbone (Liisse and Arnold, 1998). Thus, the relaxation
behavior of water molecules in biohydrogels is expected to change from
polymer to polymer due to different polymer mobility and water
binding properties (Shapiro, 2011).

2.3. Conceptual model describing the gel effect on the NMR parameters

In a porous system, in which gel is homogeneously mixed with the
particles, the gel fills the pores and covers the surface (Fig. 1b). If the
gel polymer network within the pore has the same three-dimensional
(3D) organization as the free gel polymer network, the bulk relaxation
rate measured for the gel in porous media (1/T; 2 5,6e) should be equal
to the relaxation rate of the pure gel. As the gel is surrounded by the
pore walls, the network probably reorders to better fit into the given
pore space. We hypothesize that this rearrangement additionally affects
the bulk relaxation rate for gel in porous media (1/T; ; g,gp) and call it
the matrix confinement effect (X1 » pc). Accordingly, 1/T; » pcp depends
on the gel relaxation rate (1/T 5 py) as expressed in Eq. (1), and on the
matrix confinement effect:

1 1

Gy ap o Crpe + X122

+ U220 1,2 MC (@)

The subscript GP indicates a porous media filled with gel, and the
subscript MC refers to the matrix confinement effect. A bichydrogel-
containing soil can hold more water than the same soil without bio-
hydrogel at saturation and has, therefore, larger pores than its water-
containing equivalent (Chenu, 1993). The type of polymer, its con-
centration, the soil particle size and its clay content are all factors af-
fecting gel-induced pore expansion (Buchmann and Schaumann, 2017;
Chenu, 1993; Kroener et al., 2018; Meyer et al., 2018). Besides, it is not
clear how gels swell in the pore system, for example if they undergo

Tiamar  Toew
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expansion into or movement within the pore system. Gel swelling into a
cavity is subject to external pressure, which results in an increase of the
gel swelling pressure but in a decrease of its equilibrium swelling de-
gree (Kazanskii and Dubrovskii, 1992). To the best of our knowledge, it
is not known yet how far external factors specific to field conditions
such as confining forces restrict pore expansion coming from soil or-
ganic matter and biohydrogel swelling.

In this study, we focused on the quantitative comparison of the
water mobility between porous media filled with mucilage and filled
with water for several defined particle sizes. For this, the porosity of
GB-water and GB-mucilage needed to be similar. For each particle size,
the same volumetric amounts of water and mucilage were mixed
homogenously with the glass beads. This way, the samples were ex-
pected to be under saturated conditions with no swelling effect, and the
porosity of GB-water and GB-mucilage was assumed to be similar.
Consequently, we hypothesize that an increased surface relaxation in
GB-mucilage results from a stronger surface relaxivity: water in gel has
a longer rotational correlation time due to interactions with the
polymer (Belton et al., 1988; Hills, 1992), so water protons should have
more time to relax at the surface of the particles in comparison to water
protons not affected by a polymer network (Brax et al., 2018). The
surface relaxivity for gel in porous media (p; » zp) was hypothesized to
depend on the glass beads' surface relaxivity measured in water (p; -
we) and on an additional parameter (p;_ 2 ..) depending on the increase
of the rotational correlation time r..

(5)
According to our hypotheses, the combination of Eqgs. (2)-(5) de-
scribes R; and R» of biochydrogel in porous media:
1 1

Tiier  Tzew

Prage = Prawe T Piaw

+ B
+ Grogrtuue + Xiome + (Prawe + Proe )®
Dig

(6)

In order to test these hypotheses, R; and R. were plotted as a
function of the GB size and of the mucilage concentration to con-
secutively extract and study the polymeric network effect G*; » g, the
accelerated surface relaxivity p; »ge and the matrix confinement effect
X2 me-

3. Material and methods
3.1. Mucilage preparation

Due to the experimental difficulty to isolate substantial amounts
from root mucilage (Zickenrott et al., 2016), chia seed mucilage (Salvia
hispanica L.) was used: It is easily available in great quantities and
shares gel properties such as viscosity relevant to seed, root and mi-
crobial exudates in soils (Naveed et al., 2017; Sutherland, 2001). Chia
seed mucilage was collected according to the method of Ahmed et al.
(2014) and consecutively frozen with liquid nitrogen and freeze-dried.
Distilled water was added to the freeze-dried mucilage for it to reswell
at concentrations between 0.1 and 1.0 wt%. The samples were left at
rest for 48 h prior to further use for the mucilage to swell completely.

3.2, Glass beads samples preparation

The particle size distribution of the four glass bead particle sizes
(soda lime, MHG Strahlanlagen GmbH) was verified under the micro-
scope. For this, glass beads were spread on a glass slide covered with
double-sided adhesive tape. Diameters of the glass beads were mea-
sured by means of an ocular micrometer to a get a significant statistical
size distribution. The maximal water holding capacity (WHC,..) was
measured by saturating the samples (three replicates) with the capillary
force under free drainage.

The glass beads were washed successively with 2M HCI and dis-
tilled water and were oven-dried at 105°C for 24 h. 2 mL of water or
chia seed mucilage (0.1-1.0 wt%) were mixed homogeneously with the
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Table 1
Particle size and maximal water holding capacity (WHC,,,,,) of the glass beads
(GE).

GR2Z000 GB350 GE150 GBS
Particle size (um) 2103 = 29 338 = 44 157 + 19 54 + 10
WHC,., % (w/w) 245 + 0.9 253 + 08 262 + 0.1 26.2 + 0.6

glass beads in an Eppendorf tube (sample height ca 7 cm, Eppendorf
diameter = 1.5 cm), in such a way that the GB-mucilage samples had
the same water content as the saturated GB-water samples (Table 1).
The samples (three replicates of each) were sealed and stored 48 h prior
to the measurements.

3.3. "H NMR relaxometry measurements

3.3.1. Influence of internal field gradients on the reloxation rate

"H NMR relaxation data were all collected with a Bruker Minispec
MQ at a magnetic field of 0.176 T (proton Larmor frequency of
7.5MHz). Mitchell et al. (2010) estimated that the largest Larmor fre-
quency at which relaxation from spin diffusion in internal magnetic
field is excluded, is 15 MHz for echo times tg ranging from 2 to 40 ms.
The magnitude of the diffusion relaxation term I/Tap in the NMR re-
sponse of a sample can be determined by measuring the dependence of
E: on iz To confirm the assumption of Mitchell et al. (2010), a pre-
liminary test was carried out by measuring R» of GB350 saturated with
water with a Carr-Purcell-Meiboom-Gill (CPMG) experiment as a
function of increasing &p (0.1-1.2ms) (Keating and Knight, 2006).
Number of scans was 8 and repetition time was set at 10 s to ensure that
the samples had returned to thermal equilibrium prior to the start of the
pulse sequence. Number of 180° pulses ranged between 50,000 and
10,000 depending on tz. Variation of tx did not affect Rz, which re-
mained constant at 0,80 = 0.05s~ ", In this study, the effect of the
diffusion relaxation term on R in this range of t; is negligible and
agrees with the results of Keating and Knight (2006) and Mitchell et al.
(2010).

3.3.2. Comparison between 10D and 2D measurements

A further preliminary test was conducted to investigate the potential
for systematic errors in the results obtained with two-dimensional (2D2)
T,-T; correlation experiments (Song et al., 2002) in comparison to the
results generated by using a conventional CPMG pulse sequence
(Meiboom and Gill, 1958) and inversion recovery (IR) pulse sequence
(Void et al., 1967). The measurements were performed on glass beads
of two different diameters saturated with 2 mL water. For the 1D and
2D measurements, ty was 0.3 ms, the repetition time was set at 105 and
gain was 77 such that 80% signal intensity was achieved. Number of
scans was § for the 1D measurements to ensure a sufficiently high
signal-to-noise ratio. Number of 180" pulses ranged between 15,000
(GB90) and 40,000 (GB350) for the CPMG measurement. Inversion
time for the inversion recovery (IR) measurement was between 0.3 ms
and 15 s with 26 values of T;. In the 2D correlation measurement, an IR
experiment was combined with a simultaneous CPMG pulse sequence
(Song et al., 2002). The number of scans was 4 to limit the measure-
ment time to 45 min per sample. CPMG signals were collected for 34
logarithmically spaced values of T, with an IR time between 0.3 and
3.67 s for GB90 and 0.6 and 7.3 s for GB350. Number of 180° pulses
ranged between 15,000 (GB20) and 20,000 (GB350). The results pro-
vided by the 1D and 2D measurements and subsequent data exploita-
tion were the same in the range of the standard deviation for the long
R; and R values of GB90-water and for the short R; and Ry of GB350-
water (see figure in the supporting information). Therefore, no sys-
tematic error was produced from the T,-T2 correlation measurement or
from the 2D-ILT in this study.
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3.3.3. 2D measurements of the GB-water and GB-mucilage samples

In the 2D correlation experiments carried out for the GB-water and
GB-mucilage samples, the IR sequence was composed of 34 logarith-
mically spaced values of T, with an inversion recovery time between
0.6ms and 7.3 s. Number of 180° pulses ranged between 1200 (GB55)
and 9000 (GB2000) with tz = 0.6 ms. For each experiment, a repetition
time of 108, 4 scans and a gain of 77 were selected.

3.3.4. Data analysis

All samples were measured in triplicates. CPMG and IR decay curves
were analysed with Inverse Laplace Transform (ILT) applied with
MATLAB 7.7.0 (R2008b) using the Butler, Reeds and Dawson algorithm
(Butler et al., 1981) to generate a relaxation time distribution consisting
of 200 exponentially spaced time constants with their associated am-
plitudes set from 0.1 ms to 10s (Jacger et al,, 2010). Residual analysis
showed that the least deviation occurred for a weight factor of 0.01.
The Ty-Ty correlation maps were obtained with a 2D numerical ILT
software provided by Bruker BioSpin and based on the Schlumberger
algorithm (Song et al., 2002), The weight factor was set at 1179.77. The
samples were assumed to be in the fast diffusion regime so that diffu-
sion between pores could be neglected as each sample exhibited posi-
tive signals below the diagonal (Song et al., 2014). The T;-T> maps and
the relaxation time distributions from the 1D measurements were all
characterized by one main narrow peak. Thus, R; and Ry characterizing
each sample were obtained by calculating the average of the three
corresponding T; and T with the highest signal intensities (Buchmann
and Schaumann, 2017; Venkataramanan et al., 2002). R; and R, were
statistically analysed by linear regression and correlation analyses.
Variability within the three replicates was presented as the standard
deviation. Calculations and figures were made using Microsoft Excel
2007. All raw data are published in Mendeley (http://dx.doi.org/10.
17632/52f4t38d9h.1).

3.4. Pulse-field gradient (PFG)-NMR measurements

Description and results of PFG-NMR measurements are in the sup-
porting information.

3.5. Environmental scanning electron microscopy (ESEM)

The preparation of the ESEM samples aimed to reduce the possible
changes in the structure of the polymer network. For this, GB55 and
GB350 mixed with 0.1 wi% and 1.0 wt% mucilage were immersed into
liguid nitrogen prior to freeze-dryving to avoid a glass transition of the
polymer and to preserve the original structure of the mucilage network
from the wet in the dry state. ESEM images were taken with an FEI
Quanta 250 ESEM (FEI Company Hillsboro, United States) under low
vacuum with chamber pressures between 60 and B0 Pa. A large field
detector was used with an acceleration voltage between 12.5 and 15kV.

3.6. X-ray computed microtomography

The inner spatial structure of GB350 mixed respectively with water,
0.1 wt% and 1.0 wt% mucilage was analysed by pCT using an industrial
scanner (X-Tek XT H 225, Nikon Metrology GmbH). For preserving a
good contrast, a relatively low voltage of 90 kV and a current of 205 pA
were applied and no filter was used. An entire uCT scan comprised 2000
projections at an exposure time of 708 ms and took 25 min. The flat
panel X-ray detector (PerkinElmer 1620) with 1750 by 2000 pixels
captured the images at a spatial resolution of 9 pm and 8 bit grayscale
resolution. The reconstruction of three-dimensional images via filtered
back projection was done using the CT Pro 3-D software package
(version 3.1, Nikon Metrology). Only the middle part of the vials was
captured due to the limited size of the field of view. This corresponded
roughly to one third of the total sample volume of about 8 cm?, and an
inner cylindrical region of interest (ROI) of 1.5 to 2 em® was analysed
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out of it to exclude wall effects in the images,

3.7, Image processing and analysis

Image analysis was conducted to analyse the three-phase system
composed of glass beads, water/mucilage and air, From the image
analysis, the size distributions of particles, pores, and air bubbles within
the pore space were calculated. The image processing workflow was
done using the Image-J software package (Schindelin et al., 2012).
Noise was first removed with a nonlocal means filter (Tristin-Vega
et al., 2012). Next, the thresholds segmenting air, water/mucilage and
particles were manually set based on visual comparison of the filtered
grayscale image and the segmented image. This manual segmentation
gave more consistent results than our usually applied combination of
different histogram evaluation methods (Schltiter et al., 2014), Markov
random field segmentation was then used for image segmentation
(Kulkarni et al, 2012), Finally, Euclidean distance mapping as included
in the “Local Thickness Plugin” in ImageJ (Dougherty and Kunzelmann,
2007) was applied to the segmented binary CT images to obtain pore
size distributions,

4. Results and discussion
4.1. Structure of the mucilage network in porous media

Fig. 2 shows the ESEM pictures of N (1) freeze-dried GB55 mixed
with 0.1 wt% (Fig. 2a) and with 1.0 wt% mucilage (Fig. 2b).

Lone discrete polymer strands depicted by the white lines were
sparsely distributed on the surface of the particles in GB55 mixed with
0.1 wt mucilage. They appeared to be more abundant with branched
structures in GB55 mixed with 1.0 wt% mucilage. Whereas no polymer
network was visible in the pore space in GB55 mixed with 0.1 wt%
mucilage, polymer strands linked the particles in GB55 mixed with
1.0 w96 mucilage and a porous pelymer network was only observed in

GB55

GB350

100 ym

0.1 wt% mucilage

Geoderma 340 (2019} 269-278

the biggest pore (top left), Instead of covering the particle surface as in
GB55 mixed with 0.1 wt% mucilage, the polymer agglomerated in the
pore space in GB350 mixed with 0,1 wt% mucilage and formed a clear-
cut network seemingly brittle, 1t is not clear from the picture whether it
was attached to other beads or not. In GB350 mixed with 1.0 wt%
mucilage, the polymer built a dense organized porous network in the
pore space, whose extremities appeared to take anchor at the surface of
the particles.

Imaging dry hydrogel networks with the ESEM is subject to arte-
facts: Ice crystal formation during the freeze-drying step and aggrega-
tion or collapse of the pelymer network under vacuum cannot be dis-
carded (Hills et al., 2000; Mao et al,, 2001). Although shock-freezing
directly followed by freeze-drying reduces the formation of ice crystals
in comparison to slow freezing (Belton et al., 1988; Hills et al,, 2000),
information from the images must be considered cautiously, GB55 and
GB350 had similar water content (Tabie 1), but GB5S had more and
smaller pores than GB350. Nevertheless, mucilage was distributed
homogeneously within both systems. As mucilage is a shear-thinning
gel at these concentrations (Capitani et al., 2015), ie. its viscosity de-
creases under shear strain, the polymer chains are flexible and de-
formable and have the capacity to change their conformation to adapt
to the pore space. Fig. 2a-d suggested that the organization of the
polymer network was pore size dependent: it extended in discrete
strands at low concentrations and built bridges between the particles at
higher concentrations for GB55. The higher number of pores of GB55
implies a lower amount of polymer per pore, which probably prevents
polymer agglomeration and explains the absence of porous network in
most pores, Another reason could be that the optimal size formed by the
polymeric network is bigger than the available space between GB55
particles. In fact, already at low mucilage concentration for GB350, the
polymer takes advantage of the pore space to expand and form an or-
ganized structure, The polymeric meshes gain in structure and density
with increasing mucilage concentration. Finally, in GB55 and GB350
mixed with the highest mucilage concentration, the polymer strands

1.0 wt% mucilage

b)

400 pm

Fig. 2. ESEM pictures of GB55 mixed with 0.1% (a) and 1.0% (b) mucilage, and of GB350 mixed with 0.1% (¢) and 1.0% (d) mucilage.
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samples,

seemed to grip the surface of the particles and thus may have strained
the network across the pore and increased its rigidity.

The ESEM pictures of the glass beads suggested qualitatively that
the polymer network depends on the particle size and varies with the
polymer concentration. If so, these variations of the polymer network
should affect the water mobility expressed by the relaxation rate.

4.2, Water mability in porous gystems [illed with warer and mucilage

According to Eqgs, (21 and (3), the relaxatlon rate is expressed as a
function af the reciprocal particle diameter. By (Fig. 3a) and Bz (Fig. 5h)
of GB-water and GB-mucilage from the 20 experiments were therefore
plotted as a function of the reciprocal glass beads diameter, In Fig, 3a,
R; increased with the mucilage concentration for the two larger glass
beads. Ry of GB150 decreased slightly for concentrations until 0.5 wi
and jumped to a higher relaxation rate for the highest concentration. B,
decreased with increasing mucilage concentration for GBSS. Corre-
sponding Rz behaved differently than R;: increasing mucilage con-
centration lead to higher R; for all glass beads, though the strength with
which Rz increased varied with the particles’ diameter,

The two gel effects identified by Brax et al. (2018) predict higher
relaxation rates when mucilage replaced water in a porous system due
to an Inerease of the bulk relaxatlon amd of the surface relaxivity, The
diverging tremds between By and Rs for the smallest glass beads suggest
the existence of distinct processes affecting By and s differently. A
solid-like relaxation behavior characterized by slow By coupled with
fast Ry for the smallest beads at high mucilage concentration is unlikely:
For the same volume and concentration of mucilage mixed with the
glass beads, there is less polymeric material in the small pores of GBS5
than in the big pores of GB350, Another explanation for the unexpected
decrease of B; with increasing mucilage concentration might be a dis-
tortion of the pore size distribution in GES5. Swelling of bichydrogel or
organic matter in soil was shown to result in an expansion of the small
pores and thus to a shift of the relaxation rate (Jaeger ef al, Z010;
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Meyer et al., 2018; Todoruk et al., 2003). However, the effect of the
increase of the polymer concentration on the pore size distribution by
constant water content is not clear and has not been yet investigated to
the best of our knowledge. By constant water content, mucilage at high
concentration might push the beads aside to create bigger pores, in
which the polymer network can expand. This distortion of the pores
would affect GBSS stronger than the bigger glass beads. One reason
could be that the pares in GRS5 being much smaller than those of the
bigger beads, the urge of mucilage to expand is stronger In the smaller
pores than in the Blgger pores. Another reason could be that the smaller
volume and lighter weight of GBSS make it easier for mucilage to push
the particles asides. This distortion of the pores would have occurred
although our aim was to have the same pore size distribution for the
GB-water and GE-mucilage samples at all mucilage concentrations.

In order to assess a hypothetical change of the pore size, pCT images
were scanned for GBS5 and GB350 mixed with water, mucilage 0.25 wt
%, and mucilage 1.0wit%. The pCT parameters did not permit to dis-
tinguish the particles from water for GES5 due to the limits of resolu-
ticn {supporting information).

