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a b s t r a c t 

The properties of biofilm EPS are determined by the multiple interactions between its constituents and 

the surrounding environment. Because of the high complexity of biofilm EPS, its constituents’ character- 

isation is still far from thorough, and identification of these interactions cannot be done yet. Therefore, 

we use gels of bacterial alginate-like exopolysaccharides (ALEs) as a model component for biofilm EPS in 

this work. These gels have been examined for their cohesive properties as a function of CaCl 2 and KCl 

concentration. Hereto, ALE gel layers were formed on membranes by dead-end filtration of ALE solutions. 

Accumulation of the cations Ca 2 + and K 

+ in the gels could be well predicted from a Donnan equilibrium 

model based on the fixed negative charges in the ALE. This suggests that there is no specific binding 

of Ca 2 + to the ALE and that on the time scale of the experiments, the Ca 2 + ions can distribute freely 

over the gel and the surrounding solution. The concentration of fixed negative charges in the ALE was 

estimated around 1 mmol/g VSS (volatile suspended solids, organic mass) from the Donnan equilibrium. 

Moreover, an accumulation of H 

+ was predicted. Gels with more CaCl 2 in the supernatant were more 

compact and bore a higher osmotic pressure than those with less CaCl 2 , revealing the role of Ca 2 + ions 

in the network crosslinking. It is hypothesised that this mechanism later transitions into a rearrangement 

of the ALE molecules, which eventually leads to a fibrous network structure with large voids. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The integrity of biofilms, also when exposed to harsh clean- 

ng attempts, has been assigned to their polymeric matrix 

 Seviour et al., 2019 ). The matrix is often also referred to as ex-

racellular polymeric substances (EPS). It has been found to con- 

ist of a complex mixture of biopolymers, such as polysaccha- 

ides and proteins, complemented by lipids, humic substances 

nd eDNA. The EPS matrix has been described as a physically 

rosslinked hydrogel ( Seviour et al., 2009 ), in reference to its abil- 

ty to incorporate up to 99 % water while providing a lasting poly- 

eric network structure. In contrast to chemically crosslinked net- 

orks, the crosslinks in physically linked networks are provided 

y non-covalent interactions. These are particularly electrostatic in- 
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eractions, hydrophobic interactions, H-bonding and van-der-Waals 

orces, and entanglements. They are reversible. Essential parame- 

ers of hydrogels are their degree of crosslinking, determined for 

xample by the number of charges on the polymers, their interac- 

ion with counter-ions, and their hydrophilicity ( Ganji et al., 2010 ). 

he interplay of forces following from these parameters determines 

he state of swelling of the hydrogel under steady-state conditions 

 Bajpai, 2001 ) and their potential for water storage. 

The swelling state has been identified as a crucial parame- 

er with regards to adhesion, mechanical strength, permeability 

nd degradation behaviour of hydrogels ( Davidovich-Pinhas and 

ianco-Peled, 2010 ). These properties also have been used to char- 

cterise biofilms. Adhesion and mechanical strength have been cor- 

elated with fouling potential ( Li and Elimelech, 2004 ) and suc- 

ess of cleaning strategies ( Safari et al., 2015 ). The increase of 

ydraulic resistance resulting from biofouling on membranes has 

een labelled as a huge impediment for membrane filtration sys- 

ems ( Flemming, 2020 ). It strikes, therefore, that the number of 

tudies about swelling of biofilms and EPS is minor so far. Changes 
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n swelling behaviour of EPS have been described as a function of 

H for EPS extracted from activated sludge as well as for EPS ex- 

racted from different bacterial cultures ( Radchenkova et al., 2018 ). 

To understand the molecular interactions and allocate functions 

o molecules or functional groups, simplification of the EPS ma- 

rix is necessary. A promising model are alginate-like exopolymers 

ALE), which are identified as crucial structural EPS components 

 Lin et al., 2010 ). Like the well-characterised and often used al- 

inate extracted from brown algae, gel-formation with Ca 2 + ions 

as been observed ( Felz et al., 2020a ). A full chemical analysis 

f ALE is still pending ( Seviour et al., 2019 ). Still, it was used in

his work as a simple approximation for the complexity of biofilm 

PS. Ca 2 + availability has been identified as an essential factor for 

iofilm stability ( Körstgens et al., 2001 ) and has been shown to in-

uce crosslinking of ALE. Therefore, the effect of variations in its 

oncentration was investigated in this study as well. Based on the 

mpact of monovalent ions ( Wang and Spencer, 1998 ) and ionic 

trength ( van den Brink et al., 2009 ) on the structurally similar 

a-alginate gels, KCl was chosen as a second ionic component. Ca- 

LE gel layers were produced on membranes in dead-end filtra- 

ion mode. Although usually membrane filtration operates in cross- 

ow mode, dead-end filtration was chosen since this method was 

ound to produce sufficiently thick films to investigate using OCT, 

nd to focus on the cohesive forces of the bulk ALE gel. From 

he swelling behaviour of the obtained thick ALE layers, conclu- 

ions were drawn on the binding behaviour of ALE in the network- 

ormation of EPS, with a particular focus on the interaction with 

a 2 + . The final composition (density, ions) and cake layer resis- 

ances of the gel layers were correlated with the availability of 

a 2 + and K 

+ and the solutions’ ionic strength. Furthermore, the gel 

ayers’ ripening was observed for 12 days. The results were anal- 

sed based on the Donnan equilibrium. 

