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A variety of natural biofilms were collected from an extremely acidic environment at Rio Tinto (Spain).
In order to provide insights into the structure—function relationship, the microstructure of the biofilms
was explored using low temperature scanning electron microscopy (LTSEM) in combination with rheolo-
gical analysis. The creep-recovery experiment results have demonstrated the typical behaviour of
viscoelastic materials that combine both elastic and viscous characters. The LTSEM visualization and
rheological characterization of biofilms revealed that the network density increased in bacterial biofilms
and was the lowest in protist Euglena biofilms. This means that, in the latter biofilms, a lower density of
interactions exist, suggesting that the whole system experiences enhanced mobility under external
mechanical stress. The samples with the highest dynamic moduli (Leptospirillum—Acidiphilium,
Zygnemopsis, Chlorella and Cyanidium) have shown the typical strain thinning behaviour, whereas the
Pinnularia and Euglena biofilms exhibited a viscous thickening reaction. The Zygnemopsis filamentous
floating structure has the highest cohesive energy and has shown distinctive enhanced resilience and
connectivity. This suggests that biofilms should be viewed as soft viscoelastic systems the properties of
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DOI: 10.1039/d0sm01975e which are determined by the main organisms and their extracellular polymeric substances. The fractional
Maxwell model has been found to explain the rheological behaviour of the observed complex quite well,

rsc.li/soft-matter-journal particularly the power-law behaviour and the characteristic broad relaxation response of these systems.
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1. Introduction

Highly acidic extreme environments are relatively scarce worldwide
and are generally associated with volcanic activity and mining
operations. The oxidation and dissolution of the sulfidic minerals
exposed to oxygen and water results in acid production, and the
process is greatly enhanced by microbial metabolism.’™ At the
same time, low pH facilitates metal solubility in water, particularly
cationic metals, and thus extremely acidic water tends to have high
concentrations of heavy metals. However, in spite of the apparent
hostility of these habitats, they contain a higher level of bio-
diversity and biomass than expected.* Most of the microbial
communities found in extreme environments are distributed
and assembled in extensive biofilms. Natural biofilms are organized
multicellular systems with a structural and functional architecture
that influences metabolic processes, response to nutrients,
predation and other factors of the ecosystem.’
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Biofilms are a typical feature in the acidic streams of the Rio
Tinto upper zone, where sediments can be covered by a yellow,
brown or greenish mucous layer wherever the water flow is not
too strong.*” In addition, floating bacterial biofilms on the
surface of the water® and forming part of photosynthetic
eukaryotic biofilms® have been also described. Their microbial
diversity and extracellular matrix composition have been
previously studied.'®’® A variety of microorganisms located
in these colourful biofilms have been identified, from
unicellular algae, such as Pinnularia, Chlorella and Cyanidium,
to filamentous green algae, such as Klebsormidium and
Zygnemopsis. Protists such as Euglena, fungi and bacteria are
also an important part of these biofilms. In the natural
environment, biofilms are able to form patches in streams
without a clear distribution pattern. They form a matrix at
the sediment-surface interface or develop streamers floating on
the water but anchored to a surface. It has not been possible to
grow these biofilms under controlled culture conditions, which
makes their collection from their natural environment the only
way to study them.

While several studies on the composition of extracellular
polymeric substances (EPS) from extremophilic bacteria have
been performed to date,'>™* little is known about the relationship
of the matrix with the rheological features of the different
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eukaryotic biofilms in their natural environment. Biofilms are
in general heterogeneous systems composed of microorganisms
and macromolecules embedded in water that do not behave as
purely viscous fluids or purely elastic solids. The cohesive forces
keeping these microorganisms in contact provide structural
stability to the biofilm and give rise to their characteristic
viscoelasticity. This specific mechanical feature essentially arises
from the structural organization of the biofilms. A deep char-
acterization of the microstructure of these complex systems
requires studying not only their rich morphological features,
but also their rheological properties, that is, the response of the
biofilms to external forces or deformations. A comprehensive
synthesis of the knowledge surrounding this specific topic can
be found in recent reviews,">*® which focused mainly on the
most frequent bacterial biofilms. In this context, agreement
among researchers exists on how little is known about the
impact of mechanical history in the coupling among micro-
organisms forming the biofilms and thus how this coupling
affects their morphology, physiology, distribution and inter-
actions with the environment. Since most of these previous
studies have focused exclusively on the rheological properties
of prokaryotes, references related to the rheological features of
natural eukaryotic biofilms are even scarcer.