Fig. 4a characterized the volumetric pore size distribution (PSD) of
water- and mucilage-filled pores in GB350, and Fig. 4b depicted the
volumetrie size distribution of alr bubbles in GB350, The data presented
pefer to 2000 mm® samples, Considering the vardations within the
samples, the PSD of water- and mucilage-filled pores in GB350 were
similar. Altheugh the diameter of the air bubbles decreased and the
number of the air bubbles increased from GB350 mixed with water to
GB350 mixed with mucilage 1.0 wi?, the air bubbles had no influence
on the PSD of GB350, One effect of the air bubbles could be an addi-
ticnal paramagnetic relaxation from dissolved oxygen in the samples
with more air bubbles. However, additional paramagnetic relaxation
leads to faster Ry (Mirhej, 1965), while the effects observed were a
reduction of RB; and an increase of Bz Another effect of the air bubhles
can be the increase of R, because of magnetic susceptibility differences
arising from the additdonal interfaces (Alexander et al,, 1995), Thus, the
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Increase of Ba despite the decrease of B, for GB35 at increasing mu-
cilage concentration could comve from the Increased sensitivity of Rz to
the mueilage concentration amnd frem the magnetic susceptibility re-
lated to the air bubbles,

Due to its viscosity, hydrated mucilage cannot be mixed with the
glass beads by capillary forces as it can be done for water, Kroener et al,
[2014) applied an alternative method consisting of mixing the swollen
el with the glass beads and drying the mixture in the oven. Once dried,
the samples were watered by capillary rise. This procedure does not
allow the fulfillment of several conditions, which are necessary to study
the samples by means of our conceptual model: all samples must have
the same amount of water, the mucilage eoncentration should not vary
depending on its position in the sample, and the mucilage need to be
hemogenecusly distributed in the pores and at their surface. The ad-
ditlon of a controlled quantity of water to the glass beads and thorough
homogenization of the samples appear therefore as the method of
chodce, Additional application of a suction to get rid of the air bubbles
and to drain the samples to a pendular bridge state could be considered
in a next experiment, given this method does not medify the spatial
distribution of mucilage in the samples,

4.3, Influence of the mucilage concentration on the B, and the Ry for ol
glass beads

The ESEM images (Fiz. 2) suggest the organization of the polymer in
the pore space depends on the particle size. Derivation of the polymeric
network effect G*; 3 » from R; and Ry for each particle size would en-
able verification of thiz aspect and its effect on the relaxation rate. For
this, B; and Rz were plotted as a function of the mucilage concentration
for each particle size. The slope corresponds to the pelymeric network
effect G°; 2 g according to Eq, (6. The linear relationships between By »
and the mucilage concentration were analysed for each particle size by
means of the statistical parameters listed in Table 2.

Ry increased with increasing mucilage concentration for GBE2000,
GB350 and GB150, and decreased with increasing mucilage con-
centration for GBSS, For B, B* and the significance of the proportional
relationship (Pearson R, p) decreased from GB2000 to GB150, B in-
creased with increasing mucilage concentration for all particles. For Rz,
the significance of the proportional relaticnship decreased for GBSS.

The decrease of Ry for GB55-mucilage despite the increase of the
mucilage concentration may come from the formation of bigger pores,
either due to a disturbance because of the multiplication of the air
bubbles or to a distortion of the pores originated by the mucilage itself,

The pelymeric network effects on By (G g) (Fig. 5a) and on the Bz
(6% g) (Fig. 5b) were plotted against the particle diameter. Values of
G*y 2 g in pure mucilage were from Brax et al. (20018), G*z g was higher
than G*; g for pure mucilage. G*; g for glass beads comprised between
150 and 2000 pum was similar 1o G*; 4 for pure mucilage, but G*; g for
GB55 was negative, The particle size affected G 5 differently than G5
u Gy g for GB2000 was similar to 6%y 4 for pure mucilage and then
inereased with decreasing particle size until GB150. G*y » dropped for
GB55.

Combination with the previous results suggests that G*;_» 5 does not
only reflect the polymeric network effect but results from a distortion of

Table 2
Sratistical values charscterizing the linear relationship between the By or the B
and the mucilage concentration for all particle sizes.

GR2000 GEIS) GEL50 GBSS
Ry Pearson R 0.96 0,58 0,59 0.493
R? VR 0,74 .35 (L86
pialue 3.85E-10 1L FIE-D5 9,598-03 2 I5E07
Rz Pearson R 0.97 0,85 0,94 068
R* 0.4 0,91 0,39 .47
Falue 43111 4. 44E00 2.948.0% 3R
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the pores, The negative value of G*; g for GB5S shows that this dis-
tortion affects By more than the polymeric network effect does, The
behavier of G*; g indicates that R, s more sensitive to the polymeric
network than Ry, Indeed, transverse relaxation depends on direct in-
teractions between the spins of the water protons and the ones of the
polymer protons without the energy transfer required for longitudinal
relaxation (Belton et al., 1988)

The increase of G*s p with decreasing pore size probably corre-
sponds to the rearrangement of the polymer in a stiffer network, as
illustrated in Fig. 6. In Fig. &b, the inter-particle pore is several times
larger than the pores formed by the pure mucilage (Fig. 6a) the net-
waork organization of the free polymer and of the pelymer trapped in hig
pores changes little. Fig, 6h could schematize GE2000-mucilage, In
Fig. be, decreasing inter-particle pore affects more and more the orga-
nization of the polymer network: the polymer rearranges (o form
smaller pores. Rearrangement of the polymer network leads to the in-
crease of Ry, The drop of G*; 5 for GBSS is linked with the distortion of
the pores, but alse suggests that the opposite effect took place for very
small particles: the low concentration of polymer per pores combined
with the pore smallness prevents the organization of the polymer in a
network (Fig. 6d).

A4 Influence af the mucilage conceniration on the surface relaxivity and
the matrix confinement effect

In order to investigate how the mucilage concentration affects the
surface relaxivity and the bulk relaxation, B; and Kz were expressed as
a function of the inverse of the GB diameter (Eq, (6)). The statistical
values (supporting information) indicated the linear relationship be-
tween By, Bz and the reciprocal GB diameter were significant for all
mucilage concentrations, According to Egs, (2], (3) and (6], the slope
corresponds to fpy o we for GB-water and to B0p; o we + P12 o) for GB-
mucilage: The slope captures the influence of the mucilage concentra-
tion on the surface relaxivity coupled with the pore size proportional
factor § and was plotted against the mucilage concentration in Fig. 7.

The wvalues of fp for R; lowered with increasing mucilage con-
centration, while the values of fp for Rz stayed similar over the con-
centration range of mucilage.

Previous observations (Figs. 2-5) suggested an increase of the pore
size for the smallest particles at higher mucilage concentrations, This
would imply a drop of the pore size proportional factor § for the
smallest particles (Eq. (31), The overall fpy o would be then subjected te
two opposite trends with higher mucilage concentrations: increase of
P2 and decrease of f. In Fig, 7, the decrease of § seems to influence the
longitudinal S, stronger than the transverse Bpg, for which beth trends
seem to be balanced. These results suggest that p, is more sensitive than
gy to the gel effect. The results also propose that the aceeleration of the
surface relaxation identified by Brax et al. (2013) might not be sig-
nificant to detect and describe mucilage in porous medium: isolation of
@ from # was not possible and the variation of g was shielded by the
decrease of f.

According to Eq. (6], the y-intercepts of By and of Bz as a function of
the reciprocal GBE diameter correspond to the bulk relaxation rates 1/
T1.2 gewe Tor GE-water and 1/T 2 goqp for GB-mucilage, The bulk re-
laxation rates are expressed by 1/T; ; go for GB-water and by 1/Ty 2 &0
we + 01, 28 G + Xo, 2 aae for GBamucilage (Egs, (23, (3) and (6)),
They were plotted against the mucilage concentration in Fig. & By and
Bz of pure mucilage were described by 17T, 2 gaw + Gi, 2 o Comue (B2
(1)) and were plotted on Fig, 8 to highlight G 2 g and X; 2 ye in porous
media.

The slopes for GB-mucilage, (G*; x = 0.23 = 0045 "wt% " and
G p o= 060 * 0065 "wit% ') were higher than the slopes for pure
mucilage GYy g 010 £ 0005 wettp ! and G*;
g = 041 = 0.00s “wt 1), The same trend was observed for the v-
intercepts of GB-mucilage (1/Ty gw + Xy pe = 0,42 = 0,035 and 17
To sw+X: me=047 = 0.0457") and pure  mucilage (1T,
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st « R,GE-Muc = R.GE-Muc free mucilage, the walls of the particles restrict the elongation of the
© R,GBE-Water = R,GB-Waler polymer strands in a porous medium, These walls also serve as a frame
for the polymer porous network, thus conferring rigidity wo the polymer
o 200 3 ; 4 * ' * strands. The spider-web effect is translated by an increase of G*; 5 with
E 2 the mucilage concentration and by X, 5 s larger than zero,
= Jeo - Finally, our conceptual model describing the gel effect on the NMR
?L parameters offers a quantitative analysis of the shift of the relaxation
. rate due to the presence of mucilage in porous media. The interpreta-
120 1 ¥ ' tion of results showed a pore-size specific organization of the polymeric
' § network, which suggested that the gel effect on further soil properties
80 T T - T T T ' T — aleo depends on the particle size. A similar concept was presented by
] 0.2 0.4 08 08 1 Kroener et al. (2018), who found that the effect of chia seed mucilage
Cuaue ¥ i)

Flg. 7. Influence of the mucilage concentration on the surface relaxivity cou-
pled with the pore size proportional factor for By and K.

pw= 038 = 0005 " and 1/Ty gy = 041 = 0005 "), which im-
plies that the matrix confinement effect Xy 3 ye is larger than zero,
These results suggest that the polymeric network in porous GE
medium affects proton relaxation stronger than the pelymeric network
In free mucilage. This observation is explained by the spider-web effect,
translated by an increase of rigidity of the polymer strands in the porous
medium: while polymer strands do not have volume restriction in the

on saturated hyvdraulic conductivity was particle size specific.

In a next step, the method should be applied 1o roor exudates and
mucilages and to soil samples with increasing complexity regarding
pore size distribution and erganic matter content. A further challenge is
also o develop the detection and characterization of mucilage when
present as a bichydrogel phase in the soil medium. The change of
mucilage properties after drying and rewetting also nesds to be un-
derstood, given experiments showed that the rewetting of bichydrogel
phases in soil leads to a change of the macroscopic properties
(Buchmann et al., 2015a).
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Table 3
Summary of the several gel effects investigated in this paper.
el effect Cause Translated by Significant?
Accelerated surface relaxation Chemico-physical interactions bebween water Par = Pwe but p could not be isolated from N
protons amd palymer f
Acceleraved balk relaxation Chemdea-phsical interactions between water v - 1 Yes
pratans and palymer Tramoer — Tiawe
Palymer network effect Palymer orgamization in the pore space Gz Wes, depends on particle size and mucilage
CONCEnITATion
Spider-web effect Rigidity of the polymer network in the pore G s Yes
space = in the free palymer Kpa e = 0
5. Conclusion Brax, M., Buchmann, ., Schaumann, GE, 2007, Biohydrogel induced sail-water inter-

In conclusion, the combination of '"H NMR and ESEM images
showed that the arganization of the mucilage network depends on the
particle size, The polymeric network effect was stronger in the porous
medium of particles between 150 and 350 pm and dropped for very fine
and very coarse particles, Accordingly, it would be interesting to
measure the hydraulic conductivity at several mucilage concentrations
and investigate a correlation between the water mobility measured
with "H NMR and the hydraulic conductivity.

Slow R; and fast Rz suggested a distortion of the pores for the
smaller glass beads at high mucilage concentrations, which needs to be
verified by additional experiments. This alteration from our defined
samples helps to highlight and to discriminate between several gel ef-
fects and their relative influence on longitudinal and transverse re-
laxation (Table 3). Accelerated surface relavation is not validated as a
significant gel effect, as both R; and Rz seem to be more affected by the
pore distortion than by the increase of the surface relaxivity p related to
the gel effect, On the contrary, accelerated bulk relaxarion is a significant
gel effect: it is compesed of the polymeric network effect, which carries
information about the concentration of mucilage in the pore and or-
ganization of the polymer network in the pore, The accelerated bulk
relaeation also brings to evidence a spider-web effect, which attests the
additional rigidity of the polymer network due to its strands spanned in
the pore space, as opposed to unattached and loose strands in the free
gel. Finally, the transverse bulk relaxation was more affected by these
gel effects than the longitudinal relaxation.
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Abstract

Polygalacturonic acid (PGA) is considered as a model substance for mucilage to study mucila-
ge-soil interactions, assuming that the gel formation mechanism of mucilage is comparable to
the one of PGA. However, some studies question the accepted hypothesis, which states that,
like for PGA, this mechanismrelies on cross-links between uronic acid and calcium for mucilage.
The aim of this study was therefore to understand the influence of the abundance and degree of
esterification of uronic acids and the influence of calcium on the gel formation mechanism in
mucilage as compared to model substances.

The mucilage used was from chia seeds, as it is easily available in great quantity and has gel
properties shared by root mucilage. Results reported here demonstrate that, while the gel forma-
tion mechanism of PGA relied on specific cross-links with calcium and led to heterogeneous
gels, low-methoxy pectin (LMP) formed homogeneous calcium gels also characterized by non-
specific ionic interactions with calcium. On the contrary, despite similar uronic acid content to
LMP, chia seed mucilage was mostly govemed by weak electrostatic interactions between
entangled polymer chains, which conferred the gel poor water retention. Addition of calcium
reduced repulsion and molecular expansion, resulting in a reduction of the water content in chia
seed mucilage. Finally, the discrepancies between PGA, LMP and chia seed mucilage discredit
the use of PGA as model for chia seed mucilage. Comparison with root mucilage is still needed.
This study offers the keys for further mechanistic understanding on the influence of mucilage on
soil properties.

Key words: biohydrogel / cation-polymer interactions / mucilage / mucilage model substance / rhizosphere /

water mobility
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1 Introduction

Root mucilage has been acknowledged to affect biclogical
processes (Knee et al., 2001; Ahmed et al., 2014) and to
modulate physical properties of the rhizosphere (Czames
etal., 1999; Traoré et al., 2000). Numerous studies used poly-
galacturonic acid (PGA) as a model substance for root muci-
lage to detenmine its influence on soil properties (Zhang etal.,
2008; Barré and Hallett, 2009; Mimmo et al., 2009; Peng
et al., 2011). Mucilage’s fast degradation rate (Van Veelen
etal., 2018) and in particularly its time-consuming production
and associated small yields (Ahmed et al., 2015; Zickenrott
et al., 2016) indeed required the use of model substances
(Brax et al,, 2017). The choice of PGA as a model for muci-
lage is based on the high content of uronic acid measured in
maize mucilage (Morel et al., 1986) and on the similarities be-
tween mucilage and the calcium polygalacturonate network
formed on garlic roots visualized with transmission and scan-
ning electron microscopy (Gessa and Deiana, 1992, 1990).

Yet, the uronic acid content in mucilage varies strongly
depending on the plant and the growing conditions: Bacic
et al. (1986) measured 3 wit®% (based on the total polysac-

*Corespondence: D. Diehl; e-mail: diehl@uni-landau.de
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charide content) of uronic acid in Zea mays L. grown under
axenic conditions, whereas in another study Morel et al.
(1986) measured 22 wt% for the same plant under the same
growing conditions and 34 wt% for the same plant but grown
under non-sterile conditions. An uronic acid content of even
48 wt% was measured for 3-days old cress seedlings muci-
lage (Ray et al., 1988). Despite the variations in the uronic
acid content, all these studies agree that mucilage consists
with over 90% of its dry mass in polysaccharides. Thus, the
supramolecular structure of the mucilage polymer consists
mostly of neutral sugars and of varying contents of uronic
acids.

Despite their low concentration in soil, uronic acids are sug-
gested to play a crucial role in the supramolecular structure of
biohydrogels and in their interactions with soil. Gel properties
of acidic polysaccharides highly depend on abundance and
degree of esterification of uronic acids, as well as on the ionic
composition of the surrounding solution (Grasdalen et al.,
1988; Gamier et al., 1993). Non-esterified and deprotonated
uronic acids may link to the soil surface or form ionic cross-
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links with multivalent cations of the surrounding soil solution
{Morel et al., 1987; de Kerchove and Elimelech, 2007). Root
mucilage, having less uronic acids than PGA, contains less
and more scattered negative charges than PGA. Moreover,
the degree of methyl esterification of uronic acids in root
mucilage has not been measured yet. Arabidopsis seed mu-
cilage shows a degree of esterification of over 30% (Voiniciuc
et al., 2013). This suggests that also in root mucilage some
uronic acids are esterified, which would reduce the negative
charge of the polymer even more.

Discrepancies between PGA and mucilage conceming num-
ber, distribution, and screening of uronic acids could lead to
fundamental differences in the self-organization processes of
these polymers and consequently in their interactions with
soil particles. For example, Morel et al. (1987) found that
PGA adsorption to heavy metals and clay surfaces was due
to the formation of salts and complexes between carboxylic
groups and cations. On the contrary, they showed that ionic
binding through carboxylic groups was not the prevalent
mechanism for maize mucilage. The results obtained by Watt
et al. (1993) also question ionic binding through carboxylic
groups as adsorption mechanism for root mucilage, as the
neutralization of anionic sites in root cap mucilage with cati-
onic dyes did not affect soil binding by mucilage. Both studies
proposed that the hydroxyl groups of the terminally branched
neutral sugars paricipate to the binding mechanism of muci-
lage to soil.

Clarification of the chemical interactions between mucilage
and its environment, e.g., metal cations and soil particles, first
necessitates a clearer understanding of the goveming self-
organization processes in mucilage itself. To our best knowl-
edge, while research has been done on model substances
(Mimmo et al., 2003, 2009), no study has yet either investi-
gated the gelling mechanism of mucilage and its dependence
on cross-linking cations, or compared it with gel properties
such as water content, water binding or water retention.

The objective of the present study is to understand the influ-
ence of the abundance and degree of esterification of uronic
acids, as well as the influence of calcium as cross-linking ion
from the soil solution on the gel formation mechanism in natu-
ral mucilage as compared to selected model substances. We
further aim to establish a relationship between the observed
gel formation mechanisms and the resulting gel properties.
Thereby, we identify the gel network defined by network stiff-
ness and pore size measured by H NMR relaxometry, and
the hydrogel properties characterized by water content, water
mobility and water retention in this work (Fig. 1).

J . Plant Nutr. Soil Sci. 2018, 000, 1-12

We hypothesize that the gel formation mechanism and the
resulting properties of mucilage depend on the interactions
between uronic acid and calcium, and thus that they are not
comparable to those of PGA due to discrepancies in their
respective uronic acid contents. To proof this hypothesis, links
between chemical conditions, gel formation mechanism and
gel properties were drawn for mucilage and its model sub-
stances with the following hypotheses:

1. The capacity of mucilage and its model substances to bind
calcium decreases with decreasing uronic acid content
and with increasing degree of esterification.

2. Gels with high calcium content tend to form many specific
cross-links, which induce a stiff network and small pores.

3. Gels with low calcium content are rather govemed by non-
specific ionic interactions and form only few cross-links
with calcium, which induce only a weak network with large
pores.

4. We further hypothesize that the higher the gel bound calci-
um content is, the lower the water content and water mobi-
lity but the higher the capacity of water retention are.

In order o investigate the relationships between chemical
properties of the polymers, cross-linking ion and gel proper-
ties, polygalacturonic acid (PGA), low-methoxy pectin (LMP),
and high-methoxy pectin (HMP) were the three substances
differing in uronic acid content and degree of esterification
investigated as model. Due to the experimental difficulty to
isolate substantial amounts from root mucilage (Zickenrott
et al., 2016), chia seed mucilage (Salvia hispanica L.) was
used as natural mucilage: itis easily available in great quanti-
ties and shares gel properties such as viscosity relevant to
seed, root and microbial exudates in soils (Read and
Gregory, 1997; Sutherland, 2001; Ahmed et al., 2015; Capita-
ni et al., 2015). All substances were dialyzed against several
concentrations of CaCl,-solutions. Thereafter, gel yield, calci-
um content, and water content were measured to determine
the effect of the calcium concentration in the dialysis solution
on the gel formation and gel swelling. To further characterize
the hydrogel properties, water retention was quantified by
dehydration over sand and water mobility was measured with
proton nuclear magnetic resonance (*H NMR) relaxometry to
characterize the hydrogel properties.

2 Theoretical background

2.1 NICA and Donnan models

Interactions between polyelectrolytes and calcium can be
specific and nonspecific (Benedetti et al.,, 1996). Specific
binding involves coordinative interactions between
calcium and galacturonate residues (Grant et al.,

-
Chemical conditions Hmlm_r/\

Gel properties

affects
Urenic acid content

Esterification degree Network stiffness

Cross-linkingion Pore size

Gel network ———> Hydrogel properties
Water content

Water mobility

Water retention

1973). The NICA model describes gels formed by
these specific interactions between a cation and
negatively charged surface functional groups
(Kinniburgh et al., 1996). In this case, the junction
zones, i.e., the zone where two chains are linked
together () arvis, 1984), are described by the egg-
box model (Rees and Welsh, 1977). This model

Figure 1: Relationship between chemical conditions and gel properties.

