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Abstract

Biofilm formation has been shown to be an efficient process
for removing contaminants from the environment and has
great potential as a bioremediation agent. This review aims to
examine the advantages and limitations of imaging techniques
currently used for biofilm visualization; namely, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM),
epifluorescence (EPI), confocal laser scanning microscopy (CLSM),
scanning transmission X-ray microscopy (STXM) and computed
microtomography (uCT). The advent of X-ray techniques appears
to be a good option, mainly for providing 2D and 3D images of
biofilms, which allows faithful reconstruction of images that,
represent the environment. uCT is a noninvasive technique
that allows in situ monitoring of bacterial biofilms. STXM is an
application of molecular environmental science, including studies
of biofilms and bacteria—metal binding interactions. Combinations
of several techniques, besides imaging, can be a more viable way
to achieve reliable monitoring of bacterial biofilms in nature,
facilitating considerable advances in bioremediation studies of
environments impacted by heavy metals, oil spills and other
pollutants.
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Introduction

Natural environments are intensely colonized by microorganisms.
Bacteria are the most abundant and versatile of these colonizers
and constitute a significant fraction of the entire living terrestrial
biomass [1]. Most are organized into biofilms, i.e., complex
associations of microbes embedded in an extracellular organic
matrix consisting of extracellular polymeric substances (EPS)
secreted by the cells [2]. By organizing into biofilms, organisms
create their own microhabitats with pronounced gradients of
biological and chemical parameters. Through these gradients, they
can use substrates and energy effectively [3].

Perhaps the most important roles of biofilms are biosorption
and biomineralization, which facilitates use of these organisms
in bioremediation of areas impacted by heavy metals and other
pollutants. Biofilms have been shown to be efficient in removing
contaminants, while also being less damaging to the environment
[4-9]. Furthermore, bacteria may be used as biosorbents because
of their small size, ubiquity, ability to grow under controlled
conditions, and their resilience to a wide range of environmental
situations [10-13].

Importantly, EPS and bacterial cell walls can participate in metal
adsorption reactions and potentially mediate mineral precipitation
and dissolution reactions [8,14]. They can enrich some heavy
metals, such as Pb, Cd, Cu and Zn, relative to the aqueous solute
concentration of these elements [13,15]. Several studies have
also addressed the hydrocarbonoclastic capacities of bacterial
communities for recovery processes of environments impacted
by oil [7,16-18]. Many of these studies report the oil degradation
efficiency of such microorganisms and consequent increases in
cell density and/or bacterial biomass [9-22]. EPS production
with biosurfactant activity [23-26], and the use of dehydrogenase
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enzymes as biomarkers of oil degradation [27-32].

EPS secretion is a general attribute of prokaryotic and eukaryotic
microorganisms in natural environments [3]. The EPS matrix
is comprised of different biochemical compounds secreted by
microbes, including organic matter and cellular material/products
arising from cell lysis [2,33]. As well as providing the protective
physical infrastructure of biofilms, EPS also facilitates adhesion
to surfaces [34,35] and promotes cell aggregation and biofilm
accumulation [36-40]. Furthermore, EPS production by microbial
cells can promote stabilization and protection of cells by increasing
resistance to dehydration and biocides. The presence of cations
and ions enables the EPS layer to retain organic and inorganic
compounds, allowing the biofilm to tolerate higher contaminant
and biocide concentrations [2,8,41].

Owing to their environmental importance, the role of biofilms
has been studied in several ways, using differing techniques. In
recent years, imaging techniques have become a great tool for
these kinds of study because they allow visualization of the biofilm
and the actual bacterial cells [42-44]. Furthermore, depending
on the technique employed, other factors can be observed such
as pollutants associated with biofilms and other substances and
the monitoring of biofilm development through time. For these
reasons, imaging techniques for monitoring bacterial biofilms
in the environment have become extremely important tools for
bioremediation studies of affected areas.

In this study, we have reviewed the imaging techniques used for
biofilm visualization in environmental samples, describing their
advantages and limitations, in order to support the choice of
technique in accordance with the objectives of each study. Some
techniques, such as microscopy, are already very widespread,

while alternatives, such as X-ray sources, have also been shown
to be important tools for the study of biofilms. Here, we describe
applications of advanced microscopic techniques including
confocal laser scanning microscopy (CLSM), epifluorescence (EPI),
scanning and transmission electron microscopy (SEM and TEM,
respectively), scanning transmission X-ray microscopy (STXM),
and computed microtomography (uCT). This work aims to assist
researchers in choosing the best imaging technique for a given
study on bacterial biofilms, focusing on bioremediation processes.
Next, we discuss six different proposals that could use several
techniques for imaging bacterial biofilms or cells, depending on
their individual goals.

Study Proposals
Biofilm Structure and Cell Morphology

Apart from traditional microscopic techniques, such as electron
microscopy (SEM and TEM), new advanced techniques have
been established to evaluate bacterial biofilms, including
confocal laser scanning microscopy (CLSM) and X-ray computed
microtomography (uCT). These techniques allow imaging of
natural biofilm structure and morphology in variable ways,
enabling both qualitative and quantitative analyses. Therefore,
SEM, CLSM and pCT are being used in order to study complex
microbial biofilm systems (Table 1) [42].

