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Sporosarcina pasteurii is known to produce calcite or biocement in the presence of urea and Ca2+.
Herein, we report the use of novel ultramicrosensors such as pH, Ca2+, and redox sensors, along with a
scanning electrochemical microscope (SECM), to monitor a real-time, bacteria-mediated urea hydrolysis
process and subsequent changes in morphology due to CaCO3 precipitation. We report that the surface
pH of a live bioﬁlm changed rapidly from 7.4 to 9.2 within 2 min, whereas similar fast depletion (10 min) of
Ca2+ was observed from 85 mM to 10 mM in the presence of a high urea (10 g L−1) brine solution at
23 °C. Both the pH and the Ca2+ concentration proﬁles were extended up to 600 μm from the bioﬁlm
surface, whereas the bulk chemical composition of the brine solution remained constant over the entire
4 h of SECM experiments. In addition, we observed a change in bioﬁlm surface morphology and an
increase in overall bioﬁlm height of 50 μm after 4 h of precipitation. Electron microscopy conﬁrmed the
changes in surface morphology and formation of CaCO3 crystals. Development of the Ca2+ proﬁle took
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10 min, whereas that of the pH proﬁle took 2 min. This ﬁnding indicates that the initial urea hydrolysis
process is fast and limited by urease or number of bacteria, whereas later CaCO3 formation and growth of
crystals is a slow chemical process. The ultramicrosensors and approaches employed here are capable
of accurately characterizing bioremediation on temporal and spatial scales pertinent to the microbial
communities and the processes they mediate.

Introduction
Microbial-mediated carbonate precipitation has been widely
used in building restoration, bioremediation of divalent ions
(Pb2+, Zn2+) in contaminated aquifers, and control of atmospheric CO2 by geologic carbon sequestering, especially in
unmined coal seams and oil reserves.1–4 However, the major
problem in carbon sequestrating strategies is the leakage of
low-density liquid CO2 through porous rock structure. To
prevent leakage in such a remote environment, one of the best
option is to block the porous structure with calcium carbonate
(CaCO3), in particular by using bacterially mediated CaCO3
precipitation, as such reactions can easily occur in dark and
remote places.5,6 Several ureolytic bacteria, such as Sporosarcina pasteurii (formerly known as Bacillus pasteurii), have