2 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

suggests that helical chains strongly associate by
the specific sequestration and binding of calcium
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ions. Low degree of esterification of the polysaccharide, high
uronic acid content and long unsubsfituted galacturonan
backbone favour specific surface speciation of calcium with
the polymer (Kinniburgh et al., 1996; Tibbits et al., 1998).
Nonspecific interactions between the uncharged functional
groups or the hydroxyl groups of polyelectrolytes and calcium
are govemed by electrostatic forces and can be described by
the Donnan model (Benedetti et al., 1996; Kinniburgh et al.,
1996). In order to preserve the overall electroneutrality in
Donnan gels, more mobile ions from the surrounding solution
penetrate into the gel phase than are released back from the
gel into the sumrounding solution (Benedetti et al., 1996).
Thus, a potential difference between the gel and the sur-
rounding solution, the ‘Donnan potential’, is built, which holds
the ions inside the ‘Donnan volume’ that surmounds the
charged polyelectrolyte gel (Koopal et al., 2005). In this case,
the junction zones are less spatially defined and rather
embrace zones of dense electrostatic interactions (Skouri
et al., 1995). Swelling of a polyelectrolyte is determined by a
balance between the gel rigidity that restricts swelling and the
osmotic ‘Donnan pressure’ of free ions that promotes swelling
of the gel (Rubinstein etal., 1996). Specific calcium binding is
related to cross-links fommation and gel stiffness (Tibbits
et al., 1998), and thus reduces the gel elasticity and swelling.
In contrast, nonspecific electrostatic interactions increase the
swelling pressure with increasing charge of the polyelectro-
lytes and decreasing salt concentration in the surrounding
solution (Benedetti et al., 1996; Rubinstein etal., 1996).

2.2 Characterization of water entrapmentin
hydrogels by 'H NMR relaxometry

In the field of nuclear magnetic resonance, water mobility is
defined by the translational mobility and the rotational correla-
tion time of the water protons measured with the proton relax-
ation time (Belton, 1997). This one corresponds to the time
required by the hydrogen spins to re-reach equilibrium condi-
tions within a static magnetic field after excitation by high fre-
quency pulse. It varies according to various interactions
between the spin system and its sumrounding environment
(Meiboom and Gill, 1958). Water in close interaction to the
polymer chains exchanges rapidly with free water trapped in
the hydrogel network, so that the water protons observed
relaxation time is the weighted average of both (Prisova
et al., 2013). There are several pathways of proton relaxation,
nevertheless proton exchange between labile polysaccharide
protons and water protons is thought to be the main relaxation
mechanism in water-polysaccharide systems (Shapiro,
2011): the chemical structure of the polysaccharide influences
proton relaxation. The non-exchangeable protons are not
considered to contribute to the measured signal due to the
rapidity of their signal decay and to their very small contribu-
tion to the overall signal intensity (de Celis Alonso et al.,
2010). Besides, rigidity of the polymer network implies a sig-
nificant reduction of the water rotational correlation time
(Belton, 1997; Lusse and Amold, 1998). The concentration of
the cross-linking agent affects the flexibility of the polymer
chains and thus the average mobility of water (Dobies et al.,
2005; de Celis Alonso et al., 2010). To sum up, proton relaxa-
tion in hydrogels is influenced by the chemistry of the poly-

2 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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mer, the flexibility of the network and by the pare size, which
can be expressed by the relaxation rate (Brax et al., 2018).

3 Material and methods

3.1 Choice of the model substances

The a-1,4-linked-galacturonic acid sequences in pectin can
be altered by 1,2-rhamnose units or other neutral sugars such
as galactose or arabinose (Rees and Welsh, 1977). The gal-
acturonic acids are partially esterified with methy! groups, and
the degree of esterification is a measure of the extent of sub-
stitution. Low-methoxy pectin (LMP) and high-methoxy pectin
(HMP) are distinguished by their degree of esterification infe-
rior to 50% and higher than 50%, respectively. The gelation
mechanism of pectin depends on its degree of esterification:
LMP forms ionic gels with calcium, while gelation of HMP
requires a drop of the water activity (through addition of glucose)
to promote electrostatic interactions between the polymer
chains (Oakenfull, 1991). The high uronic acid contentof polyga-
lacturonic acid (PGA) as well as the low degree of esterification
of LMP and the high degree of esterification of HMP make these
polymers suitable model substances to compare them with a
natural mucilage obtained fromchia seeds.

3.2 Chia seed mucilage extraction

Chia seed mucilage was extracted by following the method
described by Ahmed et al. (2014) with some modifications.
Distilled water was added slowly to chia seeds under constant
stiming so that the seed-to-water ratio was 1:10 (w/w).
Mucilage excretion reaches a steady state after 30 min (De la
Paz Salgado-Cruz et al., 2013), so that after being kept
30 min at room temperature, chia seed mucilage was
extracted by vacuum filration using stainless sieves of 500
and 100 nn successively. The collected mucilage was further
freeze-dried.

3.3 Total uronic acid content

Total uronic acid content was determined by the m-hydroxybi-
phenyl method (Blumenkrantz and Asboe-Hansen, 1973). In
order to keep the absorbance measurements within the range
of Lambert and Beer’s law, polymer solutions were used in a
concentration of 0.015% (w/w).

3.4 Gel formation

The hydrogels were formed by dialysis of the polymer against
CaCl,-solutions. The idea behind this method was to simulate
the diffusion of calcium ions from the soil solution into the gel
phase built by mucilage around the roots. For this, 0.15%
(w/w) solutions of PGA (polygalacturonic acid, 95%, enzy-
matic, Sigma, Germany), LMP (low methoxy pectin, potas-
sium salt from citus fruit 20-34% esterified, Sigma,
Germmany) and HMP (high methoxy pectin, potassium salt
from citrus fruit, 55-70% esterified, Sigma, Germany), and
0.14% (w/w) freeze-dried chia seed mucilage were prepared.
According to the literature, the concentration of 0.15% (w/w)
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PGA cormresponds to the concentration of the exuded root mu-
cilage (Mimmo et al., 2003). In order to ensure complete dis-
solution, the HMP solution was heated up to 60°C, while
drops of 10M KOH were added to the PGA solution, which
was further acidified to pH 5 with 33% HCI after complete dis-
solution. In addition, chia seed mucilage was dialysed for
48 h against distilled water to remove all dissolved ions before
the dialysis against CaCl,.

The CaCl, concentration in the 2 L dialysis solution
([CaCllayse) Was set between 0.5mM and 10mM, which
comresponds to the natural range of calcium concentration in
soil solution. The pH of the dialysis solution was adjusted to 5
with a 10M KOH solution or 33% HCI. A volume of 20 mL of
the PGA, LMP, HMP, and mucilage sclutions were transferred
into plastic cylinders (4.0cm- 2.8cm) closed on both sides
with dialysis tubing (MWCO 12,000-14,000) and immersed
into the dialysis solution. After 48h, the samples were
washed three times by dialysis against distilled water, which
was renewed every 24 h. This way, the calcium in the gels
could be considered as bound (Morel et al., 1986). Six repli-
cates were treated for each CaCl, concentration.

3.5 Gel dehydration

The gels were dehydrated smoothly over sand by the same
procedure as described by Buchmann et al. (2015} in order to
avoid the artefacts related to harsh dehydration conditions
(Brax et al., 2017). For this, the dialysis tubing was removed
and replaced by a nylon mesh on one side of the cylinder.
The cylinders were set for dehydration in jam glasses filled
with 80g acid washed coarse quartz sand (630-200 nm,
Quarzwerke GmbH, Germany). Three replicates were placed
openly in the jam glasses for 10 min to drain the free water
not trapped in the hydrogel structure, while the other three
replicates were further dehydrated for 4h. The dehydration
was stopped by closing the lower side of the cylinder with a
cap. The gel yield of the polymers was calculated out of the
ratio between the dry mass of the polymer in the gel and the
dry mass of the polymer originally injected in the dialysis tub-
ing and expressed in percent.

3.6 H NMR-relaxometry

3.6.1 Measurement conditions

HNMR measurements of the transverse relaxation time (T )
were perfonrmed with a Minispec MQ (Bruker, Germany) at a
magnetic field of 0.176T. Transverse relaxation decay was
obtained by applying the Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence (Meiboom and Gill, 1958). The echo tme
and the recycle delay were kept constant at 0.3ms and 10s
respectively, while echoes, scan numbers, and gains were
adapted for each sample.

3.6.2 Determination of gel volume with *H NMR
relaxometry

For more precision, the volume of entrapped water in the gels
was calculated from the signal intensity at t =0 and gain 75
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(Sl 75) after calibrating the NMR device (j aeger et al,
2009). As the samples were measured at several gains x,
Sl 5 was calculated with Eq. (1) and Eq. (2):

t=0; 7'
Sl 1, .
Sy, 75 %%i (1)
Py lox )
Slevg; x 1

F is the gain correction factor obtained by measuring the S,
of a known amount of water at several gains. The volume of
the gels was then calculated by means of the linear regres-
sion between Sl ;5 and the water content

3.6.3 Determination of relaxation rate

The T, measurements were reduced to 200 points with
MATLAB (R2008Db). To calculate the relaxation ime T, ; of the
water protons in the gels, each CPMG decay was fitted with
mone-, bi- or tri-exponential decay functions according to
Eg.(3):

X
Slab¥  Aexp t : (3)
T

Origin 7.5 SR7 was used to fit the experimental data with
exponential decay functions and to analyse the fits with sta-
tistical parameters. The exponential multiplicity was chosen
after examining the Chi-square value ¢2 and the residuals,
and also after consideration of several criteria to give the data
physical sense (Prisova et al., 2013): the relaxation time had
to be superior to zero, the total amplitude had to be superior
to zero but inferior to the maximal amplitude of the experimen-
tal decay. The distribution of the residuals had to be homoge-
neous. In case of a multi-exponential relaxation, the differ-
ence between the relaxation imes T, ,, T, 5 or T, - had to be
greater than 100 ms. Further processing of the data to calcu-
late the relaxation rates was done with Excel.

3.7 Cation analysis

A fraction of each gel was taken, weighed (ultra micro Sartor-
ius SE2, Germany), and oven-dried for 24h at 105°C. The
dried samples were weighed and put in microwave tubes with
500nt distiled 65% HNO, and 1.5mL ulrapure 33% HCI.
The microwave (MarsXpress, CEM GmbH, Germany) diges-
tion program performed consisted of heating until 200°C over
a temperature ramp for 15 min and then in constant heating at
200°C for 40 min. The digests were subsequently analyzed by
inductively coupled plasma optical emission spectrometry
(ICP-OES, Agilent 720 Series, Germany). Calcium, Mg, Na,
and K contents were measured for three subreplicates for
several gels in order to determine the variability of the cation
concentration inside the gels. Calcium content was calculated
out of the ratio between the calcium in each gel and the dry
mass of the polymer, while the water content resulted from
the ratio between the water in each gel and the dry mass of
the polymer.
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4 Results and discussion

4.1 Uronic acid content

Table 1 shows the total and the free (i.e., non-esterified)
uronic acid contents expressed in weight percent of the dry
mass (wt%) and the degree of esterification. As a reference,
PGA (polygalacturonic acid) consists uniquely of free uronic
acids. Total uronic acid contents in LMP (low methoxy pectin)
and HMP (high methoxy pectin) were only 22-5wt% and
31- 5wt%, respectively, as the heterogeneous backbone of
pectin is also constituted of neutral sugars. With 23 - 2 wt%,
the total uronic acid content in chia seed mucilage was in
good agreement with the data reported by Timilsena et al.
(2015) and Lin et al. (1994). The total uronic acid content in
mucilage was also similar to the total uronic acid content of
LMP. According to the producer, a fraction of the uronic acids
in LMP and HMP are methyl esterified: free uronic acid
contents in LMP and HMP were 15-18 wit% and
9-14 wit%, respectively, so they had much smaller amounts of
negatively charged sites available for calcium cross-links
than PGA. In the following experiments, mucilage was used
with a dry mass of 0.14 wt%, so that its total uronic acid con-
tent was the same than the one in 0.15wt% LMP.

The measured total uronic acid weight equivalents of chia
seed mucilage and LMP in this study are in good agreement
with the values published for other kinds of mucilage, e.g.,
11.5 wit% and 4 wt% for wheat and cowpea mucilage, respec-
tively (Moody et al., 1988), 13 wt% for pea mucilage (Knee
et al.,, 2001), and 7 and 27 wt% in soybean root mucilage
(Timotiwu and Sakurai, 2002). However, the uronic acid
weight equivalent of PGA is far above these values, what
already now questions PGA's suitability as a model sub-
stance for root mucilage.

Table 1: Measured total and calculated free uronic acid content
expressed in weight percent of the dry mass (wt%) and degree of
esterification (%) of polygalacturonic acid (PGA), low methoxy pectin
(LMP), high methoxy pectin (HMP), and chia seed mucilage (Muci-
lage) samples.

Total uronic Degree of Free uronic
acid esterification  acid
(Wt%) (%) (Wt%)
PGA 100 0 100
LMP 22-5 20-34 15-18
HMP 31-5 55-70 9-14
Mucilage 23-2 n.d. n.d.

4.2 Effect of CaCl, dialysis on gel formation

4.2.1 High methoxy pectin

According to the described procedure, the cylinders contain-
ing the HMP solution were set on sand for 10 min dehydration
to remove the free water after the dialysis against calcium.
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However, the whole HMP solution flowed through the nylon
mesh for all [CaCl,] concentrations. This shows that the water
was not retained by a three-dimensional polymer network.

The high degree of esterification of HMP thus prevented the
formation of ionic networks, as its gelling mechanism actually
relies on physical forces and depends on polymer-polymer
interactions (Endress, 1991). Although this result was predict-
able, it clearly shows that HMP is not an appropriate model
substance for mucilage, as it requires heating and sucrose
addition to forma gel.

4.2.2 Polygalacturonic acid

Focus is first given on gel yield, calcium content, and water
content plotted against [CaCl, ;s analyzed depending on
the polymer and the [CaCl, ]y« at t. The gel yield of the
polymer at t, expresses the efﬁ/f:acy with which the polymer
strands formed a gel with calcium. PGA was, among the ana-
lyzed polymers, the most efficient in gel formation upon CaCl,
dialysis with a gel yield that increased from 70 to 100% with
[CaClylyqysis increasing from 0.5 to 2.5 mM. The gel yield
remained at 100% for higher [CaCl,]y,yss (Fig. 2a). The
increase of [CaCl,ly,ygs from 0.5 to 2§smM only sllghtﬂy
increased the caIC|um content from 2.1 to 2.4 mmol mg!

(Fig. 2b) but doubled the amount of water retained in the gel
from 0.16 to 0.33 g mg™* (Fig. 2c). Higher [CaCl, 1, neither
increased the calcium content nor the water content The Ca/-

COO ratio indicates how many calcium atoms per carboxylate
group of the uronic acids are fixed in the gel structure. In the
egg-box model, one calcium atom forms ionic bonds with two
carboxylate groups, what comresponds to a Ca/COO ratio of
0.5. The Ca/COO ratio for Ca-PGA was constant at
0.40 - 0.03 in the range of deviation for all [CaCl, s
Although the gel yield of PGA was higher than the one of
LMP or mucilage, the water content in the Ca-PGA gels was
much lower than in the Ca-LMP and Ca-mucilage gels
(Fig. 2c).

The gel yields suggest that a calcium concentration in the
dialysis solution below 2.5 mM was not sufficient to bind all
PGA polymer chains together. According to the results, all
polymer strands became involved in a 3D-network and
formed a gel saturated with calcium at 2.5 mM and higher
[CaClylyysis- The slightly lower Ca/COO ratio than suggested
by the egg-box model could be due to the steric hindrance or
shielding of some uronic acids, preventing their binding to cal-
cium. The low water content despite a high gel yield indicates
that strong surface speciation of calcium with PGA, e.g., by
the egg-box model, limits the swelling of the gel due to the
multitude of cross-links between the chains (de Kerchove
and Elimelech, 2007). This supports the assumption that the
homogeneity of PGA’s backbone and the high specificity of
galacturonic acid to calcium binding led to the formation of
strong NICA gels by PGA with calcium.

4.2.3 Low methoxy pectin

The gel yield of LMP increased from 14 to 40% between 0.5
and 5mM [CaCl, .« and stayed constant for 5 and 10 mM
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[CaCllyasis (Fig. 2a). On the contrary, calcium treatment of
LMP effectively changed the calcium and water content in the
Ca-LMP gels: between 0.5 and 2.5 mM [CaCl, L, the cal-
cium content in Ca-LMP increased strongly from 1.7 to
2.8 mmol mg! and the water content quadrupled from 0.5 to
1.9 g mg~L. Higher ionic strength led to a slight decrease of
the calcium content to 2.4 mmol mg~1 but to a strong drop of
the water content to 0.7 g mg 1. The high calcium content in
Ca-LMP gels is surprising, as the lower uronic acid weight
equivalent and the partial esterification of the uronic acids
suggested a lower specificity of LMP than PGA for calcium.
The Ca/COO ratio of Ca-LMP was correspondingly far above
the ideal 0.5 predicted by the egg-box model: it increased
from 1.8 to over 3 between 0.5 and 2.5 mM [CaCl,ysis-

Reason for the low gel yield of LMP could be an inhomogene-
ous distribution and esterification of the uronic acids on the
LMP backbones, leading to highly esterified and nearly neu-
tral strands unable to form a gel with calcium. Other reasons
are the drop of probability for the free uronic acids to form effi-
cient calcium cross-links due to their smaller number, associ-
ated with the steric hindrance of the polymer backbone,
restraining the possibilities of an overlapping of different poly-
mer chains (Gamier et al., 1993). The high Ca/COO ratio
could be caused by a change in the number of free uronic
acids in the gel after 10 min dehydration due to a selective
depletion of polymers with a low number of free uronic acids,
and consequently due to an underestimation of the remaining
free uronic acid content. However, considering that the total
loss (60% loss for 40% gel yield) is due to neutral sugars,
would result in a maximal 2.5 fold overestimation of Ca/COO
ratio only that is 1.25. The Ca/COO ratio of Ca-LMP being
above 1.8 indicates that most of the calciumis not bound spe-
cifically but non-specifically to the polymer, building an elec-
trostatic potential characteristic for Donnan gels. Overall elec-
trical neutrality is probably maintained by absorption of chlor-
ide anions by the gel.

Although the calcium content in the 120 1
Ca-LMP gels is similar to the one meas- 100 1
ured in the Ca-PGA gels, the water content 80 .
is several times higher than the one of +
Ca-PGA. The strong swelling and the high

calcium content in Ca-LMP indicate that the

formation of the polymer network is driven | @

by the osmotic pressure of free ions acting 0+

to swell the gel (Rubinstein et al., 1996).
Thus, in contrast to PGA, the interactions 50

Gel yield (%)
(92}
o

between LMP as polyelectrolyte and calci- &

um are mostly nonspecific and govemed E 40 |

by electrostatic forces rather than by specif- I 3¢9 |

ic cross-links (Benedetti et al., 1996; Kinni- 3 e A
burgh et al., 1996). Electrostatic interac- & 2.0 ‘é'g’
tions are mainly controlled by the ionic & 10 |
strength, which deeply modifies the behav- :n; e

iour of polyelectrolyte gels: at low salt con- 0.0 W—— -

centrations, the chains are stongly
stretched at swelling equilibrium (Skouri
et al., 1995). The addition of salt reduces
the swelling of polyelectrolyte gels, as it
produces a screening of the interactions
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and a rearrangement of the chains as long as the cross-link-
ing degree is not too high (Skouri et al., 1995; Rubinstein
et al., 1996). Rearrangement, involving shrinking of the
Ca-LMP gel network, explains the drop of the water content
upon dialysis at high ionic strength.

4.2.4 Mucilage

Chia mucilage already contained calcium and formed a gel
without additional calcium addition. Washing of chia mucilage
from the mobile cations upon dialysis against distilled water
resulted in a gel yield of 44%. All cations did not diffuse out of
mucilage upon dialysis against water, as it still contained
0.07 - 0.02 nmol mg™1 Mg, 0.07 - 0.03 nmol mg'! K, and
0.01 - 0.01 nmol mg~! Na. Upon calcium dialysis, the gel
yield of mucilage increased to 75% independently of the
[CaClyLyaysis (Fig. 2a). Although the gel yield of mucilage was
significantly higher than the one of LMP, the calcium content
in mucilage remained very low in contrast to those measured
for Ca-PGA and Ca-LMP (Fig. 2b). Still, the calcium content
increased with increasing [CaCl,l;,is from 0.06 mmol mg*
with no calcium addition to 0.22 nmol mg-! at the highest
[CaClyljasiss The water content of mucilage was with
1.2 g mg™* after dialysis against water significantly higher
than for PGA for all [CaCl,ly,,.s and for LMP at low
[CaClylyaysis- The water content of mucilage dropped upon
calcium treatment and decreased slightly from 0.81 to
0.67 g mg-1 with increasing ionic strength (Fig. 2c).