Biofilms at Rio Tinto are pervasive in particular extreme
conditions and knowledge of their mechanical properties
would be useful in order to understand their ecological char-
acteristics. From a biological perspective, these biofilms are
complex structures, comprising microbial cells embedded in a
matrix of EPS as polysaccharides, proteins, humic acids and
minerals.'®"? From a physical perspective, biofilms are viscoelastic
materials, behaving similarly to polymer gels. More specifically,
a number of studies suggest that prokaryotic biofilms behave as
viscoelastic liquids."®™>* However, very little is known about the
specifics of the possible mechanical traits that characterize
different types of eukaryotic biofilms. For instance, yeast
biofilms were determined to be viscoelastic materials with a
predominant solid-like behaviour.>*** Despite the existence of
several marine species of polysaccharide-producing microalgae
with commercial interest, little is known about the relationship
between their conformation and structure, and their physico-
chemical properties, including rheological behaviour.”®
Whether the goal is to encourage or discourage biofilm
accumulation, detachment is one of the key determinants of
how much biofilm accumulates. Biofilm detachment and its
correlation to the mechanical properties of the biofilm are
indisputably important."®

The roles of the EPS in the functioning of biofilms have been
discussed in detail,***” although their fine structure and
composition is less well understood. Microscopic techniques,
such as confocal laser scanning microscopy (CLSM), have
provided a description of the biofilm structure and its micro-
biological diversity*® as well as its biochemical composition.>
The role of water in the highly hydrated matrix present in
biofilms has been difficult to describe using conventional
electron microscopic techniques because of the desiccation
required by high-vacuum conditions. In 1986, Paterson et al.
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pioneered the use of low temperature scanning electron micro-
scopy (LTSEM) in the formation of sediment biofilms.** LTSEM
allows the observation of liquid rich materials in a frozen state.
In the LTSEM technique, water is vitrified with liquid nitrogen
under vacuum and maintained at very low temperature. It is an
indispensable tool for preserving the in situ organic texture
under highly hydrated conditions and has been successfully
used to characterize microbial sediments***?> and microbial
mats®® as well as phytoplankton marine aggregates.**

The main purpose of this study is to provide comparative
data on biofilms from extremely acidic natural streams. The
results from this study contribute to the understanding on how
different natural biofilms react to mechanical stimuli in an
extremely acidic environment. Differences among species
would lead to a better interpretation of what factors control
their ecological niche distribution.

2. Materials and methods

2.1. Study site, sample collection and biofilm microbial
composition

Six microbial biofilms from two sampling points (CEM 37°42'8”
N/6°33’31" W and ANG 37°43'15" N/6°33’10” W) along the
upper stream of Rio Tinto (SW, Spain) were selected for
in situ water measurements and epilithon collection (Fig. 1
and Table 1).

A general description of the river hydrochemical parameters
and the microbial diversity and natural thickness of biofilms
has been reported previously.®” Biofilm samples were taken
from the field including their soil substrate in June 2019 and

(A) General aspect of Leptospirillum—Acidiphilium bacterial biofilms
(CEM-Bac). (B) Detailed image of brilliant green Euglena mutabilis biofilms
(CEM-Eug). (C) Aspect of the patched green biofilms of Chlorella sp.
(ANG-Chlo). (D) General view of the floating filaments of Zygnemopsis sp.
(CEM-Zyg). (E) General aspect of green-blue Cyanidium sp. biofilms
(CEM-Cya). (F) General aspect of brown Pinnularia sp. biofilm samples
(CEM-Dia). Scale bar = 10 cm.

Soft Matter, 2021,17, 3672-3680 | 3673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm01975e

Open Access Article. Published on 15 February 2021. Downloaded on 6/14/2026 3:29:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Soft Matter Paper
Table 1 Description of the biofilm samples
Sampling site Sample name Species composition pH Redox (mV) Cond (mS cm™ 1) T (°C) O, (ppm)
ANG ANG-Chlo Chlorella spp. 1.7 £ 0.2 471 £ 16 303 24 £1 1.7 £ 0.7
CEM CEM-Bac Leptospirillum spp. 2.3+0.1 446 £ 15 11+3 17 £ 2 2.8+ 0.2
Acidiphilium spp.
CEM-Cya Cyanidium spp. 2.2+0.2 450 + 14 13 +2 18 £1 2.9 +£0.1
CEM-Dia Pinnularia spp. 2.3+£0.2 443 £ 11 14+1 17 £3 2.5+t 04
CEM-Eug Euglena mutabilis 21 +£0.2 448 + 11 12+ 3 18 £1 2.8 £0.2
CEM-Zyg Zygnemopsis Spp. 2.2 +£0.2 456 = 10 12 +1 19 &£ 2 2.7 £0.5