been explored for microbial-mediated CaCO3 precipitation. The
microbial urease enzyme hydrolyzes the urea and produces
dissolved ammonium ions, which increase the local pH and
ultimately cause precipitation of CaCO3 in the presence of a
solution rich in calcium ions.7–11 The negatively charged bacterial surface acts as a nucleation point to initiate this precipitation until the bacteria are encapsulated with thick CaCO3
layers.12 The reactions occur in the following sequence:
COðNH2 Þ2 þ 2H2 O ! H2 CO3 þ 2NH3
2NH3 þ 2H2 O $ 2NH4 þ þ 2OH
H2 CO3 $ Hþ þ HCO3 
HCO3  þ Hþ þ 2OH $ CO3 2 þ 2H2 O
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CO3 2 þ Ca2þ $ CaCO3
Overall reaction:
COðNH2 Þ2 þ 2H2 O þ Ca2þ $ 2NH4 þ þ CaCO3
Several factors are known to aﬀect this complex process,
such as pH, amount of bacterial enzymes, temperature,
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concentration of calcium ions, presence of nucleation sites,
and ionic strength.13 Bacteria with high zeta potential have
shown higher adhesion eﬃciency and thus an enhanced rate
of carbonate precipitation.14,15 The enzyme-mediated urea
hydrolysis reaction depends on temperature; as in other enzymatic reactions, the rate of ureolysis increases with increasing
temperature. Ferris et al.16,17 reported that the rate of ureolysis
increases by 5 times with an increase in temperature from
15 to 20 °C. Increasing the ionic strength from 0.1 to 1.0
increases the equilibrium constant for ammonium speciation
from 9.3 to 9.4, as the higher ionic strength tends to increase
the electrical double layer (EDL) compression and thus
decreases the EDL repulsive force, leaving the van der Waals
attractive force as the predominant force and ultimately promoting carbonate-mediated bacteria adhesion.18,19
While we have a basic understanding of those factors that
influence the precipitation of CaCO3 as a result of urea hydrolysis, we lack quantitative chemical data on a scale appropriate
to characterizing this reaction. Studies focused on the kinetic
and chemical reactions involved in this the ureolytic process
are taken from bulk fluid measurments,20–23 however the reaction occurs on the surface or adjacent to the surface of bacteria, meaning that the bulk measurements do not represent
the mechanism involved. This lacking quantitative chemical
data ( pH, Ca2+, and NH4+ concentrations; thickness of CaCO3
precipitation) at an appropriate high spatial and temporal
resolution limits the potential application and resulting accuracy of mathematical models of the process. This is further
challenged by the extremely complex combination of physical,
chemical, and biological processes occurring in microbialmediated carbonate precipitation.24–26 Thus the following
important questions remain unanswered: How do the bacteria
in biofilm communities interact with the local physical and
chemical environments? How fast does the local pH and Ca2+
concentration change above the biofilm? What morphological
changes occur in real time as CaCO3 precipitates on live
biofilm?
The main challenge in answering these questions is the
lack of an analytical technique to measure the chemical parameters in high spatial and temporal resolution. One of the
best alternative analytical techniques is the scanning electrochemical microscope (SECM). In this technique, the scanning
probe (25 μm diameter or less) can be positioned precisely in
the micrometer range with the aid of a probe approach curve
method.27 The SECM has been widely used in biological
systems, including microbial biofilms.28–32 Several studies of
pH mapping have been reported that used polyaniline,
Sb/SbO2, or Ir/IrOx to map yeast metabolites; the surface pH of
endothelial cells; and rat kidney surfaces.33–36 Etienne et al.37
reported a similar SECM study in which they used a Ca2+
sensor as an SECM probe to study the dissolution of calcite
crystals. However, they did not report any quantitative Ca2+
distribution data.
In the present study, we used a new electrochemical technique, scanning electrochemical microscopy, to quantify the
local chemical change by using live S. pasteurii biofilm. Brine
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solution was used in this study to replicate the high ionic
strength and Ca2+-rich solution that is relevant in oil well
applications and the Mount Simon carbon sequestering
program.38–40 We use a novel proton ion-selective microelectrode (H+-ISME) and a Ca2+-selective microelectrode (Ca2+ISME) to quantify the local pH and Ca2+ gradients, respectively.
The fundamental data obtained in this study might be useful
in future mathematical modeling and thus improve the design
of S. pasteurii-based CaCO3 applications besides answering
some of the basic questions such as the interactions of biofilm
with the immediate environment and the real-time morphological changes of biofilm due to CaCO3 precipitation, etc.

Materials and methods
Chemicals
ETH 129 (Ca2+ ionophore) and high molecular weight Poly(vinyl chloride) (PVC) and yeast extract were purchased from
Sigma Aldrich. 1-Nitro-2-(n-octyloxy)benzene (NPOE) was purchased from Alfa Aesar. Bis(2-ethylhexyl)sebacate (DOS) and
potassium tetrakis(4-chlorophenyl)borate (KTPIB) were purchased from TCI America. Aniline (99%), HCl, CaCl2, urea,
and (NH4)2SO4 were purchased from Macron Fine Chemicals.
NaCl, potassium ferrocyanide (K4[Fe(CN)6]), MgCl2, Na2SO4,
and NaHCO3 and Tetrahydrofuran (THF) were purchased from
EMD Chemicals. TRIS Base was purchased from JT Baker, agar
from Spectrum. All chemicals were used as purchased without
further purifications. Vulcan carbon powder was a kind gift
from Cabot Corporation. The brine composition used in all
experiments was as follows: 1.02 M NaCl, 0.17 M CaCl2, 0.06 M
MgCl2 0.02 M Na2SO4, and 0.01 M NaHCO3 representative of
the Mt. Simon formation (Illinois State Geological Survey). All
solutions were prepared with 18 MΩ DI water (Elga Water
Systems).
Instrumentation
All electrochemical measurements were performed by using a
scanning electrochemical microscope (SECM) (CHI 920D).
A separate high impedance unit (EA Instruments) was used
with SECM to perform potentiometric experiments. Ag/AgCl
and a 0.5 mm Pt wire were used as reference and counter electrodes, respectively.
Fabrication of pH microsensor
A theta pipet (1.5 mm o.d./1 mm i.d.) was first pulled by using
a gravity pipette puller. A 25 μm diameter Pt wire (Goodfellow
Cambridge Ltd) was inserted into each channel of the pulled
theta pipette and the end was sealed vertically with a heating
coil under vacuum. Each cavity of the sealed pipette was then
backfilled with silver epoxy and copper wires for electrical connection. The potentiometric pH sensor was made by electrochemically depositing polyaniline onto one of the two bare Pt
electrode surfaces. The polyaniline was deposited by cycling
potential between −0.2 V and +1.0 V (vs. Ag/AgCl) for 50 cycles
at 0.1 V s−1 in 0.1 M aniline and 1 M HCl. The dual SECM
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probe was used as follows: Electrode 1: bare Pt electrode to
perform amperometric approach curve; Electrode 2: Pt/polyaniline electrode or pH microsensor was calibrated in brine by
adding aliquots of 1 M HCl and 1 M NaOH prior to SECM
experiments.