The increase of the gel yield of Ca-mucilage upon calcium
addition suggests that polymer strands that were litde or not
involved into the gel polymeric network before calcium addi-
tion, integrated the gel network due to new interactions with
the added calcium. Given that K, Mg, and Na ions were not
washed away upon dialysis against distilled water, these ions
also interact with the polymer, probably by participating to the
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Figure 2: Gel yield of the polymers (a), calcium content(b), and water content (c) of Ca-
PGA, Ca-LMP and Ca-mucilage gels after 10 min (t;) and 4h (t,,) dehydration for all
CaCl, dialysis concentrations ([CaCl,yysis)-
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swelling of the polyelectrolyte. Similarly to Ca-LMP, the water
content in mucilage decreased at high ionic strength, referring
to a rearrangement of the structure due to shielding charge
effects: without counter ions, negative charges produce
strong intermolecular repulsion forces and thus an expanded
molecule. The addition of counter ions decreases the repul-
sion and molecule expansion. Shielding effects of calcium
have already been observed for chia mucilage and mucilage
gum of Opuntia ficus indica (Medina-Torres et al., 2000;
Capitani et al., 2015), as they caused a decrease of the vis-
cosity due to the contraction of the polysaccharide molecule.
Still, the shielding effect of calcium ions have a stronger
impact on the water content of Ca-LMP gels than of Ca-muci-
lage, what suggests that the mucilage polymer backbone is
less charged than the one of LMP. Interestingly, the decrease
of the water content at high ionic strength was not followed by
an increase of the calcium content in Ca-LMP and mucilage
gels: higher ionic strength induced a rearrangement of the gel
network, which resisted washing, but did not lead to an
increase of the calcium content in the gels.

As mucilage had a total uronic acid content similar to LMP,
the comparatively very low calcium content in mucilage
reveals a low specificity of mucilage for calcium and points
out the quasi non-availability of uronic acids for calcium inter-
actions. This suggests that the gel formation mechanism of
mucilage does not only rely on interactions with calcium, but
principally on the entanglement of the polymer chains via
intermolecular forces between the polymer chains such as
hydrogen bonding and electrostatic interactions.

4.3 Influence of absorbed calcium on water content
and water mobility in the gels

4.3.1 General trends

The water content increased with the calci-
um content for Ca-PGA and Ca-LMP gels &
(Fig. 3a). In contrast, for Ca-mucilage, even ~ $2.0

the small increase observed for the calcium ~ £4 5
content reduced the water content Ca- g1 " %ﬂ
mucilage and Ca-LMP showed only mono- Ty
exponential CPMG decays, thus, were ©0.5

characterized by only one relaxation rate 0.0
(Fig. 3b-c). In contrast, Ca-PGA gels dis-
played bi- and tri-exponential CPMG
decays and were characterized by two or
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The relationship between water and calcium content for PGA
and LMP showed that the absorption of calcium promotes gel
formation and thus swelling for these gels. On the contrary,
decrease of water content with increasing calcium uptake in
mucilage highlights the decrease of molecular repulsion and
molecule expansion due to calcium addition. The slight
increase of the relaxation rate for Ca-LMP with the increase
of the calcium content at low values reveals a reduction of the
network flexibility and/or pore sizes, which probably results
from specific interactions between the uronic acids and calci-
um as the first step of Ca-LMP gel formation. Decrease of the
relaxation rate with increasing calcium content expresses the
stretching of the polymer chains upon swelling for Ca-LMP
and Ca-PGA, as the gel network either forms bigger pores
and/or becomes thinner and more flexible, what reduces the
relaxation possibilities of the water protons (de Celis Alonso
etal., 2010).

The relaxation rate pattem also reflects the chemistry of each
polymer, given that the main relaxation mechanism in gels is
the proton exchange between water and polysaccharide (Hills
et al., 1991). LMP has less exchangeable protons than PGA
due to its smaller uronic acid content and a degree of esterifi-
cation superior to 0%. Therefore, LMP should reveal shorter
relaxation rates than PGA The number of exchangeable pro-
tons in mucilage is unknown, but its very short relaxation rate
suggests that most uronic acids in mucilage are esterified or
shielded. Indeed, methyl ester groups restrict the mobility of
water but not to the extent of dipolar or hydrogen-bonded
groups, which induce long relaxation rates (Kerr and Wicker,
2000).

PGA LMP  Muc
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6
.’-“ sk
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three relaxation rates and, thus, two or 12 b) 12 o)
three water populations (Fig. 4). Except a 10 " 10 =2

small increase from 1.65 to 1.81 s71 for

Ca-LMP at low calcium content, the relaxa- 7, 2 % -8 "ﬁ;

tion rate decreased with increasing water < 6 ~b6

and calcium contents for Ca-PGA and E 4 + £ 4

Ca-LMP gels, revealing increasing network - RO
flexibility and/or pore sizes (Fig. 3b-c). The ¥ > e - = 2
relaxation rates of mucilage with and with- 0 - — o b=

out calcium addition were independent 00 05. 10 45 .20 25 00 05 10 15 20 25 30

from the water and the calcium contents.
All in the range of 0.5 571, they were smaller
than the relaxation rates of Ca-LMP atsimi-
lar water contents (Fig. 3b).
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Figure 3: Water content expressed as a function of the calcium content (a), relaxation rate
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Ca-LMP and Ca-mucilage gels att,.

www.plant-soil.com

66



5 Gel formation mechanism and gel properties controlled by Ca2+ in chia seed mucilage and

model substances

8 Brax, Schaumann, Diehl

4.3.2 Mobility of water in Ca-PGA
and Ca-LMP gels

a)att,
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b) at t,,

-
N

Analysis of the amount of water corre-
sponding to each relaxation rate gives in-
formation about the distribution of water
between different environments (Fig. 4a).
The three relaxation rates (1/T,,, 1/T,g,
1T,) indicate the presence of water
fractions differing in mobility. At t,, the
water fraction A characterized by 1/T,,
>6.7 571 was the same for all Ca-PGA
gels, whereas the water fraction B char-
acterizedby 2,551 <1/, <457 jumped
from 1.3 mL forthe gels formed at 0.5 mM [CaCl, 1. i to values
above 6 mL for the gels formed at higher [CaCIE]dia‘ is- Thethird
water fraction C with a short 1/T,- <1.25 s7* did not exceed
2mlL and decreased with increasing [CaCly Ly, s

Waterin gel (mL)

B

While the values of the relaxation rate in Ca-PGA account for
the rigidity of the polymer network and the pore size, its mult-
modal distribution rather expresses the heterogeneity of the
Ca-PGA gels. Combination of the results from Figs. 1 and 4
suggests a two-step formation of Ca-PGA gels with increas-
ing concentration of calcium ions available for bonding: the
first step comresponds to the creation of a type A network, and
the second step to the creation of type B and C networks. The
potential for type A network formation is already fully exploited
at the lowest [CaCl, |,;,.is ©f 0.5 MM, because the amount of
water in fraction A is independent from further increase of
[CaClylyqysis- The long relaxation rate 1/T,, reveals strongly
reduced water mobility for water fraction A, which indicates
the formation of a dense and stiff polymer network due to
rmanifold calcium cross-links. In contrast, type B network
swells with increasing [CaCl, ly.is UP T the point at which it
fully reaches its potential number of calcium cross-links.
Building of type B network probably comresponds to the 30%
increase of the gel yield. The strong swelling of type B net-
work for the gels formed at 0.5 mM and 2.5 mM [CaCl, Ly eis
is traduced by the drop of the comesponding 1/T,; from 4ys to
2.7 s'1 and explained by the making of new cross-links
between the free polymer strands and the high number of
available calciumicns. Further increase of [CaCl, 1, does
not affect the amount of water in fraction B. The shorter 1/T,,
than 1/T,, indicates a looser and less dense network in the
fraction B than in fraction A. The 1/T, water fraction appears
only in gels formed at 2.5 mM and higher [CaCl, ., and is
characterized by very short relaxation rates. This suggests
the formation of several sub-gel units, which bridge the gaps
between the smaller 1/T,, and 1/T,5 gel structures. Also the
1/T, network probably fully reaches its potential number of
calcium cross-links or non-specific calcium interactions during
the formation at 2.5 mM [CaCl,ly, ... Out of these results, it
is not clear if the calcium content is higher in the 1/T,- water
fraction and thus leads to strong swelling, or if it is too low to
generate network formation.

High affinity between polymer chains and their solvent leads
to an extension of the polymer chains and swelling of the gel
(Tibbits et al., 1998). Yet, the high specificity of PGA for calci-
um leads t© rash binding, as the PGA chains first dimerize
through strong and specific associations between uronic
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Figure 4: Amount of water in each 1/T, water fraction of Ca-PGA gels respective to the dialy-
sis concentrations after 10 min (tﬂ) (a) and after 4h (t,,) (b) of dehydration.

acids and divalent cations (J arvis, 1984; de Kerchove and
Elimelech, 2007). This rash binding does not give the polymer
chains involved in binding time to arrange in extended forma-
tions and results in the agglomeration of the polymer around
the cross-linking agents and thus limited swelling. Therefore,
fraction A probably corresponds to the gel formed by specific
interactions with calcium. Once the negative charges on the
PGA chains are shielded by ionic interactions with calcium,
the chains or chain associations siill possessing some mobi-
lity rearrange to an energetic favourable conformation, which
induces swelling. This second step comesponds to dimer-
dimer aggregation and is rather driven by hydrogen bonding
and Van der Waals interactions (Moris et al., 1982; Seale
et al., 1982; de Kerchove and Elimelech, 2007). The denser
regions are linked by chains holding together by electrostatic
interactions, creating intermediate zones characterized by
higher water mohbility, in which the polymer backbone is less
rigid and the chains more scattered (Skouri et al., 1995). Frac-
tions B and C should then correspond to the formation of
such zones.

In comparison to Ca-PGA, the density and stiffness of the
Ca-LMP polymer network formed by calcium-uronic acid
interactions is limited due to steric hindrance of the backbone
and to the low speciation of calcium at the LMP surface.
According to the literature, Ca-LMP gel formation mechanism
should follow the same two-step process as the one of
Ca-PGA gels (Gilsenan et al., 2000). Thus, the decrease of
Ca-LMP relaxation rate from 2.6 to 1.4 51 should correspond
to the second step involving dimer-dimer aggregation and
swelling. However, the monomodal relaxation in Ca-LMP gels
in our study indicates a homogeneous polymer network. Yet,
in comparison to PGA, the weaker specificity of LMP with calci-
uminduces a slower network formation and a higher mobility of
the polymer chains. These aspects enable a massive reamange-
ment of the Ca-LMP network, leading to an energetic favorable
conformation and a homogeneous network. The junction zones
between the chains in Ca-LMP are probably less spatially defin-
edthanin Ca-PGA, and rather surmound zones of dense electro-
static interactions (Skouri etal., 1995).

4.4 Gel dehydration
4.4.1 Polygalacturonic acid

Finally, all gels were submitted to 4 hours dehydration over
sand to investigate how the chemical conditions, the gel for-
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mation mechanism and the properties of the swollen gels
affected the water retention.

Ca-PGA gel formed at 0.5 mM [CaCl, ], Keptits calcium
and water content constant upon dehydration, but the gel
yield dropped from 70% to 50% (Fig. 2). Drop of the gel yield
at constant water and calcium content indicates a loss of gel
(water + calcium + polymer). Ca-PGA gel formed at
0.5 mM [CaCl,] .. Mostly lost gel of the B fraction (Fig. 4b),
as it was probably made up of polymer strands only involved
in a loose PGA-Ca-PGA network. On the contrary, the
Ca-PGA gels formed at higher [CaCl, ], did not lose rele-
vant amounts of polymer during the dehydration, as their gel
yields at t; and t,, were similar within the standard deviation
range (Fig. 2a). However, the water content of the PGA-gels
formed at higher [CaCl, 14, dropped from 0.3t0 0.1 g mg™?,
whereas the calcium content remained constant (Fig. 2b-c).
The sole drop of the water content indicates a loss of water
by the Ca-PGA gels upon dehydration, which is confirmed in
Fig. 4b: upon dehydration, the B and C fractions disappeared
largely and entirely, while the water content in the A fraction
varied only litde. Thus, type A network holds water better than
type B or C network.

Finally, type B and C networks characterized by high relaxa-
tion rates do not effectively retain water against dehydration.
These observations corroborate with those from Belton
(1997) and from Mao et al. (2001), who related the micro-
structure of gellan-calcium gels with their water retention.
Mao et al. (2001) showed that small pores (here character-
ized by short 1/T,,) were formed independentty from the cal-
cium concentration and had a thin web structure providing
high capillary forces. On the confrary, the formation of bigger
pores, characterized by low capillary forces, were dependent
on the calcium concentration (here B and C fractions).

4.4.2 Low-methoxy pectin

Gel yield, calcium and water contents of Ca-LMP gels stayed
constant upon dehydration in the range of standard deviation
(Fig. 2).

As Ca-LMP gels did not lose polymer during the dehydration,
calcium interactions with the polymers were strong enough to
mostly withstand dehydration. This supports the hypothesis
of a homogeneous Ca-LMP gel formation. Similarly to
Ca-PGA, the existence of small pores with high capillary
forces characterized by high relaxation rates explains the
high water retention of the Ca-LMP gels formed at 0.5 and
1.0 mM [CaCl 1y, 6. However, the high water retention of
the Ca-LMP gels formed at [CaCl, ], >2.5 MM and char-
acterized by high water content rather originates from the
high osmotic pressure in the gels due to high calcium content.
The high water retention reveals the capacity of a network
made of non-specific ionic interactions to retain great
amounts of water. This shows that the electrostatic forces
between the polymer chains and calcium are strong enough
to prevent the collapse of the polymer structure, as opposed
to those in fractions 1/T,5 and LT,- for Ca-PGA. These
results show that the water retention in polyelectrolytes
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depends on both, the pore size and the osmotic pressure
within the gel (Belton, 1997).

4.4.3 Mucilage

Upon dehydration, mucilage without calcium addition kept the
same gel yield within the standard deviation, whereas its
water content dropped (Fig. 2a-c). In contrast, mucilage
treated with calcium maintained its water content upon dehy-
dration, while the gel yield decreased from 75 to 22% upon
dehydration.

Drop of the water content upon dehydration in mucilage not
treated with calcium can be related to the big pores and low
osmotic pressure (due to the very low cation content) in the
gel. The fact that calcium-treated mucilage lost gel upon
dehydration, but that mucilage not treated with calcium did
not, suggests that the reorganization of the mucilage network
due to calcium absorption renders the gels less resistant to
dehydration. Calcium absorption probably created zones of
intensive interactions around the calcium ions, but also hin-
dered polymer-polymer interactions in other zones: polymers
not involved in interactions with calcium then flowed away
during the dehydration.

4.5 Relations between chemical conditions, gel
formation mechanism and gel properties

Our results bring out the close relations existing between the
chemical conditions, the gel formation mechanism, and the
properties of the resulting gels. However, we found that the
capacity of a polymer to bind calcium does not decrease with
decreasing uronic acid content as proposed in hypothesis 1,
as PGA and LMP had similar calcium content: the term bind
requires more precise description, namely what kind of bind-
ing. In Ca-PGA gels, the specific bonds formed between cal-
cium and the uronic acids are schematized by the egg-box
model (Fig. 5). They created a heterogeneous gel character-
ized by fractions with small pores of high stiffness, which had
low water content and high water retention, and by fractions
with the opposite properties (Fig. 5): the rash Ca-PGA net-
work formation and the stiffness of its network did not allow
the polymer strands to arrange in a homogeneous, energeti-
cally favourable network. On the contrary, in Ca-LMP gels,
most of the absorbed calcium was involved in nonspecific
ionic interactions with the polymer chains, what allowed the
gels to swell very strongly and their networks to rearrange to
create homogeneous gels (Fig. 5). These findings refute
hypotheses 2 and 3, as the specific and nonspecific interac-
tions of the polymers with calcium rather depended on the
uronic acid content and esterification degree than on the cal-
cium content. Despite their high water content and high water
mobility, the Ca-LMP gels resisted dehydration because of
their high osmotic pressure. These conclusions also refute
hypothesis 4, as high water retention was not only caused by
high capillary forces as in Ca-PGA, but was also due to high
osmotic pressure as in Ca-LMP. Surprisingly, even though
mucilage had similar uronic acid content to LMP, it had much
lower calcium content than LMP. The gelling mechanism of
mucilage rather relied on non-ionic electrostatic interactions
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Figure 5: Schematic representation of Ca-PGA, Ca-LMP and Ca-mucilage gel networks.

between entangled polymer chains, which conferred muci-
lage high water content and mobility, but lower water retention
than Ca-LMP also due to low osmotic potential (Fig. 5). A
high degree of esterification of the uronic acids in mucilage or
a regularity of their distribuion on the polymer backbone
could explain the differences between the gel formation
mechanism of LMP and mucilage. Another reason could be a
high degree of branching of the mucilage polymers, which
would hinder coordinative interactions between several
chains and favorize chain entanglements. Still, mucilage be-
haved as a weak polyelectrolyte upon calcium absorption, as
it shrunk due to reduction of the molecular repulsion and mol-
ecule expansion.

5 Conclusion

Finally, PGA and LMP prove as non-suitable model substan-
ces for chia seed mucilage due to diverging gel formation
mechanisms and gel properties. Thus, abundance of uronic
acid and their degree of esterification in mucilage should be
of first consideration before atfributing the changes of the
physical properties in the rhizosphere to calcium cross-links
between uronic acids of mucilage and soil particles or ions in
solution.

A deep understanding of the gel-specific properties of root
mucilage is needed to resolve the physico-chemical pro-
cesses leading to changes of the rhizosphere properties. A
model substance such as chia seed mucilage should have
comparable physical or chemical properties to its associated
substance root mucilage. Therefore, the next steps are the
study of the chemical composition and of the physico-chemi-
cal properties of root mucilage from several plants, and the
subsequent comparison with chia seed mucilage.
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6. INFLUENCE OF THE PHYSICO-CHEMICAL PROPERTIES OF ROOT
MUCILAGE AND MODEL SUBSTANCES ON THE
MICROSTRUCTURAL STABILITY OF SAND

This chapter contains the abstract and the manuscript version submitted to Biogeochemistry after the minor
revisions required for acceptance. The numeration of the subchapters corresponds to the numeration
figuring in the manuscript and the formatting to the one required by the journal.

Abstract

Root mucilage (RM), a soil-born biohydrogel, affects the physical stability of the rhizosphere. One
reason for this is attributed to the present polysaccharides which contribute to the formation of
aggregates by acting as interparticulate glue.

The aim of this study was to explore how physico-chemical properties of polymers of
interparticulate gels influence this gluing and thus soil microstructural stability. We hypothesized
that the microstructural stability of sand increases with the viscosity of the amended biohydrogel,
which depends on the content of carbohydrate polymers and non-esterified uronic acids which
themselves determine the amount of absorbed calcium.

Therefore, natural RM of maize and wheat were compared with higher viscous chia seed
mucilage (SM) as a widely used model for RM, and with industrial pectin rich in uronic acids
partially methylated.

Results showed that additionally to Ca binding by uronic acids, binding by proteins is a further
possible mechanism of Ca adsorption in RM. Upon Ca addition, the viscosity increased upon
intermolecular associations (pectin) and decreased upon suppression of intermolecular charge-
charge repulsion (chia SM, maize RM). Amount of high-molecular weight material in the
amendment affected strongly soil microstructural stability. Results further suggested the creation
of gel micro-zones upon Ca addition, which increased the viscosity of interparticulate gel and
sand microstructural stability.

Finally, the study outlines several physico-chemical mechanisms through which interactions
between biotic (roots and seed) and abiotic components (mineral particles) influence soil
structure, which control the water, air and nutrient flow through the rhizosphere and is, thus, an
important soil quality parameter.