. Materials and methods 

ALE gel layers cross-linked with Ca 2 + were produced by pres- 

ure driven dead-end filtration in the presence of CaCl 2 and KCl. 

heir swelling behaviour was observed for up to two weeks. Even- 

ually, their composition was determined and interpreted. 

.1. ALE extraction and characterisation 

The alginate-like exopolymers used in this study were extracted 

rom Nereda® sludge, collected from the wastewater treatment 

lant in Garmerwolde, the Netherlands (described by Pronk et al., 

015 ). A combination of added Na 2 CO 3 , sonication, and high tem- 

erature was used for extraction, following procedures defined by 

elz et al., 2016 . 

Granules were collected by decanting. About 150 g of wet gran- 

les (20 g dry weight) were mixed with 1 L demineralised water 

nd 10 g Na 2 CO 3 (VWR, The Netherlands), resulting in a 1 % (m/v)

arbonate solution. The mixture was homogenised with a Branson 

onifier 250 for 5 min at 70 % (of 200 W) in pulsed mode. Over-

eating of the solution was prevented using an ice bath. The mix- 

ure was then heated to 80 ˚C and vigorously stirred for 30 min. 

fter centrifugation (Allegra X-12R Centrifuge, Beckman Coulter, 

0 min, 3750 rpm), the supernatant was acidified with 1 M hy- 

rochloric acid (Merck Millipore, Germany) to a final pH 2 - 2.5. 

he solution was centrifuged again (20 min, 3750 rpm), and the 

ellet was stored at -80 ̊ C until further use. It is hereafter referred 

o as ALE. 

After extraction, the ALE was tested for its gel-forming ability 

ith CaCl 2 ( Felz et al., 2016 ). The acidic pellet was dissolved and

eutralised with 1 M NaOH (Merck Millipore, Germany). Drops of 

he neutral ALE were dripped into a 2.5 % (m/v) CaCl solution. 
2 

2 
elling was considered successful if gel beads could be observed 

n the solution. 

The dry and organic masses of the ALE extract were determined 

n triplicate. Samples were weighed into dry porcelain crucibles 

 m sample ) and heated to 105 °C for 24h. Afterwards, the dry sample 

eight (total suspended solids, TSS ) was determined. After subse- 

uent heating to 550 °C for 2 hours, the ash’s mass was measured 

 m ash ). The organic mass ( VSS ) was defined as the difference be-

ween TSS and m ash . 

.2. Experiments 

Experiments were performed with two different ALE concentra- 

ions. Gel layers with 60 mg/L and 45 mM ionic strength were ob- 

erved for structural changes with OCT over five days. Duplets of 

ayers with 1 mM CaCl 2 /42 mM KCl, 3 mM CaCl 2 /36 mM KCl and

5 mM CaCl 2 were used. Due to their structural inhomogeneity, the 

atter gels were not further analysed. 

Gel layers with 120 mg/L ALE stayed structurally uniform over 

he whole observation period and were used to calculate ion dis- 

ributions. An overview of their ionic combinations is given in 

able 1 . For each ion combination, three feed solutions were pro- 

uced, each split over two membranes. While two of the gel lay- 

rs were directly analysed for their composition, quadruplets of 

ach combination were observed for two weeks concerning their 

welling behaviour (storage at 4 °C to retard microbial growth). 

A further test on the influence of the supernatant composition 

n the swelling state was done with the underlined combinations 

n Table 1 . Three gel layers were prepared with 3 mM CaCl 2 and

 mM KCl. One sample (F) was directly transferred to a storage 

olution with 12 mM CaCl 2 and 6 mM KCl, the other two (a blank

nd the test gel layer “L”) were observed for two days in the corre- 

ponding storage solution. After two days, sample L was also trans- 

erred to a storage solution with 12 mM CaCl 2 and 6 mM KCl, 

nd the thicknesses of all gel layers were recorded for another five 

ays. 

Especially in case of the divalent Ca 2 + ion, a significant differ- 

nce between the nominal concentration c i and the effective activ- 

ty a i was expected. Applying an extended Debye-Hückel equation 

hat considers ion sizes ( Kielland, 1937 ), the activity coefficients γ i 

ere determined as a function of the ionic strength I , the valence 

 i and the hydrated radius r i of the ions. 

og γi = 

−B · z 2 
i 

·
√ 

I 

1 + r i · C ·
√ 

I 
(1) 

In water at 25 °C, the values for B and C are B = 0.51 M 

−0.5 and

 = 3.3 M 

−0.5 nm 

−1 ( Hamer and Wu, 1972 ). The hydrated radii for

he relevant ions were taken as 0.3 nm for K 

+ and Cl −, 0.6 nm for

a 2 + , and 0.9 nm for H 

+ ( Kielland, 1937 ). The activity coefficients 

alculated for the solutions of Table 1 can be found in the support- 

ng information (SI), Tables F. 