Electron microscopy uses an electron beam instead of photons,
as in a conventional optical microscope. The use of an electron
beam solves the resolution problem associated with the white
light source [45]. SEM is widely used to image biofilms, but not
for environmental samples. For example, SEM has been used to
investigate capabilities of bioflocculant production and biosorption

Table 1: Objective and application of imaging techniques for bacterial biofilms in natural samples.

Technique Objective/Application References
Biofilm structure;
3D biofilm morphology;

CLSM L Lo [51,52,58,42,64]
Characteristics of biofilm growth;
Quantification of biofilms; Study of biofilm edges
Differentiate bacterial cell morphotypes;

EPI . e ) ) [76,78]
Biomass quantification; Differentiate between healthy and dead cells
Quantify production of primary metabolites;

SEM Investigation of surface morphology; [59,46,87]
Imaging of biofilm growth
Investigate biosorption of heavy metals by bacterial strains;

TEM Investigation of EPS-produced by cyanobacteria for the bioremediation of | [84,85]
heavy metals

STXM Analyze structural and elemental composition [70,72,42,44]

uCT 3D visualization in porous media [54,55,56]
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of zinc and lead by a novel bacterial species [46].In that case, SEM
was used to image the selected bacterial isolate, showing the surface
morphology of the bacterial body with imminent production of
extracellular bioflocculant, demonstrating rod shaped bacteria in
clumps with prominent adhesion of extracellular products, most
probably the bioflocculants [46,47]. This finding is important for
bioremediation studies of areas impacted by heavy metals such as
lead and zinc, and the use of bacterial extracellular bioflocculants
as metal biosorbents [13,14,46,48].

Environmental SEM providesa fast, accurate image of biofilms, their
spatial relationship to the substratum and elemental composition
[49]. However, this technique requires prior preparation of the
samples, with the risk of losing some EPS elements during this
process [49]. Preparation of biological material for SEM requires
extensive manipulation, including fixation, dehydration, and either
air drying or critical-point drying because SEM operates in a high
vacuum [49]. Non-conducting samples, including biofilms, must
be coated with a conductive film of metal before the specimen can
be viewed. Uncoated non-conductors build up local concentrations
of electrons, referred to as “charging’, that prevent the formation
of usable images [49]. In addition, compared to other techniques
based on X-rays, SEM does not provide a high resolution, creating
difficulties for quantifying specific components on cell surfaces
or biofilms and demonstrating the need for association of this
technique with others to achieve study goals.

Due to the potential of laser microscopy, as well as more frequent
availability of instruments and technological improvements,
the number of CLSM manuscripts published in microbiology
has increased exponentially [42]. CLSM is an optical imaging
technique for increasing the optical resolution and contrast of a
micrograph [50]. It enables reconstruction of 3D structures from
obtained images by collating sets of images taken at different
depths of field [50].

The applications of CLSM embrace structural examination of
biofilms and bioaggregates, from 3D imaging of biofilm internal
structures (including voids and channels) to imaging of EPS and
its components [42]. Consequently, CLSM has kindled interest in
the role of the EPS matrix in biofilms and could help deepen our
understanding of the role of biofilms in bioremediation studies.

CLSM has been used to examine the morphology of bacterial
cells in marine biofilms to analyze the role of these cells in the
manganese cycle, as well as to evaluate the corrosion rate of
metals immersed in sea water [51].In that study, CLSM facilitated
differentiation of filamentous and coccoidal cells, and suggested
that filamentous organisms may be Mn metabolizers due to their
location in the biofilm and based on other chemical analyses [51].
This finding could enable selection of an appropriate morphotype

for reducing or avoiding corrosion of metallic structures immersed
in sea water. For CLSM analysis, samples need prior preparation,
based on fixation and staining with specific probe. Moreover, after
microscopic acquisition, image post-processing is necessary [51].

Notwithstanding the immediate visual appeal of CLSM images,
accurate reconstitution of biofilm morphology requires a lengthy
and computationally-intensive succession of processing steps.
Nonetheless, once performed, CLSM provides ample reward
by enabling quantitative study of biofilm structure [52]. CLSM
is the method of choice for monitoring structure formation of
live biofilms in laboratory flow-cell reactors. As a result of its
non-invasiveness and non-destructive character, CLSM enables
in vivo reconstitution of microbial biofilm 3D structure in its
naturally hydrated form [52,53]. However, despite its widespread
use, the information captured by CLSM can only be very partially
quantified, and even then quantification consists mostly of direct
measures on the unprocessed images [52].