1. Introduction

Plant roots, bacteria, and fungi can modify the properties of their surrounding soil by exuding
polysaccharidic substances (e.g., Barré and Hallett 2009; Naveed et al. 2017). These substances
have a high water holding capacity and can absorb water in amounts above 90% of their own
mass. The resulting gels have increased viscosity and the ability to swell and shrink. The term
“gel effect” defines the biohydrogel-induced variations of soil properties (Brax et al. 2017), among
which the stabilization of the soil structure is a significant one. Several pore-scale effects have
been identified to explain the stabilization of the soil structure by biohydrogels: In the wet state,
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stronger binding between soil particles due to a gluing effect leads to an increased cohesion of
soil aggregates (e.g., Watt et al. 1993; Zhang et al. 2008). After drying and rewetting, reduction
of the wetting rate, cementation, and increased polymer-particle surface contact enhance
aggregate stability and reduce slaking (e.g., Orts William J. et al. 2007; Buchmann et al. 2015).
Chemical interactions between biohydrogel and soil particles further affect soil structural stability
(e.g., Barré and Hallett 2009; Buchmann et al. 2015). In general, it is expected that the exudation
of mucilage by soil biota has similar effects on the soil structure as the already investigated
biohydrogels. Variations of the soil structure induced by interactions between abiotic components
(soil particles) and biotic components ultimately affects soil hydraulic properties such as water
content, water retention and hydraulic conductivity (Kroener et al. 2018). Still, the exact relations
between chemical properties of mucilage and the gel effects are unknown.

Well-defined model polymers such as polyacrylic acid for extracellular polymeric substances
(EPS) are used for simplification of biohydrogel-soil systems and enable the focus on already
complex pore-scale processes (Mayer et al. 1999; Barré and Hallett 2009). Polygalacturonic acid
(PGA) has been widely used as model substance for root mucilage (RM) (e.g., Zhang et al. 2008;
Albalasmeh et al. 2013). It has an uronic acid content of 100 wt% (based on the total
polysaccharide content). Accordingly, PGA forms a gel by specific ionic bonding between
deprotonated uronic acid and calcium (Grant et al. 1973). Such gels are governed by strong and
specific interactions and form hard and brittle gels (de Kerchove and Elimelech 2007).

RM polysaccharides are composed of neutral sugars and uronic acids and are made responsible
for the gelling properties of RM. The presence of uronic acids in RM should additionally lead to
the formation of ionic bonds with calcium from the soil solution or ions at the surface of soil
particles (e.g., Zhang et al. 2008; Chen and Arye 2016). Only few studies reported the uronic
acid content in RM, but it varies from 3 to 28 wt% (based on the total polysaccharide content) in
maize RM (e.g., Morel et al. 1986; Watanabe et al. 2008) to values less than 5 wt% in barley and
maize exudates (Naveed et al. 2017). Such low contents of uronic acid in RM question the ability
of RM to stabilize the gel via ionic bounds with calcium. For example, chia seed mucilage (SM)
has an uronic acid content of 23 wt% (Timilsena et al. 2015) and it forms gels characterized by
the entanglement of different chains by physical cross-links (Capitani et al. 2015; Brax et al.
2019b). Physical cross-links result from non-specific interactions between uncharged functional
groups and from electrostatic interactions between uncharged functional groups and ions.

In contrast to its well-defined polymer analogues, root mucilage has a more complex chemical
composition regarding the types and composition of carbohydrates (e.g., Fedeniuk and Biliaderis
1994; Read et al. 2003). Therefore, the understanding is still scarce about how the viscosity of
biohydrogels affects pore-scale stabilization mechanisms, which lead to an increase of soail
structural stability and ultimately to variations in the water flow in the soil profile.

Although chia SM has been widely used as RM analogue (e.g., Kroener et al. 2014; Benard et
al. 2018), little is known about the extent to which chia SM forms gels of similar structure and
properties as RM, and which effects of chia SM on soil are comparable to those of RM. Recent
results showed that the viscosity of chia SM and maize and barley root exudates differed and
that chia SM had the highest viscosity (Naveed et al., 2017). This highlights the need to
understand the relationships between chemical composition and physico-chemical properties of
RM from several plants and to compare them to model substances like chia SM.
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The properties of a biohydrogel are controlled by its chemical composition and by the structural
arrangement of the polymers, which depends on the physico-chemical forces at play between
the chains (Brax et al. 2017, 2019b). Therefore, one aim of this study was to explore how
chemical properties, particularely uronic acid content and Ca absorption capacity, of several RMs
affect their physical gel properties, like viscosity, in comparison to other gels suggested to be
models of RM. The second aim was to understand how these compaosition-property relationships
found for RM and other substances affect gel-induced pore-scale properties, i.e., microstructural
stability of artificial soils, differently. The following hypotheses were formulated in order to help
achieving these aims:

1. Calcium absorption by RM increases with the content of hon-esterified uronic acid constituting
the backbone of RM.

2. The viscosity of RM increases with the content of carbohydrate polymers.
3. Absorption of calcium by RM increases the viscosity of RM.

4. The microstructural stability of sand amended with RM increases with the viscosity of RM,
whether or not treated with calcium.

Beside chia SM, low-methoxy pectin (LMP) was chosen as a possible model substance for RM
because it has a lower uronic acid content than PGA, and its partial methyl esterification may
better model the processes occurring in RM (Mimmo et al. 2008). RM was collected from wheat
and maize young roots as they differ in their rheological properties. For chemical characterization,
calcium absorption, carbohydrate and uronic acid contents were measured. The viscosity was
measured in samples with and without Ca addition and the same preparations were mixed with
glass beads and coarse sand to measure their effect on the microstructural stability of artificial
soils.

2. Materials and methods

2.1 Collection of mucilage

Collection of maize and wheat root mucilage (RM). Maize and wheat RM were extracted as
described by Holz et al. (2018) using an aeroponic method. For this, wheat (Triticum aestivum
cv. Julius) and maize (Zea mays) seeds were surface-sterilized in hydrogen peroxide (10%) for
10 min, rinsed thoroughly with distilled water and spread on a stainless steel mesh (mesh size
2 mm). The meshes (36 x 52 cm) were mounted in PE boxes (37 x 53 x 27 cm top). Both were
rinsed with 10% H-O, beforehand to inhibit microbial activity. The PE boxes were filled up to 12
cm with distilled water. The meshes were fixed at 22 cm from the bottom of the boxes. Each box
contained one aquarium heater set at 23°C (25 Watt, EHEIM) and two air diffusers (Long-Long
25 cm) connected to an air pump to ensure ~100% air humidity. The seeds were grown 3 days
in the dark, before mucilage was collected from the young roots under vacuum suction once a
day for the next 2-3 days. RM was sieved through a 100 ym mesh and freeze-dried. Freeze-
drying was essential in order to re-dissolve all substances at the same defined concentration.

Extraction of chia seed mucilage (SM). Chia seeds (Salvia hispanica L.) were added to distilled
water (1:20 w/w ratio), mixed thoroughly for 2 min and kept for 30 min at room temperature until
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mucilage excretion reached a steady state (Salgado-Cruz et al. 2013). Chia SM was extracted
under vacuum filtration through a 500 pm sieve, sieved through 100 ym mesh to remove seed
rests. The filtered and freshly extracted chia seed mucilage had a concentration of 0.12 + 0.00
wt% and was finally freeze-dried.

2.2 Dialysis and chemical characterization of RM and its model substances

Dialysis was conducted as described in Brax et al. (2019b) with some modifications: Freeze-
dried maize, wheat, and chia mucilage as well as low-methoxy pectin (LMP, citrus pectin,
esterification degree 32-38%, galacturonic acid content 85%, Herbstreith & Fox KG, Germany)
were separately mixed with water at a concentration of 0.05 wt% (500 mg/L) and let rest for 24
hours until complete dissolution. The concentration was set at 0.05 wt%. The prepared samples
(20 mL) were transferred into a plastic cylinder (4 x 2.8 cm) previously closed on one side with
dialysis tubing (molecular weight cut-off: 12,000-14,000). Dialysis tubing was then fixed on the
open end of the cylinder and immersed for 24 h in distilled water to remove the dissolved cations.
The first subset of the samples was analysed for TOC, CHNS, and dry mass (Figure 1). The
second subset was dialyzed against a 5 mM CaCl.-solution adjusted to pH 5 using KOH and
HCI. After 48 h, the samples were washed three times by dialysis against distilled water, which
was renewed every 24 h. The calcium contained in the gels, therefore, was considered bound
(Morel et al. 1986). The second subset was analyzed for the cations (Figure 1). All samples were
prepared in triplicate.

The molecular weight cut-off of the dialysis tubing corresponds to 67+ 5 linked uronic acid
molecules: The molecules which could diffuse out of the dialysis tubes were not the long polymer
chains suspected to be involved in the gelling of the RM and its model substances. Thus, the
total carbon (TC) ratio corresponding to the ratio of total carbon measured for the samples after
the dialysis (TCdia) and before the dialysis (TCiniiar) gives an indication about the amount of high
molecular weight (HMW) material (Table 1).

Total organic carbon (TOC) was measured via multiNC 2100S (Analytic Jena, Germany) (Figure
1) with the non-purgeable organic carbon (NPOC) method. Calibration was done using potassium
hydrogen phthalate (Merck, Darmstadt, Germany).

Elemental nitrogen and carbon content was determined as weight percentage of the freeze-dried
material (Vario micro cube, Elementar Analysensysteme GmbH, Germany) and used to obtain
the C:N ratios.
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Fig. 1 Overview over the treatment procedures of root mucilage (RM), seed mucilage (SM) and low-
methoxy pectin (LMP) and their corresponding physico-chemical analyses.

Cation analysis was obtained from 1 mL sample digested with 0.5 mL 33% HCl and 1.5 mL 65%
HNO:s in a microwave by a 15 min heating ramp followed by constant heating at 200°C for 40 min.
The digests were subsequently analysed by inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent 720 Series, Germany) for the metals Ca, Mg, Na and K.

Total uronic acid content in wt% of the dry mass was determined according to the modified
phenylphenol method of Blumenkrantz (1973) improved by Filisetti-Cozzi and Carpita (1991) for
a reduced browning of neutral sugars. The principle of the phenylphenol method is the formation
of chromogens by the reaction of hydrolysed uronic acid with meta-hydroxydiphenyl. For this, 40
pL of 4 M sulfamic acid-potassium sulfamate (pH 1.6) was added to 400 pL of sample solution.
After mixing, 2.4 mL of concentrated H.SO, containing 12.5 mM sodium tetraborate was added.
After boiling for 20 min and cooling with an ice bath, 80 pyL of a solution of 0.15 wt% m-
hydroxybiphenyl in 0.5 wt% NaOH was added. The tubes were incubated for 15 min at room
temperature before absorption at 525 nm was measured (UV-Vis Spectrometer specord 50,
Analytik Jena, Germany). Calibration curve was measured with standard solutions of
polygalacturonic acid (PGA, 95%, enzymatic, Sigma, Germany) between 5-125 mg L, so that
the measured quantity of uronic acid was given in PGA weight equivalent.

Galacturonic acid was not the only uronic acid found in root exudates (Naveed et al. 2017). As
not all uronic acids have the same absorption coefficient, a correction factor was calculated for
several uronic acids and expressed in the errors given in Figure 3a: The absorption coefficient of
PGA was divided by the absorption coefficients of mannuronic (arca/aua=0.88), irudonic
(apcalaup=0.92) and glucuronic (apca/aua=1.50) acid obtained from Blumenkrantz and Asboe-
Hansen (1973). The product of the measured PGA weight equivalents and of the lowest
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correction factor of mannuronic acid corresponded to the lower possible uronic acid concentration
in the sample, and vice-versa of glucuronic acid to the higher possible concentration.

Degree of esterification (DE) was calculated out of the ratio between the methanol content
released by base hydrolysis of the esterified uronic acids and the total uronic acid content
measured by colorimetry (McFeeters and Armstrong 1984). Methanol released from base
hydrolysis of uronic acid methyl esters was measured by gas chromatography. For this, the
samples were dissolved in water to give a 10 mg/mL solution and 1.5 mL citric acid, 0.1 M NacCl
buffer (pH 5) was added to 1 mL of sample solution. The total volume was 2.5 mL and the final
concentration of citric acid 5 mM. Further, 200 yL of 1.0 M NaOH was added, the samples were
sonicated for 5 min and let rest overnight. The next day, 300 uL of 82.5 mM citric acid solution
was added to lower the pH to 7 for GC analysis. The samples were measured with a GC-FID
(Varian CP-3800, Varian Inc, Palo Alto, USA) equipped with a 60 m TR-FAME column (Thermo
Fisher Scientific, Waltham, USA). A sample volume of 1 uL was injected at 150°C with a 1/10
split ratio. Carrier gas was nitrogen at a constant flow of 0.7 mL min™. The oven was programmed
for 0.2 min at 50°C, a ramp with 20°C min to 130°C and holding for 3 min at 130°C. The DE is
given for the lowest and for the highest possible uronic acid content (Figure 3b).

Total carbohydrate content was measured with the phenol-sulphuric acid method established by
Dubois (1956). This method is based on the dehydration of hydrolyzed saccharides to furfural
derivatives during their reaction with concentrated sulfuric acid. The reaction of furfural
derivatives with phenol forms coloured complexes, which absorb in the UV-Vis spectrum (Dubois
et al. 1956). A volume of 1 mL sample solution was mixed with 40 yL phenol-water reagent (57
wt%), 2.5 mL concentrated H.SO, were quickly added and the mixture was vortexed. After at
least 15 min at room temperature, absorption was measured at 490 nm with the same UV-Vis
Spectrometer as previously. Calibration curve was measured with standard solutions of glucose
(5-70 mg LY). Amount of glucose weight equivalent was also measured for another set of 50 mg
L?! standard solutions consisting of glucose-PGA mixtures (5-45; 25-25; 45-5 mg L?) for
comparison.

As not all sugars have the same absorption coefficient, a correction factor was calculated
similarly to the uronic acid for several sugars. For this, the total sugar content was measured as
glucose equivalent for 50 mg L* standard solutions of fructose (99%, Alfa Aesar), galactose
(98.5%, Dr. Ehrenfester), xylose (99.5%, Dr. Ehrenfester), PGA and the previously described
pectin. The correction factor was the ratio between the real sugar content (50 mg L?) and the
sugar content measured as glucose equivalent. The product of the measured glucose equivalent
and of the highest correction factor corresponded to the highest possible total sugar
concentration in the samples).

2.3 Physical characterization

Root mucilage and model substance preparation for the physical characterization was performed
in distilled water at a higher concentration of 0.5 wt% (5.00 g/L) than for the chemical analysis
(Figure 1). For the calcium-treated samples, the same quantity of sample was dissolved in half
the volume of distilled water, and the other half of the volume was added as a 10 mM CacCl.
solution resulting in 0.5 wt% in 5 mM CacCl; solution.

Viscosity of RM and its model substances was measured using a MCR 102 rheometer (Anton
Paar, Ostfildern, Germany) with a parallel-plate measuring system (25 mm diameter). Flow curve
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measurements were conducted at 20°C with a measurement gap of 250 um and a shear rate of
0.01 - 600 s™.

Preparation of amended artificial soils was performed at 0.5 wt%, a middle value for the dry mass
of RM collected with the aeroponic method (Zickenrott et al. 2016). Amendment of soil with this
RM concentration aims to characterize processes taking place close to the root interface. Glass
beads (338 + 44 ym) and a coarse quartz sand (grain size: 0.2% 2000-630 pym, 94.9% 630-200
pm, and 4.9% 200-63 pm, Quarzwerke GmbH, Weferlingen) were used as artificial soils. In order
to limit bacterial degradation of RM, the artificial soils were successively washed with 2 M HCI
solution and distilled water and were oven-dried at 105°C for 24 h prior to the experiments. The
samples were prepared by homogeneously mixing the artificial soils with wheat and maize RM,
chia SM, and LMP and by adjusting them to their maximal water content of 25 wt%. Final
concentration of the different samples was 1.25 g dry RM or model substance per kg soil. The
adjusted concentration was in the range of EPS in deciduous forest and permanent grassland as
estimated by Chenu (1995), but significantly less than the 4.6 g dry root exudate (kg dry soil) *
applied by Naveed et al. (2017).

Amplitude sweep measurement were conducted to determine the microstructural stability of the
samples using the same rheometer and geometry as described for the viscosity measurements.
Water-saturated conditions were used to minimize the effects of water menisci forces, hence the
structural stability of the non-amended artificial soils directly depended on the solid-solid friction
between mineral particles as a function of soil texture (Buchmann and Schaumann 2017).
Microstructural stability was described by the yield stress for both non-treated artificial soils and
treated with RM of wheat and maize, chia SM, pectin and glucose (Figure 6). The measurements
were carried out at 20°C (regulated by a Peltier unit) under the following conditions: Plate gap
was set to 2 mm throughout the measurements with deformation y increasing from 0.001-100%
in logarithmic scale for a total of 33 measurement points. Frequency was kept constant at 0.681
Hz. Results were presented as yield stress 1 (peak elastic stress), which typically represents the
onset of soil microstructural collapse (Naveed et al. 2017).

2.4 Environmental scanning electron microscopy (ESEM)

Small amounts of each amended soil were immersed into liquid nitrogen and directly after
transferred in the freeze-drier. Shock-freezing the samples aimed to reduce as much as possible
changes in the structure of the polymer network (Brax et al. 2019a). ESEM images of these
samples were taken with a FEI Quanta 250 ESEM (FEI Company Hillsboro, United States) under
low vacuum with chamber pressures between 60 and 80 Pa. A large field detector was used with
an acceleration voltage between 12.5 and 15 kV.

2.4 Statistical analyses

Mean values and standard deviations were calculated for all parameters. Differences between
the mucilage types (type) in chemical and physical parameters (Table 1, Figure 2, 3a, 4, 5a and
6), the effect of Ca addition (treatment) on viscosity of mucilage (H3, Figure 5a) and on the yield
stress of glass beads and sand amended with these substances (H4, Figures 6), and the effect
of substrate type (glass beads or sand) on the yield stress were tested with linear mixed effect
models with random intercept from replicate measurements using the packages nlme and car (R
core team, 2018) including interaction only when it was significant. The model was accepted to
sufficiently describe the data if the Shapiro-Wilk normality test and Levene test of the residuals
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resulted in a p > 0.05. The effect of a factor was considered significant when the anova test of
one model with and one model without the respective factor (null model) resulted in a p-value <
0.05 (Winter 2013). In order to meet model assumptions, data of uronic acid content, viscosity,
and vyield stress were transformed logarithmically. Significant differences between types and
treatments were marked with different letters (Tablel, Figures 2, 3a, 5a, and 6). Finally, to test
the hypothesized relationships between Ca absorption and content of non-esterified uronic acid
(H1), and In (viscosity) and polymer content (H2), as well as the dependence of yield stress on
In (viscosity) and polymer content (H4), linear regression analyses were performed for Figure 3b,
Figures 5b, and 7a-b weighed by the reciprocal standard deviation of the parameters using the
package stats of the statistical software R (R core team, 2018). Correlation and strength of the
relationship between the data are described by the coefficient of determination r2 and the
significance (p-value) of the slope.

3. Results and discussion

3.1 Chemical composition of mucilage and analogues

The ratio of total carbon content after and before dialysis differs significantly between the
substance types (p = 3.8-10!) and shows that low methoxy pectin (LMP) as a high molecular
weight (HMW) polymer did not lose significant amounts of carbon upon dialysis (Table 1). In
contrast, chia seed mucilage (SM) lost about 25% of its initial total carbon upon dialysis, whereas
maize and wheat root mucilage (RM) lost 49% and 59%, respectively. The C/N ratio after water
dialysis (Table 1) reveals that LMP and chia SM had a significantly lower N content than wheat
and maize RM (p < 1.6-10° for all).

Table 1 Mean and standard deviation of the ratio of total carbon after water dialysis TCdia With respect to
initial total carbon TCinitia and C/N ratio after water dialysis in maize and wheat root mucilage (maize RM,
wheat RM), chia seed mucilage (chia SM) and low-methoxy pectin (LMP). Both were significantly affected
by the mucilage type (p = 3.8-10'11 and 2.6-101° for TC ratio and C/N, respectively). Significant differences
are marked by different letters in brackets.