Published on 29 February 2016. Downloaded on 15/06/2016 20:05:47.

Fabrication of Ca2+ selective microelectrode (Ca2+-ISME)
The Ca2+-sensing carbon paste was prepared by combining
(w/w): 5% ETH 129, 3% PVC, 2% KTIPB, 30% NPOE, and 60%
carbon powder. This paste was packed inside a 25–35 μm diameter pulled borosilicate pipette (1.5 mm o.d./0.86 mm i.d.).
A separate carbon paste (2.6 (w/w%) of Vulcan carbon in DOS)
was used as a back contact with copper wire and sensing membrane paste (Fig. 1). The Ca2+-ISME electrode was then cured
in 10 mM CaCl2 solution for at least 12 h before use. The
sensor was calibrated in brine solution by the standard
addition method. For SECM experiments, the Ca2+-ISME was
used to perform amperometric approach curve in presence of
1 mM ferrocyanide containing brine solution. Later the solution was replaced by brine solution to measure [Ca2+] profile
produced by biofilm using the same Ca2+-ISME by potentiometric method.
Preparation of membrane biofilm
S. pasteurii was purchased from the American Type Culture
Collection (ATCC; strain 11859) and was maintained in ATCC
growth medium 1376. The composition of the ATCC growth
medium was as follows: 0.13 M Tris buﬀer ( pH 9), 10.0 g L−1
(NH4)2SO4, 20.0 g L−1 yeast extract, and 20.0 g L−1 agar (for gel

Paper

plates). A 5 mL aerobic culture tube containing 3 mL of media
was inoculated with S. pasteurii, having an initial optical
density (OD600) of 0.025. After 2 days of incubation at 30 °C,
bacteria from logarithmic growth phase were used to prepare
biofilm samples. A 1 mL aliquot of liquid culture was centrifuged and washed in brine two times to prevent calcium phosphate precipitation in the presence of brine. After washing, the
bacteria were resuspended in brine with an OD600 of 0.1. Suspended bacteria (2.5 μL) were then pipetted and plated over a
sterile 0.2 μm diameter pore size polycarbonate membrane,
which was placed over a nutrient containing agar plate (see
Fig. S1A†). The bacteria-containing membrane/agar plate was
later incubated at 30 °C for 72 h. The biofilms prepared in this
method allowed us to obtain reproducible samples (2 mm diameter) of uniform bacterial number and percent coverage, as
they are physically constrained on the membrane due to an
absence of any liquid media. Before each SECM experiment,
the membrane-biofilm was removed carefully from the agar
plate using forceps and was aﬃxed at the bottom of a small
petri dish with double-sided tape and subsequently placed on
the SECM stage. The biofilm was then exposed to brine (5 mL)
with 1 g L−1 urea for 1 min in the petri dish to prevent the
flotation of biofilm in solution, thus making it suitable for
further SECM experiments.
SECM experiments for pH and Ca2+ profile above the biofilms
The dual-SECM pH probe, i.e., one a Pt electrode and the other
a pH sensing electrode, was used for all biofilm pH profile
experiments (Fig. 1). At first, the probe-biofilm distance was