.3. Model gel layer production 

ALE cake layers were prepared by pressure-driven dead-end fil- 

ration of feed solutions through ultrafiltration membranes (UP150, 

olyethersulfone (PES), 150 kDa cut-off, Microdyn Nadir, Wies- 

aden, Germany). The compositions of the various feed solutions 

pplied are specified in section 2.2 . 

For a total volume of 2 L feed solution, the frozen ALE was 

eutralised with 0.1 M NaOH (Merck Millipore, Germany) and dis- 

olved in 1 L demineralised water by stirring and heating to 40 ˚C 

or 1 hour. CaCl 2 •2H 2 O (VWR, the Netherlands) and KCl (VWR, Bel- 

ium) were dissolved in 500 mL demineralised water. Both solu- 

ions were combined slowly and under stirring, and the mixture 
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Table 1 

Overview of ionic compositions of gel layers. The numbers indicate the ionic strength of the feed solutions. The underlined 

combinations were subsequently used for testing the reversibility of swelling. 

CaCl 2 [mM] → 

KCl [mM] ↓ 0 1 3 6 8 12 14 

24 24 mM - - 42 mM - - - 

15 - - 24 mM 33 mM - - - 

6 6 mM - 15 mM 24 mM 30 mM 42 mM - 

0 - 3 mM 9 mM 18 mM 24 mM - 42 mM 

w

t

I

i

a

m

t

a

2

a

s

a

a

f

a  

s

w

h

a

i

w

T

c

fi  

V

l

w

o

R

w

t

o

e

b

c

2

c

o

c

t

o

f

m

t

b

f

b

c

b

t

s

a

6

E

I  

o  

w

s

T

r

2

a

s

b  

C  

t

g

2

c∑

∑

n

s

d

T

c

a

2

e

o  

(

c

E

f

as filled up to 2 L with demineralised water. The ionic composi- 

ion was checked with ion chromatography (IC, Metrohm Compact 

C 761). 500 mL of storage solutions were prepared for each exper- 

ment, with the corresponding composition of CaCl 2 and KCl. 

The membranes were cut into circles with a diameter of 7.5 cm 

nd immersed in demineralised water for 1 hour. They were 

ounted at the bottom of 450 mL stainless steel dead-end filtra- 

ion cells. For the filtration, two cells were connected in parallel to 

 10 L pressure vessel that contained the feed solution. 

.3.1. Filtration and cake layer resistance 

During filtrations, the feed pressure was set to 1 ± 0.1 bar. The 

ctual pressure ( p a ) was recorded alongside the mass of the filtered 

olution ( m f ). To allow uniform gel layer formation, no stirring was 

pplied in the cells. All filtrations were performed at room temper- 

ture, 23.9 ± 0.7 °C. Initially, the clean water flux was determined 

or all membranes by filtration of 750 mL of demineralised water 

t 1 bar. Then, 2 L of the ALE feed solution were added to the pres-

ure vessel and filtered through the two membranes, until 600 mL 

ere filtered through each cell. Filtration took between 18 and 20 

ours. The membranes with the model gel layers were removed 

nd stored at 4 °C in Petri dishes submerged in the correspond- 

ng storage solutions. Between experiments, the cells and tubing 

ere cleaned with 1 % NaOCl and rinsed with demineralised water. 

he density of water was approximated as ρH2O = 1 g/mL for the 

ourse of the experiments, in order to translate the logged data of 

ltered mass of water m f at time t to the filtered volume of water

 f . 

The transmembrane pressure (TMP) was approximated with the 

ogged applied pressure p a . The total resistance of the filtration R f 
as calculated from p a and the flux J , using the dynamic viscosity 

f water at 25 °C, 0.89 mPa •s ( Nagashima, 1977 ) for ηH2O : 

 f (t) = 

p a 

ηH2O · J(t) 
(2) 

Subtraction of the membrane resistance (calculated from clean 

ater flux) from the total resistance provided the cake layer resis- 

ance, R cl . 

To characterise the gel layers, the average cake layer resistance 

ver the last hour prior to termination of the filtration was consid- 

red. In combination with the organic mass VSS per active mem- 

rane area A m 

(38.5 cm 

2 ), the specific cake resistance αm 

was cal- 

ulated. 

.4. Observation and analysis of the model gel layers 

A Ganymede SD-OCT (ThorLabs, Dachau, Germany) was used in 

ombination with the ThorImage® Software to obtain information 

n each sample’s structure and thickness ( h ). Because the gel layers 

onsisted for more than 90 % of water, the refractive index of wa- 

er at 25 °C of 1.33 was used. Gel layer thicknesses were observed 

ver up to two weeks. The gel layers were also visually inspected 

or accumulation of bacteria using an Olympus BX40 with a 40x 

agnification objective. 