Wheat RM Maize RM Chia SM LMP

TCial/ TCraw 0.45+0.04 (a) 0.62 £ 0.01 (b) 0.74 £ 0.05 (c) 0.96 £+ 0.03 (d)

CIN 6.6 + 0.4 (a) 11.3+ 1.1 () 70.8 £ 7.6 (b) 79.8 + 4.5 (b)

The concentrations of Na, K, Mg and Ca in the samples were measured before dialysis and after
dialysis against 5 mM CacCl, solution (Figure 2). Whereas the commercially purified citrus pectin
(LMP) was nearly free of cations before dialysis, RM of maize and wheat and chia SM contained
250 + 40 umol mL?* K (Figure 2a). In contrast to the RM of maize and wheat that contained no
relevant amounts of other cations, significantly higher Ca and Mg contents of 160+4 umol mL*
were found in chia SM (p < 8.5-10'7 and 3.6-1072 for Ca and Mg, respectively). After dialysis,
Na, K, and Mg were either washed out or replaced by Ca for all samples (Figure 2b). This
indicates the affinity of maize and wheat RM and of chia SM to Ca?*. The highest amount of
bound Ca was found in LMP with 948+23 umol mL* followed by chia SM with 666 + 36 pmol mL
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1 (p = 9.4-107), which exceeded the occupied charge before dialysis. In contrast, with a Ca
content of 83 + 8 umol mL* for maize and wheat RM, Ca dialysis did not result in a complete
saturation of all charges that had been occupied before dialysis (Figure 2b).
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Fig. 2 Initial cation content (a) and bound cation content after calcium treatment (b) in maize and wheat
root mucilage, chia seed mucilage and in low-methoxy pectin (LMP) was significantly affected by the
mucilage type for the initial Ca (p = 4-10-2%) and Mg content (p = 1.8-1017) and for the Ca (p = 3.7 -10°14),
K (p =4.5-10%), and Mg content (p = 2.8-101°) after Ca treatment. Error bars show standard deviation.
Different letters beside the legend symbols indicate significant mucilage type specific differences in the
respective cation. Where letters are missing, model assumptions were not met.

The uronic acid content in the different substances varied (Figure 3a) significantly (p = 2.1-103).
With 81 + 6 wt% galacturonic acid equivalent (GalA eq) LMP verified the information provided by
the manufacturer (85%). The uronic acid content in chia SM was with 39 + 4 wt% GalA eq (almost
half of the one in LMP) significantly lower (p = 5.3-10°) whereas only 4 + 1 mg L GalA eq was
measured for maize RM and no uronic acid was detected in wheat RM (Figure 3a). As several
types of uronic acid are present in mucilage (Naveed et al. 2017) and due to their various
absorption coefficients, mannuronic acid (ManA eq) and glucuronic acid equivalents (GIuUA eq)
were also represented in Figure 3a. The degree of esterification (DE) measured for LMP was
between 21 + 1%, which is below the one given by the producer (32-38%). The DE of maize RM
was 43+0%, whereas the DE of chia SM was 8 + 1 thus remarkably lower. The concentration of
bound Ca in the different substances after Ca dialysis plotted against the content of non-esterified
PGA equivalent (Figure 3b) resulted in a significant weighted linear regression with an intercept
of 82.6 £ 4.8-10° umol mL* (p = 3.3-10*%) and a slope of 16.8 + 2.6 pumol mL™* wt%™* (p = 0.033,
r2 = 0.9557). Therefore, the concentration of bound Ca was significantly greater than zero at the
y-intercept and significantly increased with the content of non-esterified uronic acid.

80



6 Influence of the physico-chemical properties of root mucilage and model substances on the
microstructural stability of sand

total: ® ManAeq ® GalAeq B GluAeq
non-esterified: ©® ManAeq o GalAeq © GIuAeq

a b C d 1000
120
X 100 T 2 800
=
5 80 S 600
o i @ 400
2 8
© 40 ¢t
S 200
20
0 1 1 1 1 1
O _-1—|—f-1
0 20 40 60 80
wheat maize chia LMP non-esterified uronic acid / wt%

Fig. 3 Content of total and of non-esterified uronic acid as mannuronic acid (MaA), galacturonic acid
(GalA), and glucuronic acid (GluA) equivalent in wt% of the dry mass in maize and wheat root mucilage,
chia seed mucilage, and in low-methoxy pectin (LMP) (a) were both significantly affected by the mucilage
type (p = 2.1-10-3), Error bars show standard deviation and different letters of the same grayscale
indicate significant differences. Correlation between the non-esterified galacturonic acid content and the
bound Ca concentration after calcium treatment was with an intercept of 82.6 + 4.7-105 (p = 3.3-10°%3)
and a slope of 16.8 + 2.6 (p = 0.0224) significant (r> = 0.9557) (b). Horizontal error bars represent
mannuronic (lower) and glucuronic (upper) acid equivalents.

Chia SM had the highest carbohydrate content (p = 2.7-10°) with 35 + 2 wt% glucose equivalent
(Gluc eq) and maize and wheat RM showed similar values (p = 0.897) around only 7.5 + 1 wt%
Gluc eq (Figure 4a). In addition to glucose, various neutral and acidic carbohydrates are present
in mucilage (Naveed et al. 2017) and affect the absorption coefficient. A correction factor (i.e.,
ratio of sugars to glucose equivalent) was measured for several carbohydrates (Table 2). As LMP
had the highest correction factor, the carbohydrate content equivalent to LMP was also
represented in Figure 4. To prove the influence of uronic acids on the absorption coefficient, three
standard solutions consisting of glucose-PGA mixtures (5-45, 25-25, and 45-5 mgL™) were
prepared for comparison. The correction factors (i.e., the ratio of sugars to glucose equivalent)
increased from 1.1 (5-45 mgL™) to 1.6 (25-25 mg L™?) and 2.2 (45-5 mg L™?), accordingly to the
increase of the fraction of PGA in the solution.
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Fig. 4 Total carbohydrate content as glucose equivalent (Glu eq) and LMP equivalent (LMP eq) in maize
and wheat root mucilage, chia seed mucilage and in low-methoxy pectin (LMP) in wt% of the dry mass
was significantly affected by the mucilage type (p = 3.4-10°1). Error bars show standard deviation and

significant differences are indicated by different letters.

Table 2 Mean and standard deviation of the correction factor (i.e., ratio of sugars to glucose equivalent)
of various carbohydrates measured for the glucose calibration curve.

Substance Glucose Galactose Fructose Xylose PGA LMP
Correction 1.0 1.3:00  15:01  11#00  25:02  3.4:0.3
factor

3.2 Suitability of the Dubois total carbohydrate method for mucilage

The analytical accuracy of the Dubois method for samples rich in uronic acid such as chia SM or
LMP was low, as the correction factor measured for LMP involved correction bars over three
times the experimental value measured for the total sugar content (Figure 4). The reason is that
neutral sugars, uronic acids, and amino sugars show different chemical reactivity with the
derivatization reagent. Therefore, the absorption coefficient of uronic acids typically ranges
between 30% and 40% of the one of neutral sugars, whereas amino sugars do not react at all
(Mecozzi 2005; Liebezeit and Behrends 2007). Although not indicated by the manufacturer, the
potential presence of amino sugars in LMP was suggested by the high nitrogen content (Table
1) and would explain why the correction factor for LMP is higher than that for PGA. The calibration
with glucose despite the dependence of the absorption coefficient on the type of sugar leads to
an underestimation of the total carbohydrate (Albalasmeh et al. 2013). This shows that the
Dubois method is inappropriate to measure and compare the total carbohydrate content in RM
and analogue substances, which potentially contain amino sugars and uronic acids. An
alternative method involves the hydrolysis of the polysaccharides and the derivatisation of their
constituent monosaccharides to volatile compounds allowing analysis using gas chromatography
(Osborn et al. 1999; Bacilio-Jiménez et al. 2003).

3.3 The chemical composition of root mucilage differs from its analogues

Wheat and maize RM contained higher amounts of low molecular weight (LMW) substances than
chia SM and the purified citrus pectin LMP. Osborn et al. (1999) also found that a majority of
neutral sugars in crude maize RM is present as glucose monomer. One explanation is that roots
profit from the exudation of microbially easily degradable monosaccharides improving symbiosis
with soil bacteria and fungi (Angers and Caron 1998).

The content of uronic acid in chia SM was slightly higher than the data reported by Timilsena et
al. (2015) and Lin et al. (1994). The content of uronic acid measured) and the one in maize RM
was in good agreement with the value measured by Bacic et al. (1986) in Zea Mays L. grown
under axenic conditions. Low amounts of uronic acid below 4.5 wt% of the dry mass were also
measured for barley and maize root exudates (Naveed et al. 2017). In contrast to our results,
11.5 wt% uronic acids were measured in wheat root mucilage (Moody et al. 1988). One reason
for this discrepancy could be that the seed variety used by Moody et al. (1988) was from another
cultivar (cv Condor) than ours (Julius). Furthermore, the growth procedure and extraction
procedures are not standardized, which complicates the comparison and interpretation of
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published results. In contrast to chia SM and LMP, the low amounts of uronic acid measured for
RM in this study and in the literature suggest that the interactions between the polymers in RM
and the resulting gel properties of RM are not only governed by uronic acids.

Whereas chia SM seems to mostly consist of uronic acids and neutral sugars, the low
carbohydrate content and uronic acid content in maize and wheat RM suggest that there is only
a small amount of polymeric substances in RM of this study, which is partly verified by the high
carbon loss during dialysis of wheat and maize RM. Another reason could be the presence of
other types of polymers such as proteins (Fedeniuk and Biliaderis 1994; Knee et al. 2001), and
phospholipids (Read et al. 2003), which have already been found in RM. The small C/N ratio for
RM suggests indeed the presence of amino sugars or of proteins in RM (Bacic et al. 1986; Knee
et al. 2001).

3.4 Calcium adsorption in mucilage relies on free uronic acids - but not only

The lower amount of HMW material in wheat and maize RM than in chia SM and LMP resulted
in a reduced solid concentration after dialysis, which alone can explain the reduced amount of
absorbed Ca. However, the positive correlation between non-esterified uronic acid and bound
Ca in Figure 3b indicates that Ca binding occurs mostly by interactions with free uronic acids
according to hypothesis 1. In addition, further Ca binding mechanisms are suggested by the
positive y-intercept as it indicates calcium absorption also in the absence of free uronic acid. This
is particularly relevant for wheat and maize RM, which contained zero and near to zero free uronic
acids and still adsorbed Ca. One possible mechanism supported by the low C/N ratio is the
absorption of Ca by proteins probably also present in RM (Dudev and Lim 2004). An alternative
mechanism was suggested by Morel et al. (1987) and Watt et al. (1993), who found that binding
of RM to soil and clay materials occurs through hydroxyl and amino groups of RM rather than by
ionic binding with free uronic acids. These considerations underline the necessity to take into
account proteins and phospholipids as additional constituents of RM to evaluate the composition-
property relationship in RM, as these compounds affect ionic binding to calcium and probably the
viscosity of mucilage.

3.5 Rheology of root mucilage and analogues

The flow curves (Brax 2019) of all RM and analogues showed a shear-thinning behaviour
indicated by the decrease of the viscosity with increasing shear rate and caused by the alignment
of the randomly positioned polymer chains in the flow direction resulting in less interaction among
adjacent chains (Koocheki et al. 2013). We examined the viscosity of the samples at a medium
shear rate of 107 s? to differentiate between the strength of the interactions between the
polymers, and thus to compare potentially different gel formation mechanisms. The different
samples (0.5 wt%) including one of glucose reveal a significantly different viscosity (p = 2-10%7).
Without additional calcium, the viscosity increased in the following order (Figure 5a): glucose =
(p = 0.0628) wheat RM < (p = 6.7-10?) maize RM < (p = 4.9-10%) LMP << (p = 2.5-10*) chia
SM. The viscosity of glucose and wheat RM were between 1 and 2 mPa-s and thus only slightly
higher than that of water, which is 1 mPa-s at 20°C. In contrast, the viscosity of chia SM was with
128 + 4.5 mPa-s much higher than that of maize RM and LMP in the range of 10 mPa-s (p =
2.3-10'® and 2.5-10*%, respectively). Upon calcium addition, the viscosity of LMP increased to
116 + 12 mPa-s (p = 1.0-10'®), whereas the one of chia SM and maize RM decreased to 73 +
0.4 mPa-s (p = 3.0-10°%) and 2 + 0.1 mPa-s (p = 6.2-103), respectively. The viscosity of wheat
RM also increased slightly to 2 + 0.4 mPa-s upon Ca addition (p = 2.7-1073). The partly opposite
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effects of Ca on the viscosity of the different samples are reflected in the statistical model by a
significant interaction of treatment and mucilage type (p = 4.7-102%). Probably, other mucilage
type specific factors oppositely influence the viscosity of the gels at different Ca concentrations.
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Fig. 5 Viscosity at a shear rate of 107 s'! measured for 0.5 wt% glucose (Gluc), wheat and maize root
mucilage, chia seed mucilage and low-methoxy pectin (LMP) dissolved in pure water (raw) and enriched
in calcium (Ca addition) was significantly affected by mucilage type (p = 5.8:10-%), by Ca treatment (p =

2.89-1022) and by the interaction of both (p = 4.7-10-23) (a). Different letters indicate significant
differences. Correlation between the In(viscosity) at a shear rate of 107 st and the TC ratio (total carbon
ratio after and before dialysis TCudial / TCinitial) for glucose, RM, and its analogues dissolved in water
revealed a significant intercept of 0.24 £ 0.02 (p = 0.0011) and a significant slope of 3.58 £+ 1.12 (p =
0.0492, r2 = 0.7737) (b).

Therefore, the viscosity at a shear rate of 107 s of glucose, RM, and its analogues was also
plotted against the TC ratio of the respective substances (Figure 5b). The TC ratio value for
glucose was assumed to be 0, as the molar mass of glucose is much smaller than the molecular
weight cut-off (MWCO) of the dialysis tubing. The logarithmic values of the viscosity significantly
increase with the TC ratio (r2=0.7737, p = 0.0492).

3.6 Various factors determine the viscosity of root mucilage and analogues
3.6.1 Molecular weight and charge affect polymer interactions

As glucose is a monomeric carbohydrate, friction forces between the glucose molecules are not
relevant and its viscosity is similar to the one of water. Internal frictions between polymer
molecules increase the viscosity which explains the increase of viscosity with the TC ratio and
thus with the amount of polymeric material (Mezger, T. G. 2014). The lower viscosity of LMP than
of chia SM in water despite the higher amount of HMW material results from the negatively
charged free uronic acids distributed on the polymer chains of LMP. Those repel each other and
thereby reduce the internal friction giving LMP the viscosity of a viscous liquid. In contrast, the
viscosity of chia SM was the one of a weak viscoelastic gel and comparable to literature results
(Medina-Torres et al. 2000; Capitani et al. 2015). Its viscosity was attributed to molecular
interactions between the polymer chains, which include electrostatic interactions and hydrogel
bonding (Medina-Torres et al. 2000). Such interactions are characteristic for polyelectrolyte gels
(Skouri et al. 1995; Rubinstein et al. 1996). Weak positive molecular interactions between the
polymer chains could also induce the viscosity in maize RM, which was in good accordance to
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earlier studies (Read and Gregory 1997; Read et al. 1999) and comparable to that of LMP,
although maize RM had less HMW material than LMP. This suggests that strong attractive forces
between the molecules in maize RM compensated for the smaller amount of interacting
polymers.

Although wheat and maize RM had similar carbohydrate and non-esterified uronic acid contents,
wheat RM was less viscous than maize RM and its viscosity was similar to the one of barley root
exudate (Naveed et al. 2017). One reason could be the smaller amount of polymeric material in
wheat RM than in maize RM leading to fewer molecular interactions between the polymer chains.
This result supports hypothesis 2, which supposed that the viscosity increases with the content
of polysaccharide derived sugars, as long as the type of polymers do not differ.

3.6.2 Calcium connects or contracts polymers with opposite effects on viscosity

Calcium-treatment of LMP induced a strong increase of its viscosity due to intermolecular
associations between calcium and deprotonated uronic acids (Axelos et al. 1991). Finally,
hypothesis 3, which supposed that interactions with calcium increase the viscosity of RM and
analogues, was only valid for LMP. In contrast, for polyelectrolyte gels, addition of positive ions
results in a drop in the viscosity. It induces the suppression of intermolecular charge-charge
repulsion and results in the contraction of the polysaccharide molecules through complexation
with the added ions. This leads to a drop of the friction forces between the polymer chains and
thus reduces the viscosity (Koocheki et al. 2013). This mechanism explains the decrease of the
viscosity of chia SM upon calcium treatment (Capitani et al. 2015) and may also explain the one
of maize RM as it behaved similarly.

The suggested presence of proteins in RM could also increase the viscosity. For example,
glycoproteins are recognized for their high-water binding and gel-formation properties (Fincher
et al. 1983), and could additionally influence the gel properties of maize RM. The slightly
increased viscosity of wheat RM with calcium addition could result from calcium-binding proteins
such as arabinogalactan or other glycoproteins, also possibly present in RM (Knee et al. 2001,
Timotiwu and Sakurai 2002).

3.6 Mechanical and visual microstructure of mucilage - model soil systems

The yield stress obtained from rheological measurements of the glass bead samples increased in the order
of the following amendments: wheat RM ~ (p = 0.452) maize RM ~ (p = 0.105) chia SM < (p = 7.5-10%)
LMP (Figure 6). Generally, the yield stress was by ~ 58 + 20 Pa higher for sand than for the glass beads
(p = 0.0016). Calcium addition increased significantly the yield stress of the amended glass beads (p =
9.9:10°9) by ~47 + 15 Pa and of the amended sand samples (p = 9.2-1013) by ~114 + 44 Pa. For the glass
beads, calcium addition had the strongest effect on the yield stress of LMP-amended samples (~68 + 12
Pa, p = 6.5:10%). In sand, calcium addition to maize RM-, chia SM- and LMP-amended samples led to a
similar increase of the yield stress by ~ 132 + 31 Pa (p = 5.3-109).
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Fig. 6 Yield stress of saturated glass beads and sand amended with distilled water, 0.5 wt% glucose
(Gluc), wheat and maize root mucilage, chia seed mucilage and low-methoxy pectin (LMP) in water (raw)
and enriched in calcium (Ca addition) were both significantly affected by the mucilage type (p = 1.1-10°
and 2.3-10°° for glass beads and sand) and by the Ca treatment (p = 9.9-10° and 9.2-10-2, respectively).
Different letters indicate significant differences. In addition, yield stress of amended sand was
significantly higher than of glass beads (p = 0.0016).

The yield stress of the sand samples amended with the different substances raw and enriched
in calcium was plotted against the viscosity (Figure 7a). A general positive trend (r2 = 0.582, p =
0.0277) was observed between the yield stress of the amended samples and the logarithmic
values of the viscosity of the amendments, but some spike values and the low coefficient of
determination suggest that beside the viscosity of the amendment, other factors influence the
yield stress. For example, the viscosity of wheat and maize RM treated with calcium does not
differ significantly (p = 0.633), but the yield stress of sand amended with maize RM and calcium
is nearly double as high as the one of sand amended with wheat RM and calcium (p = 9.3 10®).

The yield stress of the sand samples amended with the raw substances was plotted against their
respective TC ratio (Figure 7b) which corresponds to the ratio of total carbon measured for the
substances after (TCgia) and before dialysis (TCinitial). The yield stress significantly increased with
increasing TC ratio of the amendments (r2 = 0.9665, p = 0.0169) and thus with increasing amount
of large molecules in the amending substances.
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Fig. 7 Correlation between the yield stress and In (viscosity) for sand amended with RM and its
analogues prepared in water or enriched in calcium revealed an intercept of 103 £ 54 (p = 0.195) and a
significant slope of 45.1 + 15.6 (p = 0.0277, r2 = 0.582) (a). Correlation between the yield stress and the

TC ratio (total carbon ratio after and before dialysis TCudia / TCinitia)) for sand amended with water, RM and
its analogues prepared in water revealed an intercept of -51.4 + 24.9 (p = 0.1751) and a significant slope
of 302 + 40 (p = 0.0169, r2 = 0.9665) (b). Error bars represent standard deviations.

The interparticulate network of freeze-dried natural mucilage in sand varies between chia SM
(Figure 8a), maize RM (Figure 8b) and wheat RM (Figure 8c). Chia SM had relatively thick and
long strands covering the surface of the sand particles and extending over several particles.
Maize RM formed thinner strands than chia SM but the inset shows that it also extended into the
pore space. Interparticulate wheat RM was difficult to spot with the ESEM. Still, strands linking
two particles were found and pictured on Figure 8c. In general, the quantity of polymeric material
observed with the ESEM in amended sand decreased from chia SM, to maize RM and wheat
RM. One reason could be the decreasing quantity of HMW compounds for these substances
revealed by their TC ratio, as small molecules are not visible here.

a) Chia SM - sand b) Maize RM - sand ¢) Wheat RM - sand

Fig. 8 ESEM pictures of sand amended with 0.5 wt% chia seed mucilage (SM) (a), maize (b) and wheat
root mucilage (RM) (c) prepared in water with a dry mass concentration of 1.25 g dry substance kg
sand after shock-freezing with N2 (I) and freeze-drying.

