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Introduction

An all-solid-state potentiometric microsensor for
real-time monitoring of the calcification process
by Bacillus subtilis biofilms

Jiabin Wang,?® Jiawang Ding @ *3°? and Wei Qin @ >

Bacillus subtilis, as a bacterium with wide-ranging applications, has been explored for CO, sequestration
using intracellular or extracellular carbonic anhydrase (CA). However, noninvasive, real-time monitoring of
CA-mediated calcium carbonate precipitation processes is scarce, especially for bacteria in seawater. We
report here the use of a carbon nanotube fiber-filled glass micropipette for preparing mechanically robust
ion-selective microelectrodes for in situ ion sensing. Hydrophobic carbon nanotube fibers with remarkable
electrical and mechanical properties can act not only as a transduction layer but also as a self-supporting
material. As a model, an all-solid calcium ion-selective microelectrode (Ca*-ISuE) with a size of 20 um
was designed. The Ca?*-ISuE shows a Nernstian response to Ca®* in 0.5 M sodium chloride within the
range of 1.0 x 107°-1.0 x 102 M, and the detection limit is 4.0 x 1077 M. The proposed microsensor allows
for in situ, real-time monitoring of the calcification process by Bacillus subtilis biofilms. This work provides
a simple and versatile tool to monitor biomineralization processes and reveal carbon concentration and
sequestration mechanisms.

cations (e.g,, Ca®") and ultimately cause the precipitation of
CaCO;. Thus, this bacterium has gained widespread attention

Microbial-mediated carbonate precipitation is one kind of
biomineralization that has been widely used in soil
remediation, building restoration, corrosion protection, and
CO, sequestration.”™ Recently it has been reported that at least
200 species of microbes have been found able to induce calcium
carbonate precipitation.> Among these microorganisms, Bacillus
subtilis is a bacterium commonly used in industry and research
and has been widely distributed in water, soil, and air. Carbonic
anhydrases (CAs) are metalloenzymes found in this kind of
bacterium and play a key role in the bacteria-mediated
calcium carbonate deposition process. Extracellular or
intracellular CAs can reversibly catalyze the hydration of
carbon dioxide, release carbonate or bicarbonate ions to bind
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for its potential role in carbon dioxide (CO,) sequestration.
Previous research has shown that the precipitation process is
controlled by several factors, including pH, the amount of
CAs, concentration of calcium ions, and presence of
nucleation sites.° Much progress has been made in recent
decades in better understanding this complex process by
using various techniques for chemical and morphology
characterization. However, the presence of a high electrolyte
background for marine and biological environments poses a
challenge for sensitive measurements. Moreover, the
understanding of biomineralization processes is still hindered
by the heterogeneity in biofilm structure and associated
spatial variation in cell density. So far, Bacillus subtilis
biofilm-induced calcification in marine environments has
never been explored. Therefore, techniques that can achieve
non-invasive, in situ and real-time detection of this process
are still highly required due to the dynamic biomineralization
process.

Microsensors based on polymeric membrane ion-selective
electrodes (ISuEs) have attractive features such as a fast
response time, low detection limit, broad dynamic response
range and minimal sample perturbation. These
potentiometric ~ microelectrodes =~ have  become  an
indispensable tool for in vitro and in vivo ion sensing and
allow us to monitor ion concentrations or ion fluxes in
various fields, including biological analysis,”® environmental
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monitoring, and corrosion process investigation.
Moreover, the combination of potentiometric microsensors
with scanning electrochemical microscopy allowed the direct
high-resolution visualization of local variations in the surface
activity of specific ions."* Traditional microelectrodes with
liquid-inner filling solutions still face problems such as easy
leakage, short lifetimes and low sensitivity. Therefore, all-
solid-state  potentiometric microelectrodes with easy
preparation, low detection limit and good stability are
considered as a promising alternative to traditional internal
solution ion-selective microelectrodes. To date, many classes
of materials, including conducting polymers and carbon or
noble metal-based materials, have been integrated into all-
solid-state potentiometric sensors to improve their sensitivity,
stability and reproducibility.">'® Carbon nanotubes with
inherent hydrophobicity, good electrical conductivity, and a
certain specific capacitance have been used as ion-to-electron
transduction layers'”'® in solid-state ion-selective electrodes
for anions, >?® cations,'®*! and small molecules.** Primitive
and functionalized carbon nanotubes can not only eliminate
the unwanted water layer between the ion-selective
membrane and the electrode substrate but also show
significant advantages in terms of ion-to-electron
transduction.® In recent years, fibers of aligned CNTs that
can well preserve the characteristics of individual CNTs have
been prepared and utilized as electrode materials in many
areas, such as electronics, energy storage, and health care.**
CNT fiber microelectrodes were demonstrated to have high

chemical stability and mechanical strength, excellent
electroactivity, and resistance to fouling.>>*® However,
currently reported electrochemical microsensors focus

primarily on amperometric detection of redox species. The
in-depth study and use of carbon nanotube fiber-based
materials in all-solid-state potential microsensors is still
unexplored.

In this study, a facile protocol for preparing an all-solid-
state ion-selective microelectrode (ISHE) based on carbon
nanotube fibers is proposed for the first time. Carbon
nanotube fibers not only serve as electrode substrates but
can also be used as an ion-to-electron transduction layer to
improve the stability of electrode potential. To measure the
process of biomineralization in seawater, an all-solid calcium
ion-selective microelectrode (Ca**-ISUE) was prepared. The
proposed carbon nanotube fiber-based microelectrodes have
high sensitivity, good stability and biocompatibility and were
successfully applied to sense Bacillus subtilis biofilm-induced
calcification in situ and in real time.