After the observation period, excess water was removed from 

he gel layers by gently tapping it off the perpendicular mem- 
3 
rane onto a paper towel. The membrane was put on the paper 

or 10 s. Next, the ALE gel layers were scratched from the mem- 

ranes. Their TSS and VSS were determined according to the pro- 

edure described in section 2.1 . Considering these amounts sta- 

le over the observation period, this data was used to calculate 

he specific cake resistance αm 

as well as the organic mass den- 

ity ρVSS , the latter with the observed thickness as changing vari- 

ble. The ash remaining after TSS determination was dissolved in 

9 % HNO 3 (VWR, France), heating up in a microwave oven (Ethos 

ASY Advanced Microwave Digestion System, Milestone, Sorisole, 

taly) with 1500 mW to 200 °C within 15 min, and 200 °C for an-

ther 15 min. The amounts of Ca 2 + and K 

+ in the gel layers ( m ion )

ere determined using inductively coupled plasma optical emis- 

ion spectroscopy (ICP-OES, Perkin Elmer, type Optima 5300 DV). 

he molar concentration was calculated for the different ions in 

eference to the original ALE gel layer volume. 

.5. Electro-chemical interpretation 

For the interpretation of the results, the system is considered 

s two compartments: the gel layer (compartment 1) and the 

upernatant (compartment 2) ( Fig. 1 ). The gel is fully penetra- 

le for water and all ions contained in the system (Ca 2 + , K 

+ ,
l −, H 

+ , OH 

−). In addition, the gel layer is considered to con-

ain fixed negative charges, including carboxylic acids and sulfated 

lycosaminoglycans-like polymers ( Felz et al., 2020b ). 

.5.1. Electroneutrality 

Electroneutrality demands that within each compartment, the 

harges are balanced. 
 

i 

z i · c i, 2 = 0 . (3) 

 

i 

z i · c i, 1 − Z = 0 (4) 

i are the ions specified above, Z is the concentration of fixed 

egative charges in the gel. In the experiments, the ionic compo- 

ition in the supernatant was considered controlled and constant 

ue to its substantial volumetric excess compared to the gel layers. 

he concentrations assumed are, therefore, those shown in Table 1 , 

ompleted with a negligible concentration of 10 −4 mM for both H 

+ 

nd OH 

− (pH 7). 

.5.2. Donnan equilibrium 

The Donnan potential describes the electrical potential differ- 

nce between two compartments due to the uneven distribution 

f ions as a result of the existence of fixed charges in one of them

here in the ALE). Following from the Nernst equation, it can be 

alculated as follows 

 Donnan = �1 − �2 

= 

RT 

z i · F 
· ln ( 

a i, 2 
a i, 1 

) (5) 

As before, compartment 1 represents the gel phase and 2 stands 

or the solution. � and � are the respective electrical potentials, 
1 2 
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Fig. 1. Schematic display of the two phases in the system: the ALE gel (1) and the supernatant (2). The ions need to balance the fixed negative charges on the ALE polymers. 
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Fig. 2. Development of cake layer resistance throughout filtration, including a trend 

line for the data above 400 mL. Data is shown for 120 mg/mL ALE, 6 mM CaCl 2 /6 

mM KCl. Data points indicate the averaged resistance over 10 min. 
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 i, 1 and a i ,2 the activities of ion i in the two compartments, z i is

he valency of the ion, R the gas constant, T the absolute tempera- 

ure, and F the Faraday constant. 

Assuming that there are no specific interactions, the Donnan 

otential applies to all ions in the system. Equating Eq. 5 for dif- 

erent ions i = j and i = k gives: 

a j , 2 

a j , 1 

) 1 
z j 

= 

(
a k , 2 
a k , 1 } 

) 1 
z k 

. (6) 

Eq. 6 enables calculating the distribution of a non-quantified 

on (like H 

+ ) from the determined distribution of another ion (like 

a 2 + ). 

.5.3. Osmotic pressure 

As a consequence of fixed negative charges (as found in the 

LE), an uneven ion distribution between gel and supernatant can 

e established, as described above. This causes an osmotic pressure 

ifference between the gel layers and the supernatant. The osmotic 

ressure � in each of the compartments can be calculated from 

he ionic concentrations using the van ’t Hoff equation: 

= RT ·
∑ 

i 

c i (7) 

In equilibrium, the gel network withstands the osmotic pressure 

ifference between the gel layer and the supernatant. Therefore, 

his difference can indicate the strength of the network. 

. Results 

.1. Cake layer resistance 

The development of cake layer resistance during filtration is 

hown in Fig. 2 for a representative experiment (6 mM CaCl 2 /6 mM 

Cl). For all experiments executed with CaCl 2 , similar graphs were 

btained. Such shape of the resistance development is common for 

ouling experiments ( Listiarini et al., 2009 ). The slight concave cur- 

ature suggests that the cake layers in this work were compressed 

uring formation ( Roorda and van der Graaf, 2001 ). 