3.8 Various physico-chemical factors influence microstructural stability
3.8.1 How mucilage properties may compensate for surface roughness effects

The non-uniform shape and roughness of the sand particles severely affect particle-particle
friction and increase soil microstructural stability. This explains the about two times higher yield
stress for sand than for glass beads in water and glucose solution.

The very similar yield stress of untreated and glucose-treated samples shows that neutral species
with the viscosity of water do not particularly affect soil microstructural stability. As suggested by
hypothesis 4, the microstructural stability generally increases with the viscosity of the different
substances. Yet, raw LMP stabilized sand stronger than chia SM, although its viscosity was
lower. It is rather unlikely that LMP or chia SM interacted chemically differently with the inert
silicate surface of the glass beads and sand. One explanation is that the higher amount of HMW
material in LMP increased the amount of interparticle bridges between sand and LMP in
comparison to sand and chia SM, thus increasing interparticle adhesion forces and soil particle
interconnectivity (e.g., Markgraf et al. 2012; Buchmann and Schaumann 2017). The high amount
of HMW substances could also lead to the formation of thicker bridges as observed for sand
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treated with chia SM in comparison to sand treated with maize RM, which would also positively
influence the microstructural stability.

Interparticulate strands were also observed in sand amended with wheat RM and may explain
why wheat RM, despite its low viscosity, positively affected the microstructural stability of the
glass beads as much as maize RM. The similar values for the microstructural stability of glass
beads and sand amended with wheat RM indicate that the gluing effect of wheat RM
compensated the missing stabilizing roughness effect in the glass beads but did not add to the
stabilizing roughness effect in the sand. In contrast, the additional stabilizing effect measured for
sand amended with maize RM could be due to the higher amount of polymeric material in maize
RM than wheat RM.

3.8.2 Calcium treatment increases microstructural stability of all samples

The increase of the microstructural stability of LMP and wheat RM amended samples upon
calcium addition results from the increase of the viscosity of LMP and wheat RM upon calcium
addition. This is consistent with hypothesis 4, which predicted the increase of the yield stress
with the increase of the viscosity of the amendment. In contrast to that, the microstructural
stabilizing effect of maize RM and chia SM increased although their viscosity decreased upon
calcium addition due to the contraction of the polymers. These polymeric clumps may be
characterized by thicker polymer strands governed by strong molecular interactions. They would
create micro-zones in the gel, which would locally possess a higher viscosity than the bulk gel.
In the pore space, these micro-zones could increase the viscosity of the interparticulate gel and
thus lead to an increased microstructural stability in the soil samples. An alternative explanation
to this “micro-viscosity effect” of interparticulate gel could be that the Ca in maize RM and chia
SM was distributed on the polymer surfaces and, thereby, available for bridges between mucilage
and the surfaces of the glass beads and sand grains. These additional bridges may also have
increased microstructural stabilization.

3.8.3 “Spider-web effect” due to hard boundaries in the pore space

The discrepancy between viscosity and stabilizing effect of the last examples indicates that
interparticulate gels probably have different properties than bulk gels due to the constraint of hard
boundaries. Only few studies have already dealt with the properties of gels under the constraint
of hard boundaries, which is most probably due to the difficulty to characterize such gels.
Marcombe et al. (2010) developed a theory showing that gels restricted by boundaries swell in
an inhomogeneous way. Near the boundary between the gel and a solid surface, the gel is
constrained, and the swelling ratio is lower than that of a free gel. This theory is consistent with
the findings of an earlier study (Brax et al. 2019a), in which lower water mobility was measured
in interparticulate chia SM than in freely swollen chia SM using *H-NMR relaxometry. The authors
suggested that the polymer network in an interparticulate gel behaves similarly to a spider-web:
Polymer strands spanned into the pore space increase the rigidity of the polymer network as
opposed to unattached polymer strands in the free gel. In the present study, calcium bridges
between chia SM or maize RM and the surface of the particles, and additional cross-linkage
between polymer strands upon calcium addition could increase the spider-web effect and thus
the microstructural stability.
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3.9 How similar is root mucilage to its analogues and other soil-born gels

The amount of free uronic acid, amount of HMW material, calcium absorption and the change of
the viscosity upon calcium absorption differed strongly between LMP and the two analyzed RM.
LMP appears therefore as an inappropriate substance to model the chemical and physical
properties of RM. Despite weaker gel properties and varying molecular composition of their HMW
substances including the possible presence of proteins or amino acids and the almost absence
of free uronic acid in maize RM, chia SM and maize RM seem to possess similar molecular
interactions upon calcium enrichment. As chia SM has a higher viscosity than maize RM for the
same dry mass concentration in gel, dilute chia SM may be an appropriate model substance to
model the viscosity of maize RM. But the results presented here should not be generalized to all
RM, as maize and wheat RM did not show the same behaviour upon calcium enrichment. Yet,
further physico-chemical data characterizing the composition and type of polymer present in RM
are needed to clear the mechanisms at play. For example, the protein content, the hydrodynamic
volume, and the molecular weight of the polymer chains also affect viscosity and cation
absorption (Axelos et al. 1991; MacDougall et al. 1996).

4. Conclusions

The present study highlights how plant roots and seeds may alter their closely surrounding
environment by exudation of mucilage that in the presence of calcium significantly stabilizes the
microstructure of mineral particles and by this improves storage, availability and transport of
water, nutrients and air. The strong mucilage type specific differences especially in Ca absorption
and changes in viscosity upon Ca treatment might be related to the respective plant specific
environmental requirements. However, they complicate conclusions on the mechanisms of the
observed microstructural stabilization. Thus, model substances cannot replace the analysis of a
large variety of root mucilage types in order to better understand their structure-property
relationship and classify their behaviour in soil. Moreover, amount and acidity of polysaccharides
alone proved to be insufficient to describe structure-property relationships in different root and
seed mucilage types. Indications suggest that also other substances e.g., proteins and lipids, are
involved and a more specific HMW compounds characterization is needed to draw composition-
property profiles. Furthermore, soil microstructural stabilization by mucilage was not directly
related to the viscosity of the bulk gels. Thus, other possible mechanisms like a “spider-web
effect” due to hard boundary constraints and a “micro-viscosity effect” of interparticulate gel,
which increases the rigidity of the polymer network inside the pore space, have to be considered.
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7. SYNTHESIS AND CONCLUSIONS

7.1. Possibilities, limits and outlook of mucilage detection in soil with *H NMR
relaxometry

There is a range of methods that enable to characterize the effect of gel phases on soil properties.
Those methods are listed in the review paper (chapter 2). Still, the detection of these gel phases
remains complicated and no method is alone sufficient to detect and characterize these gel
phases in soil. Reason for this is the low attenuation contrast between gel-associated water and
water confined in soil pores (chapter 2). In this work, a methodical detection of gel phases in soil
with *H NMR relaxometry was investigated and a validation of the results obtained is proposed
by the combination of *H NMR relaxometry with imaging techniques (chapters 3-4).

Presence of gel phases originating from microbial or from plant origin in soil pores is traduced by
a shift of the relaxation time to shorter values (Jaeger et al., 2006; Sanderlin et al., 2013). As a
result, NMR relaxometry methods enabling the distinction of gel phases in soil are the ratio of the
longitudinal by the transverse relaxation time (Jaeger et al., 2010) and the subtraction of the
transverse and longitudinal relaxation rate (chapter 3). For the same pore size, these methods
give different values for pores filled with water and pores filled with gel. Yet, rearrangement of
the mucilage network according to the pore sizes in soil and to mucilage concentration
complicates the quantification of mucilage in porous soil. A solution is to characterize the various
arrangements of the gel polymer network in the pore space with the ESEM after shock-freezing
and freeze-drying of the samples (chapter 4). As a result, a first qualitative assessment can be
made on the effect of the rearrangement of the polymer network on the NMR relaxation times
and rates (chapter 4).

Still, identification of gel phases in undefined soil samples remains uncertain as various
parameters (pore size, paramagnetic species in the soil solution) can also induce shifts of the
relaxation time, which themselves affect the ratio or the substraction of the aforementioned
relaxation parameters. Notably, the exudation of mucilage as a gel may affect the size of soil
pores: Swelling of soil organic matter results in an expansion of small pores (Schaumann et al.,
2005; Todoruk et al., 2003), what renders the evaluation of the pore size with 'H NMR
relaxometry unreliable (Meyer et al., 2018). A solution to overcome this problem is the
combination of *H NMR relaxometry with in-situ imaging techniques measuring the pore size
such as UCT (chapter 4). It still requires a thorough method development, but the relaxation time
distribution obtained with *H NMR relaxometry can be compared with the pore size distribution
obtained with uCT (Figure 7.1). In the future, each relaxation time range could be associated to
exact corresponding pore size range measured with uCT. The ratio or substraction of relaxation
times or rates attributed to each pore size range would then give information about the presence
of gel phases (Figure 7.1).

In real soils, environmental factors such as swelling of soil particles, ions from the soil solution
possibly affecting the properties of interparticulate gel or paramagnetic impurities further
complicate the detection of gel phases as they additionally affect the relaxation of water protons.
A solution to detect gel phases in such soils is to measure the self-diffusion coefficient of water
D additionally to the relaxation time (Figure 7.1).
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Figure 7.1. Combination of 'H NMR relaxometry, uCT and PFG NMR to detect gel phases in soil.

D measured with pulsed field gradient (PFG) NMR characterizes the translational mobility of the
water molecules, which is also affected by gel phases in soil (Jaeger et al., 2010). Our
measurements of the self-diffusion coefficient of water in mucilage and in mucilage-glass beads
mixtures (Annex chapter 8.3) were little promising, as they did not differ strongly from those of
water and water-glass beads mixtures. The reason is experimental as too short values were
taken for the diffusion time A: With our instrument, measurement of D with values of A greater
than 50 ms did not provide acceptable results. Study of D in biohydrogels require a very long A
from 10 to 1000 ms (Go6tz and Hinrichs, 2008). Already exciting results have been obtained with
A values between 200 and 500 ms from D-T; correlation measurements of biofilm growth in
porous media (Herrling et al., 2017; Vogt et al., 2013). The combination of both parameters
enhances the quality of the information, as pure water coud be distinguished from biofilm in
undefined porous media. Still, the authors emphasize the need of further development of this
correlation method for reliable detection of biofilm in soil.

7.2. A stepwise approach to explain the gel effect: from the mucilage polymers
to soil physical properties

Figure 1.4 in the introduction presented the stepwise strategy of the MUCILAGE project to clarify
the relevance of mucilage for root water uptake. The experimental studies performed in this thesis
aimed at resolving the following steps: a properties of “free” mucilage, b gel properties of
mucilage in the pore space and partly ¢ consequences on soil physical properties. In Table 7.1,
the results are summarized in an upscaling design. The factors identified in this thesis as affecting
the gel effects of mucilage can be of physical nature (soil particle size, hard boundary constraint
in chapters 3,4,6) and of chemical nature (gel concentration, amount of free uronic acids and of
HMW material, presence of calcium in chapters 5,6). They can have consequences on the
molecular (governed by chemical forces) and supramolecular scale (governed by chemical and
physical forces) on the properties of mucilage. Molecular consequences relate to interactions
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such as a high Ca absorption due to a high content of free uronic acids of the polymer (chapter
5). Supramolecular structures describe several polymer molecules interacting via chemical or
physical forces. Consequences on the supramolecular structure can be the rearrangement of the
polymer chains due to a physical constraint such as soil pore size (chapter 4), or due to a
chemical factor, for example the coiling of the polymer chains due to intermolecular charge-
charge repulsion coming from the presence of Ca as studied in chapters 5 and 6. Hence,
molecular properties of the polymer chains, their supramolecular arrangement and the physical
properties of the resulting gel are closely bound: A high uronic content leads to a plurality of
calcium bridges between the polymer chains, which can increase viscosity and water retention
(chapter 5). Further, although if it was not studied here, the ability of polymer chains to rearrange
according to soil particle size or to the concentration of mucilage as found in chapter 4 probably
depends on the elasticity of the network, which itself varies according to the chemical properties
of the polymer. Indeed, a gel, whose formation mechanism relies on Ca bridges between
polymers with high amounts of uronic acids, is stiff and brittle in comparison to a gel, whose
polymers are linked through less strong intermolecular interactions (Van der Waals forces,
hydrogen bonding).

In Table 7.1, the various factors listed in the first column and their molecular and supramolecular
consequences reported in the second column affect the properties of the free gel and of the
interparticulate gel network figuring in the third column. Those include strength, microviscosity
and organization of the polymer network in the interparticulate space. The properties of
interparticulate gels are specifically addressed in the next subchapter 7.3. Variations of soil water
mobility (characterized by longitudinal and transversal relaxation) and of soil microstructural
stability result from the various properties of the interparticulate gel network and are reported in
column 4 (chapters 3-4-6). Further soil properties affected by the gel effect are investigated in
several other studies and summarized in column 5, in particularly in the studies published by our
project partners. For example, in addition to the decrease of the water mobility measured for all
particle sizes, the increasing mucilage concentration decreases the saturated hydraulic
conductivity of sandy soil (Kroener et al., 2014). The additional resistance to water flow inside
the pores is attributed to the increased frictions between the water molecules and the mucilage
network (Kroener et al., 2018). Thus, the upscaling presented in Table 7.1 from right to left
illustrates the importance to clear processes at play in gel at the molecular scale to fully
understand the resulting “macroscopic” soil properties.
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Table 7.1. Summary of the factors affecting the various gel effects of mucilage in the pore space, and
how they affect soil physical properties in the rhizosphere.

Factors
affecting the
gel effects of

mucilage
(example)

Molecular and
supramolecular
consequences

Properties of free gel
and of IGN*

Gel effect on soil
properties found
in this work

Further soil properties
affected by the gel
effect

Soil particle
size
(type of soil)

Rearrangement of
polymer chains
(Chap.4)

1 Strength of IGN for
middle-sized particles,
* Organization of IGN

in the pore
(Chap.4)

| Water mobility for
middle-sized
particles (Chap.4)

| Hydraulic conductivity
for middle-sized
particles,
+ Water retention
(Kroener et al., 2018)

Hard
boundary
constraint
(soil pore

walls)

IGN grips at the
surface of the
particles
(Chap.4-6)

1 Strength of IGN as a
contrast to free gel,
Unhomogeneous
distribution of IGN in
the pore space
(Chap.4-6)

| Water mobility
(Chap.3-4),

1 Friction between

soil particles and

1 Microstructural

stability (Chap.6)

+ Mucilage distribution
during drying (Benard et
al., 2018)

1 Gel
concentration
(distance from

roots, plant
species...)

1 Polymer
network,
Rearrangement of
polymer chains,
1 Frictions
between polymer
chains (Chap.3-4)

1 Strength of IGN
(Chap.4)

| Water mobility
(Chap.4)

| Hydraulic conductivity,
1 Water retention
(Kroener et al., 2014),
| Pore-scale wettability
(Benard et al., 2018)

1 Free uronic
acids

Gel formation
mechanism,
1 Ca adsorption,

+ Viscosity and
+ Water retention of

1 Affinity with clay

(plant species + Viscosity and free gel + Microstructural materials, pH
P P ’ - yan + Strength of IGN, stability (Chap.6) dependent (Morel et al.,
root or seed + Water retention . . )
g + Microviscosity of IGN 1987)
mucilage) of free gel (Chap.5-6)
(Chap.5-6) P
1 HMW 1 Polymeric Indirectly linked with
. network, 1 Viscosity of free gel y int X
material o . measured viscosity,
) 1 Frictions 1 Strength of IGN, 1 Microstructural )
(plant species, between polymer 1 Microviscosity of IGN  stability (Chap. 6) 1 Microstructural
root or seed hai h ' stability (Naveed et al.,
mucilage) chains, (Chap. 6) 2017)
(Chap. 6)
+ Ca bridges + Viscosity of free gel,
Presence of between polymer 1 Microviscosity and
Ca chains, 1 strength of IGN, Microstructural
(soil solution, * Intermolecular Ca bridges between T Mic Not found
) . X stability (Chap. 6)
soil particle charge-charge particle surface and
surface) repulsion polymer
(Chap. 5-6) (Chap. 5-6)

* IGN: Interparticulate gel network; | decreases; 1 increases; + affects but depends on further parameters
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In particularly, the influence of the chemical properties of mucilage on its chemical interactions
with soil particles belongs in Table 7.1 and should be given more scientific attention in the future.
Indeed, studies concerning soil amendment with non-ionic soil-borne polymers such as xanthan,
dextran or scleroglucan report various results in comparison to studies evaluating soil properties
after amendment with PGA (Chenu and Guérif, 1991; Czarnes et al., 2000). The authors attribute
these differences to various bond energies between polymers and soil particles. Still, the binding
mechanisms between mucilage and soil particles are unclear. Several studies considered that
the binding of mucilage to soil particles occurs similarly to PGA through ionic binding with the
deprotonated uronic acids of mucilage, thus leading to edge-face bonding with clay particles
(Mikutta et al., 2004; Peng et al., 2011; Zhang et al., 2008). The little content of uronic acid in
mucilage associated to their partial esterification may unvalidate this mechanism. Binding of soil
particles to the hydroxyl groups of terminally branched neutral sugars in mucilage suggested by
Morel et al. (1987) and Watt et al. (1993) may be an acceptable mechanism. Consequences of
the binding mechanism of mucilage on soil physical properties are also unclear. For polymers
making non-ionic chemical bounds with soil particles, physical binding through enmeshing of soil
particles within interparticulate polymer network may be more relevant than chemical binding for
their contribution to soil properties. In this case, the effectiveness of mucilage to modify soil
properties is likely to mostly reside in properties such as size, conformation of the polymers,
hydration and viscosity of the gel (Akhtar et al., 2018).

7.3. Bringing together the three main interparticulate gel properties

As a contrast to bulk or free gel, this thesis showed that gel properties vary for interparticulate
gel located in small soil pores. Interparticulate gel should be considered as micro-zones of gel
distributed in the pores with specific properties. As a result, it is necessary to consider the
properties of interparticulate gel in contrast to those of free gel to assess the gel effect on soil
properties. Out of the findings in chapters 5 and 6 and the summary in Table 7.1, three main
interparticulate gel properties are identified: the spider-web effect, the polymer network effect
and the microviscosity effect (Table 7.2).

Table 7.2. The three interparticulate gel properties in the pore space and their description.

Interparticulate gel

properties Description Acknowledged consequences

1 Water retention
| Water mobility,
| Saturated hydraulic conductivity
1 Microstructural stability

Restriction of elongation of the
polymer chains due to grip of the

Spider-web effect polymer network to the surface of

soil particles (Chap. 4-6) (Kroener et al., 2018)
Organization of the network in the + Water mobility
Polymer network effect pore space dependent on the + Saturated hydraulic conductivity
environment (Chap. 4) (Kroener et al., 2018)

Increased viscosity of

Microviscosity effect :
gel micro-zones

1 Microstructural stability (Chap. 6)
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Spider-web effect

According to the spider-web effect found in chapter 4, the walls of soil particles restrict the
elongation of the polymer strands and serve as a frame for the polymer network. This way,
interparticulate polymer network can be compared to a spider-web attached to tree branches or
grasses, whose mechanical properties combine high tensile strength with extensibility (Gosline
et al., 1986). This enables the spider-web to absorb a large amount of energy before breaking.
Without this frame, the spider-web would collapse and loose these properties. In soil, the spider-
web effect also increases the strength of the polymer network of interparticulate gel as a contrast
to free gel (chapter 4).

As mentioned in the last subchapter, the binding mechanism between polymer and soil particle
is unclear for mucilage. Stronger connections could result from Ca bridges between a negative-
charged particle surface, divalent calcium and negative-charged or negatively polarized mucilage
molecules. Weak connections could result from electrostatic forces between the surface and the
mucilage molecule. The forces controlling the grip of the polymer network on the soil particle
surface may affect the strength of the spider-web effect. For example, stronger bridges would
strengthen the spider-web effect and probably enhance the already altered soil physical
properties.

The spider-web effect has several consequences on soil physical properties. The frictions
between the network and the water molecules decrease the water mobility in the pores, decrease
the saturated hydraulic conductivity and increase water retention. The tensile strength of the
network increases the microstructural stability of soil particles.The diffusion of solutes being
reduced in gels (Muhr and Blanshard, 1982), a further little explored consequence of the spider-
web effect may be to affect the transport of solutes from and to the roots by decreasing the
coefficient of diffusion.