Mean and standard error of water physical parameters at each sampling site.

placed in 6-well culture plates (Corning, USA) for transport and
conservation. This method of collection was previously used
and helped to maintain the structure of the biofilms from the
field to the laboratory.” At this time of the year the biofilms
acquired their highest development stages since spring.®

The samples were kept in the dark at 5 °C for six days during
the analyses. The biofilm species composition was examined
by direct microscopic observation using a Zeiss Axioscope 2
equipped with phase-contrast. Bacterial biofilm identification
was carried out by fluorescence in situ hybridization (FISH).
Hybridization and staining with DAPI (4/,6-diamidino-2-
phenylindole) were carried out as previously described.>® Cy-3
labelled probes were provided by Molecular Probes (Thermo
Fisher Scientific). Detailed information on the sequences and
oligonucleotide probes is available from previous studies."**°
The Citifluor mounting medium (Citifluor Ltd, UK) was added
to the preparations to avoid fluorescence fading. An Axioskop
microscope (Zeiss, Germany) equipped with the proper filter set
was used to visualize the FISH results. In situ measurements of
water conductivity, temperature (conductivity meter: Orion 122,
Orion Research, USA), redox and pH (pH meter: Crison 506 pH/Eh),
and oxygen (Orion 810 oxymeter) were made in triplicate.

We selected and named the biofilms according to the
microbial composition of their main species, and the color
features were also useful to distinguish them in the field. Three
biofilms were mainly composed by microalgae: green Chlorella
spp. (Chlorophytes), blue-green Cyanidium spp. (Rhodophytes),
and brown Pinnularia spp. (Bacillariophytes). We selected also a
biofilm of a photosynthetic protist, dark green Euglena mutabilis
(Euglenozoa), and the floating green filamentous algae Zygne-
maopsis spp. (Streptophyta). Additionally, a brownish bacterial
biofilm composed mainly by Leptospirillum spp. (Nitrospirae)
and Acidiphilium spp. (Proteobacteria) was also analyzed. Detailed
information about the composition of the studied samples is
available from previous works.®™*?

2.2. Low temperature scanning electron microscopy

In some cases, pieces of the biofilm attached to the mineral
substrate were used but in others due to the higher thickness
only superficial material was used. A precise description of the
structure and thickness of the different biofilms has been the
focus of a previous study.” The material from each natural
biofilm was selected using a spatula and mounted in a cryo-holder
at room temperature. The samples were immediately plunge-
frozen in slush nitrogen and directly transferred into the

3674 | Soft Matter, 2021, 17, 3672-3680

cryo-chamber pre-cooled to —180 °C via an airlock transfer
device. The frozen material was then fractured inside the
cryo-chamber with a cooled blade to observe a fresh fractured
cross section of the biofilm. After fracturing, the sample was
placed in the SEM-chamber where it was slowly heated to
—90 °C for 2 min to sublimate the first superficial microns of
water. This step aids the observation of the ultrastructural
elements and permits the identification of the water fraction
and the confirmation of its location. The specimen was then
returned to the cryo-chamber and sputter-coated with gold for
2 min 15 s at 10 mA. The observation and the recording of
images were done at —150 °C at an acceleration voltage of
10-15 kV. The instrument used was a CT1500 Cryotrans system
(Oxford Instruments) mounted on a Zeiss 960 SEM (Centro de
Ciencias Medioambientales, CSIC, Madrid).

2.3. Rheological measurements

Small amplitude strain sweeps, frequency sweeps and creep-
recovery during constant stress experiments were carried out in
order to locate the linear viscoelastic region and to determine
the basic linear viscoelastic properties of the biofilms. The
experiments were performed with a Bohlin CVO stress-
controlled rheometer at room temperature (T = 22 °C) using
parallel plates (25 mm diameter). The superficial part of each
sample was carefully deposited over the lower plate of the
rheometer with the help of a spatula. The biofilms had different
natural thicknesses but we used only the superficial material,
avoiding the material in contact with the soil substrate to fill a
gap setting of 500 pm between the plates. The upper plate was
lowered until the normal force was approximately 1 N.
The samples were allowed to equilibrate for at least 5 min.
Measurements were performed for 3 to 5 independent samples.
The values were averaged and the relative standard deviation
(RSD) was obtained for each case. The results shown correspond
to those averaged values.