The specific cake layer resistance αm 

was calculated using the 

SS determined directly after filtration. The results are shown in 

he bubble chart of Fig. 3 . Differences between the tested ionic 

ompositions were small. Only with increasing CaCl 2 content, a 

light increase in the specific cake layer resistance was observed. 

 systematic effect of KCl was not found. 
4 
.2. Composition 

.2.1. Swelling behaviour after preparation 

Comparing gel layers analysed directly after production with 

hose examined after 12 days showed no significant differences in 

SS content. No microbial growth was observed on the 12 days old 

el layers. The amount of ALE was considered constant during the 

bservation period. 

It was expected that after the filtration, the gel layers would ad- 

ust to the removal of the applied pressure by swelling and even- 

ually reach an equilibrium thickness. This hydrogel-like behaviour 

as been observed for alginate gel layers under similar conditions 

 Davidovich-Pinhas and Bianco-Peled, 2010 ). The equilibration took 

 long time, though (see Fig. 4 ). In a prolonged observation pe- 

iod, pores appeared in some gels, as revealed by OCT, which will 

e discussed in section 3.4 . For all gel layers, an initially fast in-

rease in thickness was observed, followed by a period of slower 
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Fig. 3. Bubble chart of the final specific cake layer resistance [10 15 m/kg] of the ALE gel layers as a function of CaCl 2 and KCl concentrations of the solution. The bubble 

diameter indicates the specific cake layer resistance. Complete data, including standard deviations, are in the SI, Table E . 

Fig. 4. VSS density ρVSS as a function of time after formation of ALE gel layers with A) only CaCl 2 , B) constant KCl, C) constant CaCl 2 , and D) constant ionic strength. The 

error bars indicate the standard deviation over 4 samples. 

i
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t
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c  
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6  

c

ncrease. The thickness was converted into VSS density ρVSS . The 

evelopment of ρVSS as a function of time is shown in Fig. 4 for 

he different ionic compositions. 

The density of gel layers with constant CaCl 2 and varying KCl 

oncentrations in the supernatant as the only variable showed 

airly identical behaviour ( Fig. 4 C). In contrast, an increase in CaCl 2 
oncentration resulted in higher VSS densities ( Fig. 4 A, 4 B and 4 D).
5 
n exception from this observation was found at CaCl 2 concen- 

rations above 8 mM CaCl 2 : the density and swelling behaviour 

id not depend on CaCl 2 concentration anymore ( Fig. 4 A) or only 

lightly ( Fig. 3 B), suggesting saturation. Slightly smaller differences 

n VSS density were observed between the samples with 3 mM, 

 mM and 8 mM CaCl 2 shown in Fig. 4 D (with varying KCl con-

entrations) compared to Fig. 4 A (without KCl) and 4B (with stable 
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Table 2 

Estimation of osmotic pressure difference [Pa] between the ALE gel layers and the supernatant concentration after 12 days 

of storage, as calculated by the experimentally determined concentrations of Ca 2 + and K + . Errors concern the standard 

deviation over four samples. 

Ca 2 + [mM] → 

K + [mM] ↓ 1 3 6 8 12 14 

24 - - 43.2 ± 25.5 - - - 

15 - 0.3 ± 1.4 25.0 ± 18.6 - - - 

6 - 18.4 ± 5.4 47.3 ± 7.1 48.9 ± 6.8 59.1 ± 14.7 - 

0 29.3 ± 6.8 23.8 ± 4.0 51.4 ± 6.4 67.2 ± 7.0 - 72.7 ± 14.4 

Table 3 

Osmotic pressure [Pa] in the ALE gel layers transferred to supernatant with higher CaCl 2 concentration. Analysis after 7 days. As a reference, 

the data for the blank after 12 days is shown as well. Errors concern the standard deviation over four samples, where applicable. 

storage 

time 

low blank:3 mM 

CaCl 2 6 mM KCl 

Produced:3 mM CaCl 2 6 mM KCl 

After 2 days:12 mM CaCl 2 6 mM KCl 

Produced:3 mM CaCl 2 6 mM KCl 

Stored:12 mM CaCl 2 6 mM KCl 

high blank:12 mM 

CaCl 2 6 mM KCl 

7 d 33.1 46.6 65.8 - 

12 d 18.4 ± 5.4 - - 59.1 ± 14.7 
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Cl concentration). The influence of CaCl 2 concentration appeared 

o be much more significant, though. 

.2.2. Ion distribution 

Ca 2 + and K 

+ both accumulated in the gel layers (the concen- 

rations are summarised in the SI in Tables A and B). While for 

a 2 + the concentration found inside the gels initially was up to 

5 times that in the supernatant, with a maximum of 4 times the 

upernatant concentration the accumulation of K 

+ inside the gels 

as much more moderate. As for the VSS densities, a decrease over 

ime was observed. 

All types of small ions, provided that they were not irreversibly 

ound to the gel on the timescale of the experiments, would dis- 

ribute over the two compartments according to the Donnan po- 

ential (cf. section 2.5.1 ). Whether the ions indeed distributed ac- 

ording to a Donnan equilibrium, was checked by comparing the 

onnan potential values calculated from both the distributions 

f K 

+ ions and Ca 2 + ions (SI, Tables H and J). All values were

ound between −10 mV and −40 mV, in the range where pas- 

ively established potentials in biological systems were expected 

 Sperelakis, 2012 ). The reasonable agreement between the values 

alculated from the distributions of Ca 2 + and K 

+ suggests that both 

ypes of ions could freely move between the two compartments on 

he timescale of the experiments. 