One of the greatest difficulties in monitoring environmental
biofilms is the absence of 3D images, which would allow both
better visualization and quantification of biofilms. However, this
kind of analysis could be more accessible through X-ray computed
microtomography (uCT). This technique uses an X-ray beam to
provide 2D and 3D images at a micrometric scale, and permits
quantification of the geometric properties of biofilms (e.g. area and
volume) [54]. As a quali-quantitative and noninvasive technique,
uCT can be a useful tool in bioremediation studies of bacterial
biofilms from soil or aquatic sediments. Nevertheless, few studies
have been published using uCT with this objective. Bioassays using
microspheres as a substrate for biofilm percolation have been
successfully performed, allowing quantification of the biofilm and
analysis of growth patterns [54-56]. These studies are the basis
for using pCT to monitor biofilm growth on natural sediments,
as well as for bioremediation purposes of coastal areas. Addition
of a chemical contrast agent is necessary for uCT imaging, but
some such agents that do not significantly affect biofilm growth
have already been used successfully [54-56]. The advantages and
limitations of uCT are further discussed under Visualization of
biofilms within porous media below.

Biofilm Quantification

Quantification of biofilms is of paramount importance in
monitoring studies. Novel techniques such as CLSM and pCT
enable this kind of analysis and have become essential tools in
bioremediation studies. By providing 3D images, these techniques
facilitate measurement of the geometric properties of biofilms and
reduce associated errors. Approaches for quantification of biofilms
through CLSM and pCT have evolved considerably, mainly due
to the development of new image post-processing software. These
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new advances allow evaluation of several geometric properties of
biofilms, including volume, surface area coverage in each layer,
biofilm thickness distribution, average biofilm thickness, volumes
of microcolonies identified at the substratum, the fractal dimension
of each microcolony identified at the substratum, roughness
coefficient, distributions of diffusion distance and maximum
diffusion distance, and surface to volume ratio from a 3D stack of
biofilm images [57].

Quantitative parameters describing biofilm physical structure
have been extracted from 3D CLSM images and used to compare
biofilm structures, monitor biofilm development, and quantify
environmental factors affecting biofilm structure [58]. Researchers
have used biovolume, volume to surface ratio, and mean
thicknesses to compare biofilm structures and have extracted
quantitative parameters regarding morphological features from 2D
and 3D images [58]. However, it will be necessary to develop more
comprehensive parameters to describe heterogeneous biofilm
morphology in three dimensions [58].

Both CLSM and pCT permit quantification of biofilm geometric
properties. Besides these properties, uCT enables tracking of natural
3D biofilm growth over time with very high image resolution,
representing a breakthrough in biofilm monitoring and assisting in
investigations of bioremediation processes [56]. The technique is
based on segmentation between empty and filled space (this latter
representing the biofilm) to quantify the volume and area of the
region of interest and also the porosity of the sample [54-56].

As for CLSM, pCT also needs image post-processing software for
analyses and quantification of the biofilm, as well as the requirement
for addition of a chemical contrast agent prior to image acquisition
[54-56]. Although providing several advantages for the quantitative
analysis of biofilms, as summarized in Table 2, both techniques
require reasonable computational effort using analytical software
to calculate the geometric properties of biofilms.

Biofilm Edge Structure and Elemental Composition

The ability of biofilm bacteria to sense and respond to molecular
signals produced by neighboring biofilm cells is particularly
important [59]. These characteristics make the edges of biofilms
an important study area for a better understanding of cell-cell
communication in biofilms. Also, biofilm edge studies allow
investigation of the chemical signaling that occurs within these
communities and intra-community EPS chemical compositions
[60, 61]. Here, we present three examples using different techniques
to assess this important topic, which have contributed to advances
in bioremediation projects.

To understand microbial interactions between biofilms, it is
necessary to perform rapid, real-time spatial quantification of small

molecules in the microenvironment immediately surrounding
biofilms [59]. Scanning electrochemical microscopy (SECM)—a
variation of SEM— has been used to quantify small molecules
surrounding a biofilm in 3D space, measuring concentrations of
the redox-active signaling molecule pyocyanin (PYO) produced
by biofilms of the bacterium Pseudomonas aeruginosa [59]. In
other studies [62], authors addressed the challenge of metabolite
spatial profiling by using SECM to quantify a primary metabolite
produced by a bacterial biofilm in real-time [59].

SECM has the unmatched ability to determine the exact distance
from an ultra-microelectrode sensing tip to a biological substrate
through a feedback approach curve [63] and, thus, is able to
measure the local concentration of redox-active small molecules
over a biofilm. Using this technique, it is also possible to scan over
a substrate in the x-y direction, providing a spatial concentration
profile over the surface [59]. Using SECM it has been possible to
demonstrate a paradigm for metabolite measurement and to show
the possibility that electroclines and potentially other chemoclines
produced by biofilms might play important biological roles, such as
nutrient acquisition and toxic stress responses.

It is also possible to use CLSM to study interfacial biofilms and to
acquire time-resolved 3D data of biofilm structure [64]. CLSM can
be used in a multi-channel mode, whereby the different channels
map individual biofilm components with the aid of a software
package for post-processing data and images [64]. Examination
of the individual biofilm components using this multi-channel
capability has allowed description of the spatio-temporal dynamic
between diatoms and bacteria and between organic and inorganic
matter during the phototrophic shift of a biofilm [64]. That
study revealed new insights into the temporal development of a
phototrophic biofilm, with multi-channel imaging facilitating
parallel monitoring of the dynamics of individual biofilm
components over time [64], showcasing CLSM as an important
tool for bioremediation studies.