Fig. 1 Schematic diagram of the SECM bioﬁlm experimental setup. Shown in the inset are the dual-electrode pH sensor with Pt and Pt/polyaniline
(left) and the dual-function Ca2+ sensor (right). In the pH sensor, the bare Pt electrode was used for performing approach curve while the Pt/polyaniline electrode function as a pH sensor. The Ca2+ sensing SECM probe was used both for performing approach curve and also for potentiometric
Ca2+ measurements.
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determined by performing a negative feedback amperometric
approach curve using the bare Pt electrode in a 2 mM ferrocyanide and brine solution. The exact location of approach
curve, regarding absolute x and y-position, was then noted,
and subsequent experiments were performed at the same
location to avoid any discrepancies for such a rough surface
biofilm sample. The solution was then replaced by a brine
solution containing 1 g L−1 or 10 g L−1 urea and the pH sensor
was turned on to record the potential with respect to time. The
potential was recorded by using the high impedance unit.
Later, the pH gradient above the biofilm (in the z-direction)
was mapped by moving the pH probe in the z-direction at the
speed of 1 μm s−1. All SECM experiments were performed at
23 °C. The pH probe was calibrated after each SECM experiment and the calibration curve was used to convert the potential to pH value.
Measurements of Ca2+ exactly followed this method with
the exception that the same Ca2+-ISME of 25 μm diameter
probe was used for performing amperometric approach curve
as well as potentiometrically measuring the Ca2+ profiles above
the live biofilm ( please see fabrication of Ca2+-ISME section
above).
Height and morphology of CaCO3 precipitation on biofilm
A single 25 μm diameter Pt electrode was used to determine
CaCO3 precipitation and subsequent morphological changes
over the live biofilm. A series of approach curves at six
diﬀerent locations on the biofilm were performed to determine

Analyst

the change in biofilm height due to CaCO3 precipitation. The
urea-containing brine solution was temporarily replaced by a
brine solution and 2 mM ferrocyanide to perform these negative approach curves.
SECM images of the biofilm surface topography were performed on biofilm after 15 min and 4 h of exposure to 10 g L−1
urea in brine at 23 °C. The tip was positioned approximately
10 μm away from the highest observed topographical feature.
The tip was then scanned at a constant height in a 500 ×
500 μm window.
Scanning electron microscopy (SEM) analysis of biofilms
S. pasteurii biofilms prepared as described above were imaged
by SEM after immersed in brine and urea (1 g L−1 and
10 g L−1) for 0.25, 4, 24, and 96 h. The biofilms were stored at
−20 °C until SEM microanalysis were performed. Fixative
(50 μL) (2.5% glutaraldehyde, 1% paraformaldehyde in 0.1 M
sodium cacodylate buﬀer) was applied to the biofilms for 4 h
at room temperature. The biofilm was rinsed in sodium cacodylate buﬀer. Samples were then dehydrated with increasing
concentrations of acetone (10%, 30%, 50%, 70%, 90%, 100%)
for 15 min and allowed to evaporate in fumehood. Samples
were fixed to aluminum stubs with copper tape and sputter
coated with gold/palladium (60/40). An FEI Quanta 600 Field
Emission Gun SEM with a lithium-drifted silicon solid-state
energy dispersive X-ray detector at 8 kV with a spot size of 5
was used to acquire backscattered electron images and characteristic X-ray spectra.

Fig. 2 (A) Schematic diagram of pH mapping above the bioﬁlm using SECM. (B) A representative data showing change in local pH at 200 μm above
the bioﬁlm at 23 °C. (C) Representative z-direction pH scans from 20 to 1500 μm above the bioﬁlm during exposure to brine solution containing 1
and 10 g L−1 urea at 23 °C. (D) Average surface pH in the presence of 1 g L−1 or 10 g L−1 urea as measured by SECM. Data were normalized according
to bulk pH measurements.
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Results and discussion
Characterization of pH and Ca2+-ISME
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The pH microsensor was calibrated in brine solution by
adding aliquots of 1.0 M HCl and 1.0 M NaOH at 23 °C. pH
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sensors with a slope of 59 ± 10 mV pH−1 and a linear dynamic
range of 6.0–9.5 were used for further SECM experiments.
Fig. S1B† shows a representative calibration curve of the pH
sensor in brine and urea (both 1 g L−1 and 10 g L−1 urea).
However, we restricted our pH measurements to within 2–3 h,

Fig. 3 (A) Representative z-scan of the Ca2+ proﬁle above the bioﬁlm in the presence of brine and 10 g L−1 urea. The proﬁle extends to approximately 600 μm above the bioﬁlm surface. (B) Development of a local decrease in Ca2+ concentration due to calciﬁcation over a half-hour period in
the presence of 10 g L−1 urea in brine. The sensor was held at 200 μm above the bioﬁlm during the measurement.