With Eq. 6 the H 

+ activities inside the gel layers were estimated 

rom the Ca 2 + activities, considering the supernatant H 

+ activity 

as constant at a H ≈ 10 −4 mM (pH 7). The calculations predict a 

light decrease of pH inside the gel layers to pH 6.6 - 6.8. 

Based on the Donnan equilibrium and electro-neutrality re- 

uirement, the concentration of fixed charges Z in the ALE was es- 

imated using Eq. 4 . For the calculations, it was assumed that the 

ontribution of cations other than Ca 2 + and K 

+ to the neutralisa- 

ion of Z was negligible and that Cl − (SI, Tables G) was the domi-

ant anion in the system. An average value of 1.05 ± 0.20 mmol/g 

SS was obtained (data in SI, Tables K). 

.2.3. Osmotic pressure (network strength) 

Because of their very low molar concentrations, the ALE 

olecules as well as H 

+ and OH 

− hardly contributed to the os- 

otic pressure difference and only Ca 2 + , K 

+ and Cl − were consid- 

red. The resulting values for �, calculated with Eq. 7 , are shown 

n Table 2 and Table 3 . After preparation of the gel layers, water

ew inside the gel layers to minimise the osmotic pressure differ- 

nce and caused swelling. At some point, further swelling was pre- 

ented by the opposing elastic force of the ALE network. In equilib- 

ium, the osmotic pressure difference is, therefore, an indicator for 
6 
he network strength. The results show that with increasing CaCl 2 
oncentration in the supernatant, the network strength slightly in- 

reased. This indicates that Ca 2 + was involved in crosslinking of 

he gel layers. 

.3. Reversibility of swelling by increasing the Ca 2 + concentration 

To differentiate between the influence of CaCl 2 available dur- 

ng filtration and CaCl 2 available during the swelling, an exper- 

ment with a change in CaCl 2 concentration during storage was 

erformed. Gel layers were produced with a low calcium concen- 

ration (3 mM CaCl 2 , 6 mM KCl), and then transferred to storage 

olutions with a high calcium concentration (12 mM CaCl 2 , 6 mM 

Cl) directly (sample F) and after two days (sample L). The devel- 

pment of their VSS density in time is shown in Fig. 5 , compared

o a low blank, prepared and stored with 3 mM CaCl 2 /6 mM KCl.

lso shown is a high blank, produced and stored at 12 mM CaCl 2 ,

 mM KCl. 

Already after 3 minutes, sample F had a higher density than 

hose stored in the low CaCl 2 solution ( Fig. 5 B). The high blank

as at this moment still much denser. After 30 min, the density 

f sample F equalled that of the high blank. In the longer term, it 

ven seemed to reach a slightly higher density than this. 

After transferring sample L to a high calcium concentration so- 

ution, compaction of the ALE gel layer was observed within a few 

inutes ( Fig. 5 C). This process continued for about 6 h. Then an

pparent steady-state was reached that lasted for the rest of the 

bservation period ( Fig. 5 A). The density achieved by this com- 

action stayed below those of the high blank and sample F. The 

welling was, therefore, described as partly reversible. Similarly, 

he Ca 2 + content per VSS in the transferred gel layers did not com- 

letely reach that of the high blank (data not shown). 

In accordance with the density data, the osmotic pressure data 

or the reversibility experiment ( Table 3 ) showed a clear hierar- 

hy in network strength increasing from the low blank via the one 

ransferred to 12 mM CaCl 2 after 2 days to the one directly stored 

n 12 mM CaCl 2 . Also in this case, what happened during the two 

ays of storage in the low concentration solution, was partly irre- 

ersible. 

.4. Additional ripening 

The experiments described in section 3.2 were limited to 12 

ays because that was found to be the period over which all gel 

ayers kept their macroscopic integrity, which was a requirement 

o calculate and compare the densities. When stored for a more 
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Fig. 5. Comparison of the swelling behaviour of gel layers produced with 3 mM CaCl2 and 6 mM KCl and subsequently stored in 12 mM CaCl2/6 mM KCl (high calcium, 

sample F, + ) and 3 mM CaCl2/6 mM KCl for two days and then transferred to 12 mM CaCl2/6 mM KCl (low calcium, sample L, x). For comparison, blanks produced and 

stored with either high (circle) or low (diamond) calcium concentration are shown. A) shows the whole range of the experiment, B) zoomed in on the first two days and C) 

zoomed in on the swelling after transfer to the higher calcium concentration after two days. Since those were single experiments, the error bars show the standard deviation 

over 4 samples only for the high blank. 
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xtended period, or with less optimised concentrations of ALE and 

ons, initially voids were observed in the gel layers. Eventually, a 

brous network developed. This development is illustrated by the 

ptical coherence tomography (OCT) pictures in Fig. 6 for gel lay- 

rs produced with 60 mg/L ALE and 45 mM ionic strength 30 min 

fter production, after 3 days and after 5 days. 