Scanning transmission X-ray microscopy (STXM) is an X-ray
absorption technique that provides chemical and biochemical
information on biological and environmental samples through
the collection of sequences of images [42]. These sequences, over a
range of energies, supply detailed quantitative mapping of chemical
species because X-ray spectroscopy is based on the bonding
structure of a particular chemical species [42, 65-67].

The fact that soft X-rays can penetrate water makes them ideal for
studying hydrated samples, such as biofilms present in sediment
and the water column [42]. With optimal calibration, this technique
can provide a map of the chemical elemental composition of biofilm
edges. Because the method uses the intrinsic X-ray absorption
properties of the sample, there is no need to add reflective,
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absorptive or fluorescent probes or markers that may generate
artefacts and complicate analyses [42].

Many examples of STXM being applied to molecular environmental
science already exist in the literature, including studies of biofilms
and bacterial-mineral interactions [68]. The potential of STXM
for examination of microbial communities and biofilms has been
demonstrated in a series of recent publications with different aims,
from mapping biomacromolecules [69] and metallic species (Fe*,
Fe**, Mn?*, Ni**) [70] to the antimicrobial agent chlorhexidine in
river biofilms [71].

STXM combined with X-ray fluorescence microscopy (SXFM)
have been used to characterize the 3D structural and corresponding
elemental distribution of bacterial biofilms of Pseudomonas
aeruginosa [72]. The main advantage of this technique is that
samples are fixed without contrast agents or microtomal
sectioning, thereby maintaining an intact microbial community,
which facilitates direct visualization of morphology together with
elemental content [72]. This analysis is essential to gain a deeper
understanding of biofilm evolution in order to develop potential
strategies for biofilm monitoring [72], and can be used for studies
of bioremediation. However, the combined techniques require an
advanced X-ray source and a large computational effort to process
the images.

Bacterial Cell Morphotypes, Cell Biomass Quantification,
Identification and Quantification Of Healthy and Dead Cells

Quantification of bacterial cells and biomass are important to our
understanding of the ecological role of bacteria in the environment
[73]. Epifluorescent direct count techniques are frequently the
methods of choice, yielding accurate estimates of total (including
nonviable and viable) cell numbers in a wide variety of situations
[73].

Epifluorescent direct counts are based on the property that, after
excitation with low wavelength radiation, some substances absorb
ultraviolet light and then emit radiation within the visible light
spectrum [74]. For this reaction to take place, specific fluorochromes
must be used. The two fluorochromes most often used in direct
count methods are 3,6-bis[dimethylamino]acridinium chloride
(acridine orange) and 4’6-diamidino-2-phenylindole (DAPI).
With both stains, bacteria are identified on the basis not only of
color but also of size and shape [73]. Direct count procedures
involving acridine orange or DAPI have been used on a diverse
array of samples, ranging from Antarctic soils [75, 76] to oyster
tissue homogenates [77].

Bioremediation studies often use the epifluorescence technique to
analyze variation in bacterial biomass in light of environmental
pollution, such as by petroleum polycyclic aromatic hydrocarbons

(PAH’s) and heavy metals, as well as to determine the cells’
metabolic condition (healthy or dead) [13,32,78]. Furthermore,
a combination of EPI with others techniques can assist in
determining the bacterial populations’ resistance or tolerance to
the presence of pollutants [13,79].

One of the greatest advantages of EPI is the practicality of sample
preparation and, being a noninvasive technique, its efficacy for
quantifying and evaluating cell condition and morphotype. In
addition, bacterial physiology can be evaluated with the use of
specific fluorochromes, with healthy cells emitting green light and
dead cells emitting orange light [80]. However, a large amount of
initial biomass is required due to the serial dilutions necessitated
by the sample preparation process. Moreover, samples for bacterial
enumeration should be preserved immediately following collection
to avoid changes in numbers, sizes, and shapes of bacteria, which
may occur rapidly (often in less than 1 day) with storage. The most
commonly used preservative is formaldehyde [73].

Mapping of Metal Biosorption in Biofilms

Heavy metal biosorption by EPS is an innovative technology for
removal of contaminants from the environment [13, 81,5,82].
As urbanization and industry has expanded, indiscriminate
release and accumulation of heavy metals in the environment has
increased, becoming a major concern that demands sustainable
remediation technologies to rectify and reestablish natural
conditions worldwide [15].

Biosorption by EPS includes a number of passive accumulation
processes, such as ion exchange, complexation, microprecipitation,
absorption and desorption, allowing its use as an effective
alternative strategy for metal removal and recovery [83]. Therefore,
techniques that allow visualization and mapping of these chemical
compounds attached to the EPS are extremely important for
assessment and monitoring of the techniques for heavy metal
bioremediation in the environment.