Three different experiments were performed:

1. Location of the linear viscoelastic region by measuring the
dynamic moduli, G’ and G”, as a function of strain amplitude at
a frequency of 1 Hz.

2. Frequency sweep experiments in the strain-controlled
mode at low strains selected in 1, to ensure that the biofilm
response remained in the linear region and then the structure
was not destroyed during the experiment. The dynamic properties
such as storage and loss moduli, G’ and G”, were determined by
sweeping across the frequency range from 0.02 to 20 Hz.

This journal is © The Royal Society of Chemistry 2021
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3. Creep-recovery experiments at different shear stresses, o.
There were performed in the linear viscoelastic region in order
to obtain the time evolution of the creep and recovery
compliance, J. and J;, respectively. The applied stress depended
on the nature of the samples. The previous experiments in (1)
aided to select the values of the suitable shear stress applied in
each case. Recovery experiments were performed after creep
times, ¢, = 125, 250 and 500 s.

3. Results

3.1. Low temperature scanning electron microscopy

The observations under LTSEM revealed the ultrastructure of
the different samples studied, except for the filamentous algae
Zygnemopsis (CEM-Zyg). The size of the filaments made it very
difficult to maintain the natural structure for observation under
the microscope. At low magnification the bacterial biofilms
(CEM-Bac) showed a compact structure with clumps of cells
(Fig. 2A). The bacterial biofilms became more compact and

Fig. 2 (A) Bacterial biofilms are densely packed forming clumps (CEM-
Bac). Some diatom frustules are present. Scale bar = 20 um. (B) Detailed
image of clumps of bacteria. The arrow points to the EPS aspect in areas
where the water has been sublimated. Scale bar = 10 um. (C) Detailed
aspect of a cross-sectioned Chlorella biofilm (ANG-Chlo). Scale bar =
20 um. (D) Detailed image of the web formed by the EPS around cells in
contact with the substrate below. Scale bar = 10 um. (E) Euglena biofilm
cross section (CEM-Eug). Scale bar = 20 pm. (F) Detailed image of the EPS
surrounding one individual (arrow). Scale bar = 5 um.

This journal is © The Royal Society of Chemistry 2021
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exhibited a more intertwined fibrous network of EPS (arrows in
Fig. 2B). The biofilms of Chlorella (ANG-Chlo) showed a web
structure consisting of thin threads organized around the cells
(Fig. 2C), with the strand-like structures forming an intertwined
fibrous network. A detailed view of the biofilm over the surface
of the sediment revealed a web of homogeneously distributed
fibrillar material. This fibrillar material appeared to be covered
with minerals (arrows Fig. 2D). In these biofilms the fibrillar
material made delineated pores. Euglena biofilms (CEM-Eug)
showed poor network development with less fibrillar EPS
(Fig. 2E), although the fibrillar material was present surrounding
each individual cell (arrow in Fig. 2F).

The ultrastructure of Pinnularia (CEM-Dia) (Fig. 3A and B)
and Cyanidium (CEM-Cya) (Fig. 3C and D) biofilms showed a
similar distribution of the fibrillar material, exhibiting a more
open structure with a less intertwined network compared to
Chlorella biofilms. In the Pinnularia biofilm, it was possible to
observe the links between capsular EPS outside the frustule and
the fibrillar network (arrow in Fig. 3B). Mineral deposits were
frequent on Cyanidium cell walls (arrow in Fig. 3D).

3.2. Rheology: strain amplitude sweeps

The curves of storage, G’, and viscous, G”, moduli versus
amplitude strain, y, are shown for the selected samples in
Fig. 4. These curves are extracted from the dynamic amplitude
strain sweeps (see Fig. S1 of the ESIT). At low values of strain, G’
remains constant at a characteristic G, value, which is different
for each sample. The range within G’ remains constant with y
being defined as the linear viscoelastic range. The linear
viscoelastic region extends up to a critical value y.. In this

(CEM-Dia).
(B) Detailed image of the EPS connecting diatom frustules in the

Fig. 3 (A) Diatom biofilm cross section Bar = 50 pm.
biofilm (arrow). Bar = 10 pm. (C) Cyanidium biofilm cross section
(CEM-Cya). Bar = 20 um. (D) Detailed image of the Cyanidium biofilm
and the associated bacteria. The arrow points to mineral deposits.

Scale bar = 5 um.
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range, the rheological properties reflect the specific microstructure
of the samples. A further increase of y results in a decrease in G,
which indicates the disruption of the interactions among the
components of the samples above ..