Polymer network effect

The effect of the available pore space on the organization of the polymer network was named
the polymer network effect in chapter 4. The polymer network can organize itself to form thick or
thin strands, small or big pores and to be continuous or not from one side of the pore to the other.
The variability of such organization is enabled by the flexibility of the polymer network, which can
rearrange according for example to the space it is allocated in the pore.

As a consequence, the extent of gel-induced soil properties varies with the organization of the
polymer network. The polymer network effect can explain the variation of the water mobility and
of the hydraulic conductivity in function of soil particle size for the same concentration of
mucilage: The water mobility is stronger hindered in middle pores (particle size between 150 and
350 um) than in large and small pores (particle size over 2000 um and smaller than 55 pum
respectively) (chapter 4). Similarly, the saturated hydraulic conductivity is lower for fine sand
(particle size between 60 and 500 um) than for coarse and silty soil (particle size >500 pm and
<20 um respectively) (Kroener et al., 2018). One explanation may come from the size of the
meshes formed by the polymer network, which can be measured by imaging the polymer network
with the ESEM after shock-freezing and freeze-drying of the samples. In free or bulk freeze-dried
mucilage, the meshes are in the range of 5 to 10 um (Annex chapter 8.3). In comparison, the
pore size formed by glass beads with a particle diameter of 350 um measured by uCT is between
30 and 100 um (chapter 4, annex chapter 8.4). Thus, in soil pores larger than 10 times the mesh
size formed by the polymer network in the free gel, the organization of the interparticulate polymer
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network may be little affected by the pore size and the constraint of hard boundaries. In soil pores
smaller than 3 times the mesh size formed by the polymer network in the free gel, the low
concentration of polymer per pores and possibly repulsion forces between the polymer strands
may prevent the organization of the polymer into a network. In soil pores between 3 and 10 times
the mesh size formed by the polymer network in the free gel, the polymer network may rearrange
to form a network with smaller meshes. As a result, the water mobility and the saturated hydraulic
conductivity are stronger affected in the middle-sized pores, as the increased strength and rigidity
of the polymer network increase friction forces with water molecules.

Microviscosity effect

The microviscosity effect discussed in chapter 6 suggests that the viscosity of free gels is not
equivocal to the viscosity of micro-zones in the gels as the polymer chains are differently
organized in interparticulate gel in contrast to free gel. Measurement of this microviscosity is a
challenge as it may differ on the scala at which the material is characterized. As an example,
polymer chains in maize root mucilage and chia seed mucilage coil and contract upon calcium
addition (chapter 6). The resulting viscosity of the free gel decreases due to a drop of frictions
forces between all polymer chains. Yet, the viscosity of the micro-zones in the gel may rather be
affected by the strong interactions between polymer chains and calcium and thus increases. To
test the microviscosity effect, microscale viscosity measurements realized with the atomic force
microscope (AFM) should be compared with standard macroscopic viscosity measurements of
the free gel.

Finally, the microviscosity effect could be related to the spider-web effect, as an increased tensile
strength of the polymer network probably induces an increase of the microviscosity. As a result,
increased microviscosity and tensile strength of interparticulate gel should result in a higher
microstructural stability of the soil particles. Further consequences of the microviscosity effect on
soil physical properties have not been investigated until now, but they may be similar to those of
the spider-web effect.

7.4. Significance of the physico-chemical composition of mucilage on the
rhizosphere microstructural and hydraulic properties

Role of the physico-chemical composition of mucilage for soil moisture dynamics

Figure 7.2 schematizes the possible relationships between the polymer networks of mucilage,
the physico-chemical properties of the mucilage polymers, the properties of the corresponding
gels and the gel effect on the physical properties of the rhizosphere. On the contrary to what has
been hypothesized in the literature (Gessa and Deiana, 1992; Mimmo et al., 2008; Peng et al.,
2011), the gel formation mechanisms of chia seed and of root mucilage are not only governed
by specific ionic interactions between calcium and deprotonated uronic acids as described by the
egg-box model for PGA (chapter 5). It rather relies on nonspecific interactions between the
polymer chains and the ions of the surrounding solution, as well as on non-ionic electrostatic
interactions between the polymer chains leading to chain entanglement (chapter 5). As
schematized in Figure 7.2, the gel effect of mucilage are therefore suspected to depend strongly
on the amount of polymer in mucilage as well as on the length and configuration of the chains.

The extent to which interparticulate gel properties affect soil physical properties, in particularly
soil microstructural stability, varies strongly with the physico-chemistry of mucilage (chapter 6).
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Indeed, the mechanical properties of the interparticulate polymer network of winter wheat and
maize root mucilage, chia seed mucilage and low-methoxy pectin are greatly affected by an
increase of the quantity of HMW material in these substances (chapter 6). The length of the
polymer chains and the strength of interactions within the network characterized by the gel
formation mechanism are further factors affecting gel properties (Martin, 1971), and are thus
suggested to change interparticulate gel properties and affect the gel effect on soil physical
properties (chapter 6). Still, these factors have been little studied until now.

Possible polymer Q A -t N
networks of ~ _
mucilage ~— "
Physico-chemical Length polymer chains ++ - ++ -
properties of the  HMW content ++ ++ - -
mucilage polymers .
Interactions strengthes ++ + + -
Spider-web effect ++ + + -
Interparticulate gel
properties Polymer network effect ++ + - -
Microviscosity effect ++ + + -
Water content ++ + + -
i ++ ++ + -
Physical properties Water retention
of the rhizosphere  Hydraulic conductivity -- - - -
Microstructural stability ++ + + -

Figure 7.2. Potential influences of various physico-chemical properties of mucilage on soil physical
properties.

Chapter 4 demonstrated the relationships between the spider-web effect, the polymer network
effect and soil water mobility and suggested that the variations measured for the water mobility
explain the increased water retention and decreased saturated hydraulic conductivity measured
in Kroener et al. (2018). Although if chapter 6 outlines the relationships between polymer network,
physico-chemical properties of mucilage, microviscosity effect and microstructural stability of the
rhizosphere, these connections remain to be done for rhizosphere water content, water retention
and hydraulic conductivity.

To link the results found in this work with previsions on root water uptake, interparticulate gel
properties could be integrated into numerical simulations describing water moisture dynamics.
For example, the Ohnesorge number (equation 7.1) describes the break-up of liquid jets and
depends on the viscosity, density and surface tension of the liquid.

U

0, =
" por 7.1

As soil dries, mucilage becomes stiffer and its viscosity determines the spatial configuration of
the liquid phase (Benard et al., 2018). Surface tension opposes to stretching and as drying
progresses, it eventually causes the break up of the liquid bridge. Viscosity opposes to the
stretching of the bridge an prevents break up. Therefore, according to the Ohnesorge number,
mucilage increased viscosity and smaller surface tension in comparison to water contribute to
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the perennity of the hydraulic bridge connecting roots and soil particles upon drying thus
preventing or delaying root desiccation (Benard et al., 2018). For a better understanding of
rhizosphere moisture dynamics of various plants, the Ohnesorge number should be calculated
for various root mucilage by taking into account the interparticulate effects modifying the
properties measured for the free gels. In the future, this could lead to a better engineering and
management of the culture of crops under water scarcity.

From the point of view of the plant

The final interdisciplinary aim of “mucilage research” is to clear the relationships between the
chemico-physical properties of mucilage, its effect on soil and the needs of the plants. If it is to
act as an efficient water reservoir as suggested by Carminati et al. (2011), root mucilage needs
to engender a strong spider-web effect, which resists environmental changes, as suggested by
Table 7.2 and Figure 7.2. Additionally, root mucilage needs a high water retention capacity to act
as a water reservoir. The high water retention measured for chia seed mucilage over several Ca
concentrations (chapter 5) hence suggests that if it possesses similar properties, the gel capsule
formed by mucilage at the root tip would survive under various soil solutions.

A further function of mucilage for the plant could be to enhance the diffusion of nutrients to the
roots due to the higher water content of the rhizosphere in comparison to the bulk soil over
several matric potentials (Kroener et al, 2014; 2018). In this case, the chemistry of mucilage may
also play a role. Whereas free uronic acids immobilize metal cations through specific ionic
interactions (Mimmo et al., 2003), nonspecific ionic interactions between ions and the mucilage
molecule may favorize the diffusion of nutrients across the interface through the cell membrane
(Mimmo et al., 2008).

An exciting research field, which requires close interdisciplinary work, is the attribution of the
properties of various mucilage to the special needs of their respective plants. Indeed, mucilage
reveals itself quite plural in its properties and its gel effects: Chapter 6 outlines the various
properties of maize and winter wheat mucilage; Barley rhizodeposits were shown to behave as
surfactants by drying the rhizosphere at smaller suctions, whereas maize root deposits behave
as hydrogels that hold water in the rhizosphere (Naveed et al., 2019). Why would mucilage of
various plant species have various properties, if it is not to answer to the special needs of their
plant? As one possible hint, viscosity could be related to the plant physiological properties. For
example, maize is a plant which growed originally in the desert. The high viscosity of maize root
mucilage could have served the needs of a plant growing in a dry environment as it enhances
soil-root contact over negative water potentials (Naveed et al., 2019).

7.5. Soil-born gel phases, a strategy of nature?

To be relevant for soil properties, the gel effect and thus mucilage should persist over several
days. Yet, information about the becoming of mucilage in the rhizosphere is missing. As it is
mostly composed of sugars, mucilage is an attractive source of energy for bacteria and may be
quickly degraded. It is not clear how fast mucilage is mineralized by microorganisms: in vitro
experiments showed that the HMW compounds in mucilage were used as sole C source for
growth of rhizosphere bacteria (Knee et al., 2001). High soil moisture leads to nearly total
degradation of mucilage after 15 days, whereas drought suppresses mucilage mineralization
(Ahmed et al., 2018). Still, mucilage being relatively quickly degraded in real soil, the study of
mucilage decomposition and its effect on pore-scale processes is relevant for soil properties and
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root-water uptake. For example, the increase of microbial biomass in soil resulting from mucilage
degradation (Ahmed et al., 2018) could lead to the replacement of the gel phase “mucilage” by a
bacterial biofilm or EPS, which also forms a gel phase. The question is then how EPS-induced
gel effects do vary in contrast to those induced by mucilage.

A recent hypothesis is that the gel properties of mucilage and EPS are similar, so that both gels
induce similar pore-sale processes (chapter 5; Benard et al., 2018). The gel formation
mechanism of EPS also relies on electrostatic and nonspecific interactions (Sutherland, 2001).
EPS have a large water holding capacity, they alter soil matrix structure and connectivity of pore
space and modify the surface tension and viscosity (Zheng et al., 2018). The high viscosity of
EPS and mucilage is responsible for the formation of thin filaments and interconnected thin
lamellae that span through the soil matrix maintaining the continuity of the liquid phase across
the spore space even during severe drying (Benard et al., 2019; Volk et al., 2016). Although not
to the same extent, EPS and mucilage have comparable gel effects on soil properties as similarly
to mucilage, EPS increases soil structural stability (Watt et al., 1993), soil water content and soail
water retention (Chenu, 1993; Rosenzweig et al., 2012), and decreases saturated hydraulic
conductivity (Baveye et al., 1998; Volk et al., 2016). EPS also induces water repellency once
dried, depending on the bacterial strain (Schaumann et al., 2007).

Additionally to roots and bacteria, earthworms and fungi also exude a viscous polysaccharidic
material, but which has been little researched until now (Caesar-Tonthat, 2002; Zhang et al.,
2016). As the gel effect comes from the presence of HMW material in the form of polysaccharides
in mucilage and EPS, the polysaccharidic exudates of earthworms and fungi may also have a
gel effect similar to mucilage and EPS on soil properties. Therefore, the production of gel phases
by various entities in soil may be a strategy of nature to modulate soil physical properties where
and when needed. Although the extent of the gel effect may vary according to the soil types,
exuding species and further environmental conditions, the gel effect may be general for soil-born
exudates showing gel properties. As a result, the concept of gel effect induced by mucilage in
the pore space and its effect on soil properties studied for chia seed mucilage, low-methoxy
pectin, maize and winter wheat root mucilage on glass beads and sand (chapters 3-4-5-6) may
be applied for all soil-born gel phases. This way, the concepts and tools developed in this thesis
and reported in the literature bring us a step forward to answer further questions concerning the
gel effect on soil properties.
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9. ANNEXES

9.1. List of abbreviations

AFM Atomic force microscope
Ca-PGA Calcium polygalacturonate

D Self-diffusion coefficient of water
EPS Exopolysaccharides

ESEM Environmental scanning electron microscope
HMP High methoxy pectin

HMW High molecular weight

LMP Low methoxy pectin

LMW Low molecular weight

uCT Micro-computed tomography
NMR Nuclear magnetic mesonance
PFG Pulsed field gradient

PGA Polygalacturonic acid

9.2. Picturing the network of “free” chia seed mucilage

0.1 wt% chia seed mucilage was produced following the procedure described in chapter 4 after
extraction and freeze-drying of fresh gel. Drying of the gel prior to its picturing with the ESEM
was also similar to the steps pursued with the glass beads in chapter 4.

Figure 9.1. ESEM picture of chia seed mucilage network from a 0.1 wt% gel shock-frozen with N2z (I) and
then freeze-dried.
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9.3. Supporting information of chapter 4

The formatting of the references in this annex corresponds to the formatting imposed by Geoderma.

Theoretical background about longitudinal and transverse relaxation

A 'H-NMR relaxometry experiment involves exciting the nuclear magnetic moment of the protons
by application of an RF pulse at the Larmor frequency and measuring the protons relaxation
kinetics. Relaxation is a process by which the spins return to equilibrium, a state in which the
populations of energy levels are predicted by the Boltzmann distribution, and in which no
transverse magnetization or coherence is present in the system (Callaghan, 1993). Therefore,
relaxation involves two processes: spin transitions between energy levels and transverse
magnetization decaying to zero. The local transverse magnetic fields, which cause these
energetic transitions, are often due to interactions of spins with one another or with the
environment and oscillate close to the Larmor frequency. Thus, longitudinal or spin-lattice
relaxation depends mainly on the interaction of the spins with their environment and describes
how effective interactions between the spin system and the environment are in exchanging
magnetic energy (Callaghan, 1993). Transverse relaxation destroys the coherence, or the
transverse magnetization generated by the RF pulse, by destroying the alignment of the
individual contributions. There are two mechanisms: 1) make the vectors jump to new positions
at random, which requires transitions also causes longitudinal relaxation; 2) make the vectors
get out of step with one another as a result of them precessing at different Larmor frequencies.
This second mechanism is the dephasing of the spins due to local field inhomogeneity and
variable molecular interactions (Callaghan 1993).

Comparison 1D and 2D measurements
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Figure 9.2. Comparison of the longitudinal relaxation rate (R1) and transverse relaxation rate (R2) obtained
with 1D-ILT from conventional IR and CPMG pulse sequences with R; and R2 obtained with 2D-ILT from
T1-T2 correlation measurement for GB350 and GB90 saturated with water.

X-ray computed microtomography of GB55

The inner spatial structure of GB55 mixed respectively with water, 0.1wt% and 1.0wt% mucilage
was analyzed by pCT with the same conditions as for GB350 described in the article. Since the
GB55 were too small to be segmented in a reliable way, their size distribution was not considered.
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Figure 9.3. uCT images of GB350 mixed with water (a), mucilage 0.25% (b), mucilage 1.0% (c) and of
GB55 mixed with water (d). Volumetric pore size distribution of water- and mucilage-filled pores in GB350
(e), and volumetric air bubbles size distribution in GB55 and GB350 (f) in 2000 mm? samples.

UCT images were scanned for GB350 and for GB55 mixed with water, mucilage 0.25 wt%, and
mucilage 1.0 wt%. The pCT images (Figure 9.3a-d) show two-dimensional cuts from GB350
mixed with water (Figure 9.3a), mucilage 0.25 wt% (Figure 9.3b) and mucilage 1.0 wt%
(Figure 9.3c), and a two-dimensional cut from GB55 mixed with water (Figure 9.3d). The gray
value distribution allowed the segmentation between the glass beads (light gray spheres) and
the pore space (dark gray and black area). The white dots might represent mineral impurities,
which are denser than glass. Both dark gray, water could not be distinguished from mucilage due
to their very similar density (Metzner et al., 2015). From Figure 9.4a to ¢ the number of air bubbles
(dark spheres) multiplied and their diameter decreased. The uCT parameters did not permit to
distinguish the particles from water in Figure 9.4d due to the limits of resolution, though the air
bubbles were big enough and showed a sufficient contrast to be measured.

Statistical values characterizing the linear relationships between Ri/R; and the reciprocal glass
beads diameter for all mucilage concentrations

Table 9.1. Statistical values characterizing the linear relationships between R1/R2 and the reprocical glass
beads diameter for all mucilage concentrations.

Cowcugr']'t?gﬁon 0 0.1 0.25 0.50 0.75 1
pearson R 1.00 1.00 0.99 0.99 0.99 0.98
R: R2 0.99 0.99 0.99 0.98 0.99 0.96
p-value 15E-11  3.4E-12  3.3E-10 2.2E-09 24E-11  2.0E-07
R, pearson R 1.00 1.00 1.00 0.99 0.99 0.98
R2 0.99 0.99 0.99 0.98 0.99 0.97
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p-value 1.4E-11 1.5E-11 3.0E-11 2.2E-09 1.5E-10 4.1E-08

Water self-diffusion coefficient measured with pulse field gradient (PFG)-NMR
Material and methods

PFG-NMR measurements were performed with a Bruker Minispec MQ (Bruker, Karlsruhe,
Germany) at a magnetic field strength of 0.176 T using the standard application “Diffusio”
provided by Bruker BioSpin (Bruker, Karlsruhe, Germany). A linear magnetic field gradient G (T
m) was aligned during the *H-NMR relaxometry measurement to determine the self-diffusion
coefficients D (m?s?) (Stejskal and Tanner, 1965). The NMR spin-echo signal intensity | at a
given magnetic field strength B is described as

— . »,—(b-D
I—Ioe( ) (1)

Where

b:(—y-G-5)2-<A—§> 2

I, is the initial signal intensity without magnetic field gradient, y is the nucleus specific
gyromagnetic ratio of a proton (2.675x108 rad/T's), G is the strength of the gradient pulses, & is
the duration of the field gradient pulse and A is the observation time between two applied gradient
pulses. The measured loss in intensity directly results from the self-diffusion of water in the
sample during the interval A (Stejskal and Tanner, 1965).

The pulse parameters were set at =1 ms and A =10 ms as in Buchmann and Schaumann
(2017) and G varied between 0 and 1.6 T'm™. The self-diffusion coefficient of water in the
samples D was normalized to that of pure water Do. D/Do was measured after the Ti-T»
measurement described in the manuscript for the same samples.

Results and discussion

Figure 9.4 shows the normalized self-diffusion coefficient of water D/Do in chia mucilage at
several concentrations.
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Figure 9.4. Self-diffusion coefficient of water D/Do in chia mucilage at several concentrations.

Surprisingly, the self-diffusion coefficient of water in chia mucilage equaled the one of pure water
despite the increasing mucilage concentration. The principal reason is probably that the diffusion
time A = 10 ms was too short for the water molecules in chia mucilage to encounter the physical
barriers of the polymer network (Hills et al., 2000). The D/Do of hydrogels is typically determined
as a function of the diffusion time, which allows calculation of several parameters such as the
critical pore radius or the tortuosity (Sen et al., 1994). Unfortunately, measurements of D/Do for
A greater than 50 ms did not provide acceptable results using the available instrument.

Figure 9.5 shows the normalized self-diffusion coefficient of water D/Do in GB-Water and GB-
Mucilage for several glass beads sizes and mucilage concentrations.
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Figure 9.5. Self-diffusion coefficient of water D/Do in GB-Water and GB-Mucilage for several glass beads
sizes and mucilage concentrations.

The D/Do decreases strongly from GB2000 to GB350 due to the reduction of the pore size, but
remains around 0.5 for GB350, GB150 and GB50. Contrary to the D/Dy of pure mucilage, the
increasing concentration of mucilage affects the D/Do of GB2000. This is in accordance with the
idea ventured in the manuscript that the properties of the mucilage network change in the porous
system. Yet, mucilage concentration had little effect on the D/Do of the smallest glass beads.
According to the manuscript, this could be related to the increase of the pore size of the smallest
glass beads with the mucilage concentration.

All in all, the interpretation of the D/Dy for GB-Mucilage remains difficult due to the complex
processes happening at the pore-scale and to the up-to-now incomplete understanding and
characterization of the D/Do of pure mucilage.
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