TEM is frequently used to visualize the surface of a biosorbent and is
a useful tool for evaluating the compositional characteristics before
and after biosorption of heavy metals [84]. Batch experiments
using metal solutions have been conducted to visualize changes in
the cell walls of a biosorbent caused by the sorption of Pb2+ [84].
It was observed that many clumps of materials were concentrated
at the boundary of the cell wall, and that the shape of the cell was
distorted due to the Pb** adsorption on the strains, suggesting that
most of the Pb ions were sorbed at the cell wall [84]. TEM studies
have also been performed in order to investigate the sites of metal
accumulation and structural changes occurring both in Gloeothece
sp. (a wild-type cyanobacteria) and mutant cells [85]. As expected,
TEM showed that large numbers of metal ions, either Pb** or Cu®,
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were adsorbed to the sheath of the wild-type cells [85].

Although successfully used in studies of biosorption of heavy
metals by bacterial strains and in investigations of EPS produced
by cyanobacteria for the bioremediation of heavy metals, TEM
has some limitations including the need for an electron probe and
the sample preparation and post-fixation processes with osmium
tetroxide in order to preserve and contrast the membranes.

Correlation of metals with specific biofilm components is
possible, but incorrect conclusions can be reached due to metal
re-distribution, re-speciation, limited sensitivity or biofilm
component modification [70]. Electron microscopies (TEM and
SEM) coupled with energy dispersive spectroscopy (EDS) are
capable of mapping metals in biofilms. Although SEM-EDS is well
suited to the determination of elemental composition, morphology
and crystallinity, as well as nanoscale localization, the requirement
of dehydration and sectioning can create artifacts such as shrinkage
and particle aggregation [70].

In aquatic ecosystems, studies of speciation and quantitative
spatial distributions of metals are still scarce, mainly in the context
of biofilm components, including biochemical information [70].
Such information would promote a better understanding of
biogeochemical processes and the role that biofilms play in metal
toxicity and bioavailability for remediation [70].

STXM techniques allow in situ sample examination without
fractionation and extraction or sectioning, thereby avoiding
artifacts associated with the separation, dehydration, and sectioning
processes. Also, these methods can provide quantitative maps
of chemical species at environmentally relevant concentrations
[70]. STXM has been used to study a cultivated river biofilm that
contained a variety of natural (iron and manganese) and artificially-
introduced (nickel) metals, demonstrating that EPS have a high
affinity for metal ions and enabling the use of biofilms as metal
biosorbents [70].

Most heavy metals may be sequestered from the water column by
the sediment compartment, becoming unavailable to aquatic biota
[44,86]. Thus, the pollutant-removing process is an important
topic for proposals for remediation in contaminated areas [44].
Using SXFM and SEM-EDS for the purpose of observing whether
bacterial consortia formed biofilms and sequestered metals from
seawater, researchers observed that Nitratireductor spp. and
Pseudomonas sp. consortia isolated from marine sediments are
suitable organisms for Zn** accumulation from contaminated
environments [44]. Moreover, they also concluded that biofilms
may act as an important mechanism of metal biosorption and that
bacterial consortia isolated from contaminated marine soils may
show considerable potential for use as bioreactors as well as in
bioremediation programs [44].

Despite being a highly effective technique for mapping metallic
elements in biofilms, with several advantages, SXFM and its
technical variations have some limitations, such as the need for
a Synchrotron light source and beam time, and the difficulty in
finding an ideal substrate for the growth of biofilms that does not
generate artifacts during sample acquisition. Further, maintenance
of full hydration can be challenging, and damage or adverse effects
caused by radiation and X-ray absorption saturation can bias
results.

Visualization of Biofilms within Porous Media

In subsurface porous media, such as soil and marine or riverine
sediments, microorganisms tend to attach to the media and
grow as a biofilm [87]. Biofilm thickness, hydraulic conductivity,
pore velocity distribution, and surface roughness can affect the
transport of nutrients and substrates to the growing cells in porous
media and, of course, the rate of bioremediation [87]. Many studies
mention observations of biofilm in their system. However, the
sampling process frequently disrupts the integrity of porous media
for subsequent imaging [87].

A study comparing how endoscopic and SEM imaging perform
for observations of biofilm growth after biodegradation of
organic contaminants in porous quartz media was conducted in a
simulated reactor [87]. Due to the limitations of low magnification
and poor resolution of endoscopic images in that study [87], SEM
image analysis was used to further identify the biofilm thickness.
However, biofilm thickness measurements under SEM imaging
were thinner than those calculated by endoscopic image analysis,
probably because of dehydration and alteration of the biofilm
material under SEM processing steps [87]. Furthermore, SEM
does not permit temporal scale analysis and also does not provide
high-resolution 3D images to reduce measurement error. Thus,
new techniques that allow for direct visualization of biofilms in
situ are required in order to characterize biofilm growth, surface
architecture, and 3D spatio-temporal distribution within porous
media [55].