The values of G. and y. were estimated using the tangent
method depicted using solid lines in Fig. 4. The values listed in
Table 2 are the averages from 3 to 5 measurements (Fig. S1,
ESIt). A disparity of orders of magnitude in the specific values
of G./ and y. is observed.

It should be noted that a subsequent strain sweep on the
same sample yields the same result (open symbols in Fig. 4),
which means that the structure is fully recovered after the first
test. The experiments are highly repeatable, indicating a fast
recovery of the structural changes. This seems to be a general
behaviour shown by all the samples. The samples with the
highest values of dynamic moduli (CEM-Bac, CEM-Zyg,
ANG-Chlo, CEM-Cya) have shown the typical strain thinning
behaviour (G' and G” decreasing with y above the critical value,
7¢). The behaviour observed in the case of diatom and protist
biofilms (CEM-Dia and CEM-Eug) is different. In these cases,
especially in the diatom biofilm, a weak strain overshoot in G’
(viscous thickening) is clearly observed.

4. Rheology: oscillatory shear and
creep-recovery

Shear dynamic moduli and creep-recovery of Pinnularia and
Euglena biofilms could not be measured using our experimental
setup, which is likely because of their softness and a dehydration
process that takes place in these samples in a few minutes. The
dynamic moduli G’ and G” of the rest of the samples (CEM-Bac,
CEM-Zyg, ANG-Chlo and CEM-Cya) have been obtained as a
function of the frequency, w, in the linear viscoelastic region
(below the corresponding critical value 7. in Table 2). The results
obtained for these samples are shown in Fig. 5. The elastic
component of the complex modulus G’ is regularly higher than

= 0)
10° — T bﬂ-‘v

10° 10° 10° 10° 10°

4

Fig. 4 Elastic modulus (G’, black symbols) and viscous modulus (G”, grey
symbols) versus strain amplitude, y, of the selected samples: () CEM-Bac,
(A) ANG-Chlo, (4) CEM-Dia, and (@) CEM-Eug.
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Table 2 Basic rheological properties at T = 22 °C. Characteristic elastic
modulus, G//, critical shear strain, y., and cohesive energy, E.

Sample G (kPa) Ye E.(J m™?) RSD
ANG-Chlo 47.3 0.006 0.86 0.37
CEM-Bac 430 0.003 1.95 0.09
CEM-Cya 11.4 0.007 0.26 0.40
CEM-Dia 0.11 0.020 0.021 0.08
CEM-Eug 0.008 0.05 0.012 0.12
CEM-Zyg 80.0 0.01 4.00 0.20

For each sample, the average value of three to five replicates and its
relative standard deviation (RSD) are shown.

the viscous component G”, over the experimental frequency
range, which indicates that the samples behave like weak gels.
This implies the presence of a network structure established
among the microorganisms and the EPS consistent with LTSEM
images. In the frequency range explored G’ exhibits the typical
power-law with frequency (G’ ~ "), but G” passes through a
local minimum, less pronounced as the softness of the sample
increases from CEM-Bac to CEM-Cya. The data presented in
Fig. 6 correspond to the creep (Fig. 6A, creep time ¢. = 300 s) and
creep-recovery experiments (Fig. 6B, creep time ¢, = 125 s)
obtained for the samples.

The results have confirmed that the response under constant
shear stress is also power-law time dependent, J.(t) ~ ¢".
The creep and recovery results have demonstrated the typical
behaviour of viscoelastic materials that combine both elastic and
viscous characters. The linearity of the strain response in all
measurements has been assessed by performing experiments at
three different stress levels below the critical shear stress listed
in Table 2 (Fig. 6A). All samples show a similar response in the
recovery step, as observed in Fig. 6B. The curves exhibit (i) an
instantaneous elastic compliance at ¢ = 0, (ii) a time dependent
viscous compliance up to ¢, (iii) an instantaneous recovery when
the stress is removed just after ¢., and finally (iv) an unrecoverable
compliance at the end of the experiment at ¢,.