The used OCT system had a resolution in the range of 10 μm, 

eaning that pores could only be detected as soon as they reached 

his size in both dimensions. It seems likely that these pores devel- 

ped on a micro-scale before structural changes could be observed 

ith the OCT. Structural rearrangements in the ALE network were 

onsidered the major cause for the observed slow swelling of the 

el layers described in sections 3.1 - 3.3 . Increasing the resolution, 

or example, by taking SEM pictures on stabilised samples, may re- 

eal such changes on the microstructure level. 

. Discussion 

The gel layers’ composition and appearance result from the bal- 

nces between electrostatic interactions in the gel, osmotic pres- 

ure differences between the gel and the outside solution, and the 

bility of the gel network to withstand swelling by water intake. 

hese mechanisms are discussed below. 
7 
.1. Ion distribution 

While the high specificity and chelating nature of the Ca 2 + 

rosslinks in alginate are well known, the present results indicate 

o specific (irreversible) binding of Ca 2 + to ALE. Therefore, it is ex- 

ected that Ca 2 + can be easily removed, for example, by dilution, 

r replaced by other ions. Based on this study’s results, other diva- 

ent cations are probably also able to induce the crosslinking. For- 

ation of stable gels with comparable elastic properties has indeed 

een confirmed with a whole range of divalent cations ( Felz et al., 

020a ). To identify the (non)specificity of those interactions, com- 

osition analysis like done in this study can be used. The difference 

ith alginate in binding may be explained by the finding that a 

ignificant amount of the charged groups in ALE is sulfate rather 

han carboxylate ( Felz et al., 2020b ). 

Based on electro-neutrality and the Donnan potential, the num- 

er of negative charges in the ALE was calculated as 1.05 ± 0.20 

mol/g VSS. One Ca 2 + cation could neutralise two negative 

harges in theory, so this value is well in line with the measured 

a 2 + concentrations in the ALE gel layers of 200 - 700 μmol per 

 VSS (SI, Fig. A). It should be noted, however, that following the 

onnan potential also Cl − distributed over gel layer and super- 
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Fig. 6. Ripening of ALE gel layers observed by OCT over 5 days. The images show an ALE gel made from a solution of 60 mg/L ALE and 45 mM ionic strength. Note the 

changed composition in comparison with the measurements described earlier, which accelerated the ripening process. 
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atant. As a consequence, not every Ca 2 + ion inside the gel layers 

ontributed to the crosslinking. 

The p K a values of the carboxylate groups of mannuronic and 

uluronic acid were found at 3.38 and 3.65 ( Draget et al., 1994 ).

hese groups are all negatively charged at pH 7 and thus con- 

ributed to Z in the ALE gel layers. Sulfates are strong acids, so neg-

tively charged independently of pH. Therefore, the current exper- 

ments and calculations did not identify what groups of ALE were 

nvolved in crosslinking. On the basis of further chemical charac- 

erisation of ALE, experiments in which the pH is varied can be 

seful for deeper insight. 

.1.1. Correlation between Ca 2 + content, density and strength of the 

LE gel layers 

With increasing CaCl 2 concentration in the supernatant, the 

LE gel layers as prepared in this work were found denser until 

 plateau was reached around 8 mM Ca 2 + ( Fig. 4 ). Such corre-

ation has been studied intensively for alginate gels ( Davidovich- 

inhas and Bianco-Peled, 2010 ) and has been explained with a 

igher number of crosslinks with increasing Ca 2 + concentration. 

lso for bacterial EPS, Ca 2 + availability has been directly linked to 

enser films ( Goode and Allen, 2011 ; Körstgens et al., 2001 ). 

This work shows, in addition, a correlation between Ca 2 + con- 

ent and density and the network strength (cf. section 3.2.3 ). The 

upernatant’s ionic composition defined the ion concentration in- 

ide the gels (given the fixed amount of charges of the ALE per 

 VSS) and thus the osmotic pressure difference ( section 2.5 ). At 

he same time, the network strength determined the maximum 

mount of water that could be taken up to reduce the osmotic 

ressure difference. Apparently, over time this maximum amount 

ncreased, associated with a slow but irreversible weakening of the 

etwork structure (as shown in Table 3 , further discussion of the 

eversibility in section 4.3 ). The mechanisms behind this effect are 

robably related to the slow structural rearrangement resulting in 

oid formation ( Fig. 6 ) and require further investigation. 