Many of the aforementioned techniques are not applicable to
generic porous media like soil and marine sediments due to
their inherent opacity. These methods are also not well suited for
imaging regions larger than across a few grains of a porous media
[54]. Recent works have focused on imaging biofilms within porous
media using monochromatic synchrotron-based X-ray uCT [54-
56]. These works have demonstrated the ability of uCT to provide
experimental data for validation of mathematical models of biofilm
growth in porous media [54,56]. The main advantages of puCT
include the variety of substrates it can be applied to and the fact
that it is nondestructive, allowing for 3D in situ visualization and
reconstruction of the solid, aqueous and biofilm phases percolated
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in a porous matrix. pCT has been available for more than three
decades and has proven a powerful tool for studying a wide array
of processes in porous media systems [88-90].

Nevertheless, to date the method is based on physical straining
or attachment of a chemical contrast agent to the biofilm surface.
This is necessary because both the biofilm and aqueous phases have
similar X-ray absorption properties [54]. Some contrast agents have
been compared to establish the best agent for imaging biofilms [54-
56]. Silver-coated microspheres have been used to differentiate the
biomass from fluid-filled pore spaces [55]. Experimentation using
this approach provided compelling evidence that this contrast
agent produces realistic 3D representations of biofilms present in
an experimental packed bead column system, and it accurately
represented the solid biofilm-aqueous phase spatial arrangement
[55]. Moreover, in order to validate their results, the researchers
visualized the same sample using digital microscopy [55]. That
study represented the first successful attempt at using high-
resolution puCT to image three-dimensional biofilms in situ within
intact porous media [55]. However, silver is a biocide and could
be toxic to bacteria. For this reason, it must be added to sample
specimens immediately prior to imaging, which may impair the
quality of images [55].

Another experimental approach to using pCT for porous media
imaging makes use of a medical suspension of barium sulfate to
differentiate between the aqueous phase and the biofilm. Potassium
iodide is also added to the suspension to aid delineation between the
biofilm and the experimental porous medium [54]. This approach
showed that the suspension mixture provides contrast between the
biofilm, the aqueous phase and the solid-phase (beads), allowing
quantification of changes in porous media (such as dispersion or
permeability) induced by biofilm growth through use of specific
upscaling techniques and numerical analysis [54]. Despite the
toxicity of barium sulfate, its use to image the biofilm in 3D can be
considered a success. In addition, this work allowed some specific
questions to be answered about the use of pCT to image biofilms
in porous media, such as the permeability of barium sulfate in EPS,
the effects of contrast on biofilm geometry, and the optimal X-ray
exposure time [54].

Although promising, both methodologies suffer from important
limitations such as fast sedimentation and heterogeneous
distribution of barium or uncontrolled deposition of silver
spheres at the biofilm surface [56]. A new contrast agent,
1-chloronaphtalene, represents a novel methodological approach
[56]. This methodology takes advantage of the contrast properties
of 1-chloronaphtalene to prevent some limitations observed
with the more classical contrast agents (barium sulfate and silver
microspheres) [56]. The main advantage of 1-chloronaphtalene

is that it is chemically different from bacterial biofilms and is
immiscible with water. Compared with barium sulfate, the liquid
phase in 1-chloronaphtalene-derived images appears more
homogeneous and is easier to separate from the biofilm as the
biofilm contours appear sharp in the images [56]. The results of
that study showed the efficiency of 1-chloronaphthalene combined
with pCT to demonstrate biofilm colonization in biofilters, while
circumventing the drawbacks encountered with classical contrast
agents, such as fast sedimentation and heterogeneous distribution
of barium [56]. However, the study does not reveal whether there
was some toxic effect of 1-chloronaphthalene on bacteria, nor did it
validate the uCT approach against some other standard technique.

Despite the need for further studies on issues such as the influence
of X-rays on biofilm growth and the toxic effects of the chemical
contrast agents required for imaging, uCT has been shown to
be a potential technique for monitoring biofilm growth in 3D,
allowing both quantitative and qualitative analyses of samples
[54-56,91]. Valuable insights have come from combining several
techniques linked to microtomography, such as other imaging
techniques, analytical experiments, and numerical simulations
and visualization [91]. Such combinations allow for calculation of
effective parameters of porous media, such as porosity, growth and
percolation rate, as well as allowing measurement of the volume
and coverage of biofilms in samples [54,91]. Due to its simplicity,
accessibility and applicability to complex porous structures, pCT
provides an interesting and versatile framework for studying
biofilms within porous media [54]. Because it is a noninvasive
technique that allows in situ monitoring of bacterial biofilms, its
use is encouraged for studies employing bacterial biofilms as a
bioremediation agent in impacted environments.

Discussion and Final Comments

Microbiological analyses and monitoring of biofilms are
undergoing significant advances in imaging techniques. However,
each technique presents its own particular advantages and
disadvantages, which makes it very difficult to choose a technique.
Depending on the purpose of each study, one technique may
provide better information than others (Figure 1-3). For example,
figure 1 shows the use of Scanning Eletron Microscopy (SEM) to
access the biofilm attached with metals, in a superficial scale. Figure
2 shows the use of computerized microtomography (uCT) to access
the 3D internal structure of the biofilm in a porous media, allowing
the quantification of the geometric and physical properties of the
sample. Figure 3 shows the use of a compilation of x-ray techniques
and microscopy for the proposal to map the metal bound to the
bacterial biofilm. Therefore, it is very important to take into account
the advantages of each technique and, moreover, its limitations.
Also, we would recommend conducting a preliminary study on the
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Table 2: Advantages and limitations of imaging techniques for bacterial biofilms in natural samples.