Expressing the relationship between external stresses and
deformation in constitutive laws is an important step in
predicting and ultimately describing the phenomena related
to the microstructure of the biofilms and their ecological
mechanics. The Burgers model has been widely used to under-
stand rheological experiments in biofilms, mainly in creep and
creep-recovery experiments.>’”*® This model combines elastic
and viscous mechanical elements which can be represented as
springs and dashpots, respectively (Fig. S2 in the ESI}). The
specific combination of the Burgers model leads to a constitutive
equation of constant coefficients that establishes the relation
between stress and strain as a function of time (equation (S1),
ESIT). This equation should apply for different experiments
(dynamic, creep and recovery) using the same set of coefficients.
We have applied the model using the corresponding equations
(see the ESIT) and observed that it is not able to describe the
whole set of experiments in these power-law materials. The
results obtained in the case of the CEM-Zyg sample in dynamic
and creep-recovery experiments are shown in Fig. 7. The Burgers
model, represented by the dotted lines, particularly fails in the

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Elastic (G/, squares) and viscous (G”, circles) moduli versus angular frequency, o, of the samples studied. Fractional Maxwell model (solid lines).
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Fig. 6 (A) Creep compliance, J., versus time of the samples studied

at different shear stress values, o: (00 1000 Pa, O 500 Pa, A 250 Pa) Fig.-7 (A)Elastic modulus (G, O black symbols) and viscous modulus (G”,
CEM-Bac; (00 600 Pa, O 300 Pa, A 150 Pa) CEM-Zyg; (0 200 Pa, O 150 Pa, O grey symbols) versus angular frequency, o, of the CEM-Zyg sample.
A 75 Pa) ANG-Chlo; (O 60 Pa, O 30 Pa, A 15 Pa) CEM-Cya. Fractional Burgers model (dotted lines). Fractional Maxwell model (solid lines). (B)
Maxwell model (solid lines). (B) Creep, J., and recovery, J,, compliance at the ~ Creep compliance (Je, ligh't grey symbols) and recovery cgmpliance .
highest stress and t. = 125 seconds, of the samples studied: (CJ) CEM-Bac, ~ dark grey symbols) versus time of the CEM-Zyg sample at different creep

(O) CEM-Zyg, (A) ANG-Chlo, and (V) CEM-Cya. Fractional Maxwell model times, t. = 125, 250 and 500 s. Burgers model (dotted lines). Fractional
(solid lines). Maxwell model (solid lines).

experiments, ie. recovery and dynamic tests. The reader is
case of the dynamic measurements (Fig. 7A) and the recovery referred to the ESIT where the equations are shown in detail.
tests (Fig. 7B) performed for long creep times. This failure is  The agreement between experiments and predictions over the
likely due to the simplicity of the Burgers model, providing a  different testing protocols indicates that the fractional descrip-
clear indication of the broad relaxation spectrum of relaxation  tion represents a constitutive model whose coefficients, given
processes related to the specific microstructure composing these by the characteristic modulus and relaxation time, G, and /.,
power law materials.”’ are the actual material properties with a physical meaning.

In order to describe this broad response, it is necessary to The coefficients extracted from the application of the model
add elements to provide additional relaxation modes. However, to the creep experiments explain quite well both the recovery
this procedure generates more parameters without a clear and dynamic tests, as can be seen in Fig. 5-7 (solid lines).
physical meaning. To avoid this problem, a constitutive frame-
work based on fractional derivatives within the Scott-Baird
approach is used.*”"*° Please refer to the works of McKinley Table 3 Parameters of the fractional Maxwell model
et al.*”?°*® and to the ESI} for details. We have extracted the
parameters (see Table 3) from the creep data by fitting the

Sample V (kPa s*) « G (kpas) B Gy (kPa) A (s)

experimental results in Fig. 6A to the corresponding equation ANG-Chlo 7220 0.80 ~ 50.0 0.08  27.0 1050
CEM-Bac 11800 0.54 2714 0.03 217.6 1630

for CEM-Bac, CEM-Zyg, ANG-Chlo and CEM-Cya samples and  cgm-cya 5100 0.83 341 0.10 20.2 900

used them to estimate the response of the material in the other CEM-Zyg 8400 0.67 58.9 0.07 32.8 3930
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5. Discussion

Concerning the stability and resilience of the systems under
study, the analysis of rheological behaviour and microscopy in
the Rio Tinto samples studied has revealed that the increases in
stiffness and cohesive energy are complemented by higher
network formation. It is interesting to note that as the stiffness,
G/, of the sample increases, the critical strain, 7., steeply
decreases (see Table 2). These rheological properties can be
quantitatively analysed in terms of inter-particle forces.*' In
these complex systems a microstructure exists, together with a
cohesive energy, E., that retains the microorganisms together,
conforming a characteristic distribution or microstructure,
which should dictate the rheological behaviour. The cohesive
energy, E., which is the energy required to keep the micro-
organisms aggregated, should command the ecological
mechanics for survival. The values can be obtained through
the parameters that describe the transition between the linear
and non-linear regions, the critical strain, 7., and the elastic
modulus value of the linear viscoelastic region, G./, as***?