.2. Hydraulic resistance of ALE gel layers 

A positive correlation between EPS density and hydraulic re- 

istance of biofilms has been postulated before ( Desmond et al., 

018 ; Jafari et al., 2018 ). Also, the Ca 2 + concentration in ALE 

lms has been correlated to flux decline in membrane filtration 

 Herzberg et al., 2009 ). This goes along with the finding that the
8 
pecific cake layer resistance of the ALE gel layers in this work 

lightly increased with supernatant CaCl 2 concentration ( Fig. 3 ). 

n this context, it attracted attention that while the VSS density 

eached a maximum around 110 mg/cm 

3 , the specific resistance 

till slightly increased (e.g. between 8 mM CaCl 2 and 14 mM CaCl 2 , 

ig. 3 ). The differences in relation to the standard deviations (cf. SI, 

able E) were so small, however, that no further conclusions could 

e drawn from these data. 

.3. Compressibility, relaxation and ripening 

Compressibility, as observed for the ALE gel layers in this work, 

s a feature of biofilms that has been investigated for several years 

 Jafari et al., 2018 ), and that has also been used as an indication

or the viscoelastic behaviour of biofilms ( Safari et al., 2015 ). The 

elaxation of biofilms after compression has been described with 

he help of Maxwell springs ( Jones et al., 2011 ; Safari et al., 2015 ),

s an approximately exponential process. In our experiments, re- 

axation was expected as soon as the filtration pressure was re- 

eased. Due to experimental restrictions, the changes in the thick- 

ess of the ALE gel layers in this study were only recorded from ca. 

 minutes after pressure release. Therefore, a quantitative analysis 

f the collected data appeared unreliable. For accurate collection 

nd analysis of relaxation data to extract characteristic viscoelas- 

ic data, systems with controllable compression and instantaneous 

bservation of the stress and strain are needed. Such experiments 

ill also be of interest to distinguish between cross-linked gel lay- 

rs and non-cross-linked cake layers. Also, the influence of differ- 

nt gel production procedures could be interesting in this regard. 

Interesting observations in this study were the long continua- 

ion of the swelling ( Fig. 4 ), and the eventual development of a 

bre-like ALE network ( Fig. 6 ). Fibrous structures have been ob- 

erved in biofilm matrices ( Romero et al., 2010 ) and are usually 

ttributed to amyloids. The present study suggests that ALE also 

orms such fibres, in accordance with previous work ( Lin et al., 

018 ). The observation that the swelling process was only partly 

eversible ( section 3.3 ) indicates that a slow molecular rearrange- 

ent started with the initial formation of microscopic voids in the 

tructure (cf. Jafari et al., 2018 ) right when the pressure was re- 

eased. Because the network had started to be weakened by the 

oids (cf. Table 3 , section 4.1.1 ), neither the density nor the osmotic 

ressure difference of gel layers directly stored in the higher CaCl 2 
oncentration could be reached by later transferred samples. Fi- 
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rous structures and a decrease in density over longer time scales 

between 7 and 12 days) were especially found in the gel layers 

hat were prepared with and stored at the lower CaCl 2 concentra- 

ions (1 and 3 mM). Apparently, fibre formation was prevented or 

elayed by Ca 2 + crosslinks in the network. 

According to Desmond et al. ( Desmond et al., 2018 b), compres- 

ion caused by filtration pressure is reversible for structurally ho- 

ogeneous biofilms and irreversible for films with a heteroge- 

eous structure. This work supports this finding, showing that net- 

orks with voids were weaker than more homogenous networks 

ithout voids. 

.4. Outlook 

This work provides valuable insight into the interaction be- 

ween ALE and Ca 2 + in the presence of K 

+ and Cl −. As a next

tep, the influence of Ca 2 + content of ALE gels on their mechan- 

cal properties such as modulus, strength and adhesion will be in- 

estigated. While a closer look on the swelling behaviour can be a 

tart, e.g. by observation in the filtration cell during filtration, pos- 

ibly also under application of different pressures, determining the 

els’ viscoelastic properties by rheological measurements will pro- 

ide quantitative data. This will make it possible to link the com- 

osition to mechanical properties of the gel layers and will be the 

ubject of a forthcoming paper. 

The system of ALE and specific ions still represents a simpli- 

ed model for the EPS matrix of biofilms. The model can be ex- 

ended by adding other kinds of molecules, such as peptides, hu- 

ic acids and eDNA, to eventually get close to real biofilms’ com- 

lexity. Evaluating the interactions within the ALE network, also 

eyond electrostatic ones, with added compounds, and based on a 

etter chemical characterisation of ALE and EPS can lead the path 

owards understanding the cohesive forces of biofilms. This is an 

mportant step towards tailored cleaning strategies. 

. Conclusions 

– The density and network strength of ALE gel layers depend on 

crosslinking with a multivalent cation like Ca 2 + . 
– Ca-ALE gel layers produced on a membrane by dead-end filtra- 

tion swell, after pressure release, for up to 12 days. This process 

is accompanied by a weakening of the structure and is partially 

irreversible. One of the mechanisms behind it is a slow molec- 

ular rearrangement of ALE, culminating in the development of 

a fibrous structure. 

– The accumulation of cations, including Ca 2 + , over a Ca-ALE gel 

and its supernatant, can be described as a result of a Donnan 

potential induced by the fixed charges on the extracellular poly- 

mers. This indicates that no specific binding is involved in the 

physical crosslinking of ALE gel layers by Ca 2 + . 
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