Technique | Advantages Limitations
High resolution;
3D analysis of macromolecules, cells and communities; Sample preparation;
Quantification based on 3D images; Pre-processing of CLSM data;
Living, fully hydrated samples; Image post-processing;
CLSM Multichannel (up to 5) analysis; Depth of laser penetration due to absorption and scatter-
Noninvasive optical sectioning; ing;
Reflection and fluorescence modes; Probe-dependent (except for autofluorescence and GFP);
One-photon/two-photon excitation; Poor resolution if there are extreme differences in fluo-
Extensive range of associated analytical tools acquires time-resolved | fescence emission intensities in one channel
3D data of the biofilm structure
Non-invasive,
Allows visualization of biofilms in vivo without losing the structural .
. ; Sample preparation;
EPI information; ] o .
- Requires a minimum biomass (~10® cells.ml?)
Practicality;
Allows differentiation of healthy and dead cells
SEM Real-time analysis; Sample preparation;
Great resolution Sample dehydration
Need electron probe X-ray micro-analyzer;
Can evaluate the compositional characteristics before and after bio- s | P L ¥ y
TEM sorption of heavy metals; ample p.repars.:ltlon, ) o
Locates metal accumulation in the cell Post-fixation with osmium tetroxide in order to preserve
and contrast the membranes
Non-invasive way to investigate elemental distribution; Synchrotron light source and beam time necessary;
3D structural and corresponding elemental distribution; Difficulty in selecting the substrate;
STXM Elemental analysis of inorganic and organic constituents; Maximum sample thickness is 300 nm;
Samples are fixed without contrast agents or microtomal sectioning; | Maintaining full hydration can be challenging;
Probe-independent; Radiation damage;
Fully hydrated samples Absorption saturation
2D and 3D images;
Non-invasive; Need contrast agents;
uct - . - L
Biofilm growth can be imaged in situ; Radiation damage
Allows temporal scale analysis

applicability of these techniques for each type of sample.

Based on the above-described examples, there is no standard or
preeminent technique, but this group of techniques can help
improve our understanding of the role of bacterial biofilms in
nature and their potential as biological agents of bioremediation.
We advocate the use of coupled techniques—imaging together with
spectroscopy, biological and/or biochemical analyses—so that each
additional technique acts as a validation of imaging data, thereby
overcoming certain limitations and increasing the reliability of
results. The importance of this combined analysis is given because
each technique allows access to a specific information, and when
used together, becomes a wider tool.

Table 3 shows some examples of interdisciplinary studies
whereby several different techniques were employed for the
study and monitoring of bacterial biofilms in nature. These types

of multidisciplinary analyses have generated significant results
regarding the role of biofilms in bioremediation processes, as well
as presenting avenues of future research on bacterial biofilms in
nature and the bioremediation process.

For example, combined use of STXM, CLSM and TEM provided a
detailed correlative map of biofilm structure and composition, which
has the potential for revealing the biochemical basis for biofilm
organization and can assist in investigations and optimizations
of biofilms for environmental remediation applications [69].
Similarly, application of STXM and SEM has suggested that EPS
plays a key role in metal capture and precipitation, and has proven
the resistance of bacterial consortia to metal contamination, which
are crucial findings contributing to our understanding of the role
of EPS in the biosorption of metals [44,92].

Another example of a combined technique approach to evaluating
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Figure 1: Examples of image analysis. A. Scanning Electron Microscope (SEM) analysis of copper resistant bacteria, isolated from marine sediment in
southeastern Brazil (Orange arrow indicates biofilm while the blue arrow indicates bacterial cell); B. SEM-EDS of the same sample, with the copper
adsorbed on the biofilm, marked by EDS; C. EPI Image of bacterial consortium, isolated from mangrove.

Figure 2: 3D uCT image of natural biofilm (Purple) isolated from marine sediment in a southeastern Brazilian polluted beach, in porous media (glass
beads — yellow).
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Figure 3: SXFM Analysis and optical microscopy images. A. Optical microscopy image of bacteria consortium in the presence of Zn in three different
conditions (Left column with culture liquid medium and Zn(ll) solution, middle column with liquid medium, Zn(Il) solution and bacteria and right
column with liquid medium and bacteria); B. 2D SXFM image of Zn mapping in the same sample (3A), showing the intensity levels in the three growing
conditions; C. STXM 2D image of Zn presence map in the same sample, in the three growing conditions.

biosorption of metals by biofilms is use of SEM-EDX (Energy
Dispersive X-ray) and the Fourier Transform Infrared (FTIR)
spectroscopy technique [93]. FTIR spectroscopy provides more
detailed information about specific metal-ligand interactions and,
particularly, structural information on metal binding complexes
associated with the various functional groups in EPS [94]. SEM
in combination with EDX can provide information about the
morphology and elemental composition of microbial biofilms,
as well as extracted EPS [93, 95, 96]. These combined techniques
can demonstrate the roles of microbial EPS in metal biosorption,
providing vital data to implementation of metal biosorption
technologies [93].