Fig. 4 Scanning electron micrograph (SEM) images of bioﬁlms exposed to brine solution without urea, with a low urea concentration (1 g L−1), and
with a high urea concentration (10 g L−1) at 23 °C. Scale bar: 50 μm.
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as the sensor started to lose its stability as a result of exposure
to the high ionic strength brine solution.
The Ca2+-ISME was calibrated in brine solution ( pH of 4.5)
at 23 °C. The sensor had a linear response in the range of
100 μM − 200 mM with a slope of 26 ± 2 mV per log [Ca2+]
(Fig. S2A†) and showed a response time of 0.5 s (Fig. S2B†).
The stability of the sensor was 2 mV drift in 2 h, which was the
maximum time for the experiment.

Analyst

8.7 ± 0.5 and 8.4 ± 0.5 for 10 g L−1 and 1 g L−1 urea, respectively (Fig. 2B).
To estimate how far the pH was extended, we performed a
z-direction pH scan from 20 μm to 1500 μm above the biofilm
surface. Fig. 2C is a representative Z-scan in which the pH
gradient extended up to 600 μm above the biofilm. The average
surface pH was 8.9 compared with a bulk pH of 8.0 after
30 min of exposure to brine and 10 g L−1 urea, whereas the
surface pH was 8.0 relative to a bulk pH of 7.3 in the case of
1 g L−1 urea (Fig. 2D and Fig. S3†).

Real-time quantification of pH gradient above S. pasteurii
biofilm

Real-time quantification of Ca2+ gradient above the biofilm

S. pasteurii biofilms hydrolyze the urea present in the brine
solution and cause the local pH to rise, which ultimately
causes the CaCO3 to precipitate (Fig. 2A). Thus, it is essential
to quantify the local pH, as this is an indication of the rate of
hydrolysis. Fig. 2B shows the rise of local pH at a distance of
200 μm above the biofilm in the presence of brine containing
1 g L−1 and 10 g L−1 urea. As expected, the local pH increased
from the initial value of 7.0 to a steady-state value in 1.5 ±
0.5 min in the presence of 10 g L−1 urea and in 6.2 ± 2 min in
the presence of 1 g L−1 urea. The surface pH gradient above
the biofilm formed more quickly in the presence of 10 g L−1
urea, and the surface pH was higher than in the presence of
1 g L−1 urea. The steady-state local pH was estimated to be

To measure the “depletion layer” of Ca2+ at the biofilm surface
we performed analogous chemical profile experiments with
the Ca2+-ISME, including Ca2+ profile development and quasisteady-state profile z-scans. The Ca2+ z-scan profile shows a significantly decreased Ca2+ concentration near the surface of the
biofilm, from 85 mM in the bulk (1000 μm) solution to
1–6 mM near the surface (Fig. 3A). This profile developed on
the same timescale as the development of the pH profile
(6–10 min), which follows from the mechanism of bacteriainduced precipitation (Fig. 3B). The Ca2+ profile extends to
600 μm above the surface, which is the same extent as the pH
profile. This shows that the pH profile causes CaCO3 precipitation, which then drives the flux of Ca2+ ions to the surface,

Fig. 5 (A) Schematic diagram of an SECM probe showing how the blocking of redox molecules gives rise to topographical data about a bioﬁlm
mediated calciﬁcation process. R and O represent reduced and oxidized species respectively. (B) Bioﬁlm plated on a membrane was exposed to
brine with urea and the height of the bioﬁlm was measured at multiple points. (C) The membrane surface is considered as the reference point (z = 0)
to calculate the initial bioﬁlm height. A series of representative approach curves on a given point at the center of the bioﬁlm. The ﬁgure shows the
initial bioﬁlm height and the increase in height because of CaCO3 precipitation. (D) Change in average bioﬁlm height due to CaCO3 precipitation
over 4 h. The red line and squares indicate the measured height after exposure to 10 g L−1 urea, and the blue line and squares indicate the increase
in height after exposure to 1 g L−1 urea.
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Fig. 6 SECM images of the height and morphological features of the CaCO3 precipitation layer on the surface of a bioﬁlm. The bioﬁlm was imaged
after 15 min (left) and 4 h (right) of exposure to brine and 10 g L−1 urea. The height of the bioﬁlm increased from 128 μm to 156 μm (approx.).