R )
0
where y. is the critical strain which results in the disruption of
the network and o is the stress in phase with the strain, y, then
o =G'y. As G’ remains constant in the linear viscoelastic region,
G' = G/, substitution in eqn (1) leads to this simple relationship:
[
E. = EGC Ve (2)

The large difference in E. values (two orders of magnitude in
Table 2) indicates strong microstructural and/or compositional
differences in the biofilms studied. The results suggest that the
Zygnemopsis sample and biofilms of Leptospirillum-Acidiphilium,
Chlorella and Cyanidium are structurally stronger than
Pinnularia and Euglena biofilms.

The case of Zygnemopsis is remarkable, as its morphology
and ecology are clearly different from those of the biofilms and
it has the highest value of cohesive energy and an extremely
long relaxation time (close to 4000 s). Zygnemopsis forms
bundles of filaments floating on the surface of the water only
attached slightly to the substrate.® It has been reported that
these bundles of filamentous algae showed higher amounts of
total EPS when collected from Rio Tinto than from other
extreme environments.'”> The presence of a significantly larger
amount of colloidal EPS was related to the presence of heavy
metals in the waters. In addition, these floating communities
showed a light saturation model related to their more exposed
location in the environment.** Their higher photosynthetic
productivity during the summer months could explain their
capacity to have a higher amount of EPS. Of course, a higher
concentration of EPS, which creates a more complex inter-
connected structure together with the specific morphology
and assembly of the microorganisms, should contribute to
the extremely long relaxation time measured. Please note that
the higher density of interactions given by E. does not mean a
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direct increase of the stiffness with respect to the biofilms, but
rather a higher critical strain to failure under high levels of
stress (see Table 2).

The results obtained in the bacteria-dominated biofilm
indicate that it presents the highest stiffness and mechanical
stability. This biofilm is characterized by significantly high
modulus, cohesive energy, and relaxation time (around 1600 s)
corresponding to the closely packed and intertwining network
observed in LTSEM. It should be noted that in this case the value
of the modulus, one order of magnitude higher than those in the
rest of the samples, is a direct consequence of the closely packed
morphology and the density of interactions. Bacterial biofilms
have been described as structured multispecies communities
that differ profoundly from those of planktonically grown cells of
the same species.*’

In the case of Chlorella biofilms, the microstructural study
showed a matrix formed by an intertwined material (Fig. 2C
and D) with the highest E. values among the unicellular algae.
Cyanidium biofilms exhibited a more open structure with a less
intertwined network than Chlorella biofilms, correlated with
less than half of the cohesive energy (Fig. 3C and D). These
systems also show lower values of A. than Zygnemopsis and
Leptospirillum-Acidiphilium biofilms, i.e. around 1000 s. These
values are however still high, being a signature of certain
structural stability under external forces. In fact, Chlorella
and Cyanidium biofilms from Rio Tinto have shown higher
amounts of EPS than other extreme environments related to
higher concentrations of heavy metals in these stream waters."?

Pinnularia (Fig. 3A and B) and Euglena (Fig. 2E and F)
biofilms have shown the lowest values of both moduli and
cohesive energy (see Table 2). The low E. values mean a lower
density of interactions among the components, inferring the
whole systems with enhanced mobility under external mechan-
ical stress. Then, these biofilms represent the softer and mobile
end of the biofilms studied here, which is again consistent with
LTSEM results, as the biofilms showed a more open structure
with a less intertwined network of EPS than Cyanidium and
Chlorella biofilms. Diatoms and euglenoids are among the
organisms that exhibit horizontal and vertical patterns of
migration in their ecological niches.*® These changes in the
distribution and orientation of the diatoms in the biofilm have
an influence on the acclimation of cells under excess light*”
and may be affected by their rheological properties. In the case
of euglenoids their cell wall is flexible and the secretion of EPS
will help in their movement.

Then, as a general observation it should be noted that as the
network density increases, as observed in LTSEM images (Fig. 2
and 3), the value of E. also does. Moreover, a relationship may
be anticipated between the cohesiveness of the samples given
by E. and the characteristic relaxation time, 4., obtained from
the fit to the fractional Maxwell model (see Tables 2 and 3).
Shaw et al.* reported that the overall characteristic time, /., in
a biofilm collection remains constant at about 1110 s, the mini-
mum and maximum values being 350 and 2600 s, respectively.
The authors argued a connection between this characteristic
rheological value and the bacterial doubling times in growing