FTIR has also been used in combination with CLSM to distinguish
the spatial chemical changes within multispecies biofilms grown
from natural storm-waters in flow cells, providing information to
better understand the heterogeneity of matrix components and
correlating the functions of microbial species within complex

natural biofilms [97]. Raman spectroscopy is another spectroscopic
technique that can be used in combination with microscopy [98].
For example, combined use of CLSM and Raman spectroscopy
overcomes the limitations of using CLSM alone and provides
additional chemical information about biofilm components and
their distribution, thereby enhancing our understanding of the
composition and structure of the biofilm matrix [98].

Certain techniques can be combined to facilitate comparisons
between different resolutions. Optical coherence tomography
(OCT), CLSM and EPI have been used to investigate structural
and spatial differences in biofilm growth at the top and bottom
of a flow-cell model [99]. OCT uses near-infrared wavelengths to
increase imaging penetration through highly scattering structures,
enabling imaging at depths of several centimeters through
transparent structures and of a few millimeters in highly scattering
tissue [99]. OCT is a novel tool with great potential for use as a
non-invasive, label-free, real-time, in-situ and/or in-vivo imaging

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 026



Citation: Guilherme O A da Silva, Simone Pennafirme, Ricardo Tadeu Lopes, Inaya Lima and Mirian A C Crapez (2017) Imaging

Page 2 of 15

Techniques for Monitoring Bacterial Biofilms in Environmental Samples — an Important Tool for Bioremediation Studies. BAOJ

Microbio 3: 026.

modality for biofilm characterization, particularly due to its high
resolution compared to other techniques [99].

Electron microscopy techniques are widely used for environmental
samples and have helped answer important questions about the
behavior of biofilms in the environment. However, the advent of
X-ray techniques appears as a good alternative, mainly for providing
2D and 3D images of biofilms and allowing reconstruction of
images that are faithful to biofilms as found in the environment.
The results of this methodology present a great advance for the
application of biofilm use in bioprocesses, as bioclogging and
bioremediation, since it opens possibilities for systematic studies
of biofilm response, within porous media, to changes in physical,
chemical and biological parameters. For example, modifications
of local Reynolds and Péclet numbers, biofilm permeability and
biomass growth rate, porosity, permeability and mass transport
parameters, nutrient availability, temperature and pH stresses,
and the impact of biofilm biodiversity on biofilm geometry within
the 3-D porous media matrix can potentially be investigated
[54,91,100,101,102].

In addition, non-invasive techniques such as pCT allow spatial
monitoring of biofilms over time, which represents a major
advance for bioremediation studies of sites impacted by metals
or oil spills. Bacterial biofilms can interact with these pollutants,
facilitating their removal from the water column, as well as from
soil or sediments. Imaging techniques have corroborated results
obtained by analytical quantification, evidencing the process of
bioremediation in the environment. When associated with other
types of analysis and methodologies, imaging techniques, and
especially non-invasive approaches, can become important tools
for the study of biofilm behavior in the environment and their
potential role in bioremediation.
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Table 3: Combinations of methods for combined analyses of biofilms.

Combination Main Findings Potential for Future Biofilm Research References
Created a detailed correlative map of Understanding the biochemical basis for biofilm organization and
STXM, CLSM & TEM . _map assist studies investigating and optimizing biofilms for environmen- | [69]
biofilm structure and composition . o
tal remediation applications
Suggested that EPS played a key role Conngcts molec.ular-scale blogeocherr.ucallprocesses t.o those.at
; ) the microorganism-level; Provides insight into how microbes influ- | [92]
in metal capture and precipitation ’ . .
ence larger, pore-scale biogeochemical reactions
STXM & SEM 8 il - -
acterial consortium resistant to . . ) - .
metal contamination produced EPS Study EPS forma.tl_on and metal biosorption under differing envi- [44]
ronmental conditions
that bound metals
Micrococcus luteus could be viewed
as a microorganism ificati i i i i iati -
CLSM & SEM [ . . !dentlﬁcatlon of bacterial species suitable for bioremediation stud [43]
capable of restoring environments ies
polluted by lead and copper
SEM-EDX & FTIR Roles of EPS in metal biosorption Implementation of metal biosorption technologies [93]
Influx of water during biofilm growth | Approach for describing complex natural biofilms;
results in significant changes in Understanding the heterogeneity of matrix components and cor-
CLSM & FTIR = . o X . >~ e [97]
biofilm formation; Classification of relating the functions of microbial species within complex natural
various regions of the biofilm biofilms
Feasibility of Raman Raman with associated imaging technique allows chemical charac
CLSM & RAMAN for nondestructive chemical charac- | .1 otion of multispecies biofilms [98]
terization of multispecies biofilms
Structural and spatial differences in OCT has the potential to be used as a non-invasive, label-free, real-
OCT, CLSM & EPI biofilm growth at the top and bottom | time, in-situ and/or in-vivo imaging modality for biofilm character- | [99]
of a sample ization
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