where they are consumed as CaCO3. The solubility of bulk Ca2+
concentrations at various pH in brine solution was determined
by Ca2+-ISME and later confirmed by colorimetric assays
(Table S1†).
SEM analysis of S. pasteurii biofilms
In addition to the chemical environment adjacent to the
biofilm, the morphology of the biofilm itself was impacted by
the concentration of Urea (Fig. 4). In the presence of urea, the
biofilm took on a globular structural shape that increased over
the 4 day growth of the biofilm. This indicates that during the
initial 4 h period that the biofilm surface acted as a nucleation
point for CaCO3 and as time passed, the loosely precipitated
CaCO3 start reorganizing to form larger and more defined
CaCO3 crystals. The globular structure in the low urea treatment (1 g L−1) remained smaller in size compared to higher
urea concentration of 10 g L−1.

is heterogeneous, we monitored the biofilm height at six
diﬀerent locations (Fig. 5B) on the biofilm to estimate an
average height for a given condition and time. Fig. 5D shows a
rapid increase in average biofilm height from 95 μm to 150 μm
over 4 h in the presence of the brine solution containing
10 g L−1 urea at 23 °C. As expected, a slower rate of increase in
biofilm height or a slower CaCO3 precipitation rate was
observed with the brine solution containing 1 g L−1 urea in
similar experimental conditions.
Constant-height SECM imaging was performed to assess
the topology of the biofilm/precipitate layer at 15 min (Fig. 6A)
and 4 h of exposure (Fig. 6B). The images show a change
in morphological features of the biofilm, as shown in SEM
images in Fig. 4. The overall height of the biofilm was
increased from 128 μm to 156 μm over 4 h in the presence of
brine solution containing 10 g L−1 urea.

Rate and morphology of CaCO3 precipitation on biofilms

Conclusion

Although the formation and distinct morphological changes of
CaCO3 on the biofilm were observed in SEM, electron
microscopy failed to provide any real time information on the
evolution of the biofilm morphology as CaCO3 precipitated on
live bacterial cells. Hence, we used the SECM technique to
map real-time morphological changes on biofilms from CaCO3
precipitation (Fig. 5A and B). Fig. 5C shows representative data
for the increase in biofilm height due to CaCO3 precipitation
from 80 to 180 μm over 4 h in the presence of 10 g L−1 urea
and brine solution. The solid black line and solid orange line
represent a negative feedback approach curve on a membrane
and on a biofilm, respectively (Fig. 5C). The diﬀerence in
z-direction distance determines the initial biofilm thickness.
The membrane surface is considered as the reference point
(z = 0) to calculate the initial biofilm height (solid black line in
Fig. 5C). A series of approach curves were then taken on
biofilm at every 30 min to determine the increase in biofilm
height from CaCO3 precipitation. Because the biofilm surface

Ultramicrosensors such as pH, Ca2+, and redox sensors
provide a powerful tool, when coupled with SECM, to monitor
the local chemical process of urea hydrolysis and subsequent
CaCO3 precipitation by live bacterial biofilm. While high ionic
strength brine solutions posed certain challenges, such as
short lifetime of pH microsensors, those challenges were able
to be overcome allowing application of these novel techniques
to environments that are known to contain brine. Through
this application we found that the chemical environment
adjacent to biofilms reached a quasi-steady state within
2–10 minutes for pH and Ca2+ and that the impact of the
biofilm extended 600 μm. The biofilm height, along with the
precipitated CaCO3, reached the steady state within 4 h. These
findings suggest that while the bacterial enzymes played a
critical role in establishing the initial chemical gradient, the
slow chemical process of restructuring the CaCO3 crystals was
the rate-limiting step. While these measurements were performed in a petri dish, and thus boundary layer dynamics
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likely played an important role the overall kinetics of the
observed reactions, our data provide a new avenue for spatial
and temporal measurements of pH and Ca2+ on scales pertain
to microbial-mediated chemical processes. As a result, our
data provide the insights that could be used to elucidate
kinetic parameters and assist in developing an empirical
model for this and other processes on biofilms. As we explore
bioremediation and bioengineering approaches to mitigate
todays ecological challenges, such data and approaches will be
essential in optimizing environmental remediation eﬀorts
involving biofilms, including potential use for large-scale
carbon capture and storage.
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