This journal is © The Royal Society of Chemistry 2021
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biofilms. This connection may have survival significance for
the microorganisms, as this characteristic time is the period
over which a biofilm can both grow and respond to external
stresses. The results for 4. obtained in the samples studied here
are within the range observed by Shaw et al, except for the
filamentous algae Zygnemopsis sample, which exhibits a
characteristic time 3-4 times higher than the average. From our
results, it is clear that as A. increases the required energy to
disturb the network also does. This relationship between E. and 4.
suggests a more complex connection between the microstructure/
rheology and the survival time, which is likely related to specific
features of the EPS and to the interactions with the microorganisms
that deserve a more specific study. It is important to recall that the
rheological properties are determined by parameters like the size
and shape of the microorganisms and the interacting forces
between them. However, these properties are also modulated by
the surrounding EPS and of course by the composition, molecular
structure (topology) and volume fraction of each of the components.

It should be noted that the samples with the highest values
of the dynamic modulus, cohesive energy and relaxation time
(Leptospirillum-Acidiphilium,  Zygnemopsis, Chlorella and
Cyanidium) have shown the typical strain thinning behaviour
most widely observed in polymeric solutions and melts.*® The
origin of this behaviour is associated with the orientation of the
microstructure with the flow direction, which reduces the local
drag as a consequence of a decreased density of interactions.
On the contrary, in the biofilms with motile organisms
(Pinnularia and Euglena), the strain-induced microstructure is
able to resist the deformation, and G” increases up to a
maximum value, giving rise to a shear thickening behaviour.
After the maximum is reached, G” starts to decrease as
7 increases further due to the disruption of the structure.* It
is noteworthy that these softer biofilms have shown a distinc-
tive shear thickening behaviour, reported in the literature in a
large variety of systems such as carbohydrate hydrocolloids®°
and colloidal microgels.”® This specific mechanical feature
allows them to withstand eventual external stresses while
maintaining their dimensional stability. In this respect it
should be noted that a key outstanding question in the study
of the physics of complex transient networks like those studied
in this work is the fundamental molecular origin of the
observed viscous thickening phenomenon.>* A detailed study
of the nature of the EPS is highly desirable in this specific case,
as the molecular weight and, more remarkably, the molecular
topology (branching) may play a fundamental role in the
observed behaviour.

As a final remark, it is worth highlighting the observation
that, among the biofilms, the prokaryotic bacteria have shown
the highest values of shear modulus and relaxation time. The
value of the modulus in this specific case is orders of magnitude
higher than that observed in eukaryotic systems (see Tables 2
and 3). The characteristic crowd of highly interconnected micro-
organisms is the main cause of this behaviour, and this clearly
contrasts with the behaviour observed in eukaryotic systems that
a more open microstructure gives rise to systems with greater
deformability and therefore mobility.
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6. Conclusions

Biofilms from Rio Tinto have shown an extraordinary microstruc-
tural and rheological variability. The difference among the biofilms
manifests itself in stiffness values that may vary by five orders of
magnitude. This variability can be described through the cohesive
energy, which defines the density of interactions of the transient
network that characterizes each of the biofilms. The strongest and
densest networks (Leptospirillum/Acidiphilium, Chlorella, and Cyani-
dium), having a low ability to deform, have shown a high cohesive
energy, which clearly contrasts with those soft biofilms with a lower
density of interactions (Pinnularia and Euglena). Zygnemopsis has
shown distinctive enhanced resilience and connectivity. Both char-
acteristics should be connected to the filamentous morphology of
these microorganisms and also to the previously reported higher
concentration of extracellular polymeric substances, which is a
unique signature of the Rio Tinto ecosystem. Interestingly, the
most mobile Pinnularia and Euglena biofilms display a specific
mechanical feature, such as viscous thickening, which should allow
these systems to withstand eventual external stresses while main-
taining their dimensional stability. The fractional Maxwell model
has been found to be quite a versatile approach to explain the
broad relaxation spectrum of the samples. In fact, it has allowed us
to obtain basic viscoelastic parameters of the networks, such as
elastic modulus and characteristic time. The characteristic times
are located around 15-26 min as previously reported in a large
collection of biofilms, except for Zygnemopsis. This system has
shown a quite large characteristic time of 1 h, which is likely due
to the specific morphology of the microorganisms, microstructure
and EPS composition. It must be noted that a correlation is found
between the cohesiveness and relaxation time of the networks,
pointing towards a complex connection between microstructure,
rheology and survival time. The eukaryotic biofilms composed of
highly mobile microorganisms have shown the lowest values of
shear modulus, relaxation time and cohesiveness.
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