Materials and methods

Chemicals and materials

ETH 129 (Ca** ionophore 1II), 2-nitrophenyl octyl ether
(0-NPOE), high molecular weight polyvinyl chloride (PVC),
tetradodecylammonium tetrakis(4-chlorophenyl)borate
(selectophore, ETH 500) and NaCl (99.999%) were purchased
from Sigma-Aldrich. 3140 RTV silicone rubber was obtained
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from Dow Corning (Korea). The lipophilic cation-exchanger
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaTFPB) was purchased from Alfa Aesar. Carbon nanotube
fibers with a diameter of 10-20 pm were purchased from
Jiacai Technology Co., Ltd. (Chengdu, China). Acetazolamide
was obtained from Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). N-Dimethyltrimethylsilylamine was
obtained from MREDA Technology Co., Ltd. (Beijing, China).
All other chemicals were of analytical reagent grade.
Deionized water (18.2 MQ specific resistance) used
throughout was obtained with a Synergy® UV water
purification system.

Apparatus and measurements

Potentiometric measurements were performed at room
temperature using a Model PXSJ-216 digital ion analyser
(Shanghai, China). The Ca®>"-ISUE and Ag/AgCl/3 M KCl
microelectrodes were used as the indicator and reference
electrodes, respectively. The reference electrode with a size of
20 um was prepared as described before with modification.*”
Briefly, 2% agar hot solution was drawn into a micropipette
by its capillarity. After cooling, 3 M KCI solution was injected
into the micropipette. Then, Ag/AgCl wire was inserted into the
capillary tube. Ca**-ISUE was conditioned in a 10 M CaCl,
solution overnight before potentiometric measurements. The

ion activities were calculated by the Debye-Hiickel
approximation®® and the potentiometric values were
corrected for liquid junction potentials with the Henderson
equation.”  Electrochemical impedance and cyclic

voltammetry measurements were carried out using a CHI-
660E electrochemical workstation (Shanghai, China) using
conventional  three electrode  configurations.  Cyclic
voltammetry was performed in a 5 mM K,[Fe(CN),] solution
containing 0.1 M KCl.  Electrochemical impedance
measurements were carried out in 0.1 M KCI at open circuit
potential with an excitation amplitude of 100 mV and a
frequency range of 0.1 Hz-100 kHz.

Fabrication of the Ca**-selective microsensor

The Ca®"-selective membrane components (total of 360 mg)
containing 2.3% calcium ionophore II, 2.2% NaTFPB, 5.0%
3140 RTV silicone rubber, 1.0% ETH500, 29.8% PVC, and
59.7% 0-NPOE were dissolved in 3.6 mL tetrahydrofuran. The
micropipettes were fabricated with a micropipette puller (P-
1000, Sutter Instruments) using a cleaned borosilicate glass
capillary (1.0 mm o.d., 0.589 mm i.d., 10.0 cm length, Sutter).
The micropipettes with a tip of 20 um were immersed in
N-dimethyltrimethylsilylamine for silanization and baked at
150 °C for 3 h in a vacuum drying box. Carbon nanotube
fibers were fixed on the end of a copper wire with graphene-
based conductive glue (Nanjing XFNANO Materials Tech Co.,
Ltd). A carbon nanotube fiber-filled glass micropipette was
used to prepare the microsensor by dip coating in the ion-
selective membrane cocktail (Fig. 1A). Each microsensor was
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Fig. 1 (A) Schematic diagram of the preparation process of CNT fiber/
Ca?*-ISuE. (B) Schematic diagram of monitoring the dynamic changes
in Ca®* concentration above the biofilm using Ca®*-ISuE.

checked by optical microscopy to ensure the attachment of
the polymeric membrane.

Preparation and characterization of membrane biofilms

Bacillus subtilis maintained in Luria-Bertani (LB) medium
was purchased from the Marine Microbial Preservation and
Management Center (Xiamen, China). Bacillus subtilis
(1A14617) was isolated from mangrove sediments in Fujian,
China. The composition of the LB medium was as follows: 10
g L™ tryptone, 5 g L™ yeast extract, 10 g L™* sodium chloride,
and 15 g L™ agar (for gel plates). After being cultured at 30
°C for 1 day, Bacillus subtilis in the logarithmic growth stage
was used to prepare the biofilm samples. After centrifugation
and washing in saline (0.9% NaCl), a 1.0 mL aliquot of
suspended bacteria was pipetted and plated over a sterile
polycarbonate membrane (0.2 um pore size) on a nutrient-
containing agar plate. The bacteria-containing membrane/
agar plate was later incubated at 30 °C for 72 h. For
potentiometric measurements, the membrane biofilm was
carefully removed from the agar plate using a tweezer and
affixed at the bottom of a small Petri dish with double-sided
tape. Bacillus subtilis biofilms were incubated in pH = 8.0
Tris-HCI buffer with 0.01 M calcium ions. The incubation
times were 0.5 and 12 h, respectively. For scanning electron
microscopy (SEM) analysis, the biofilms were fixed overnight
at 4 °C with 2.5% glutaraldehyde and 1% paraformaldehyde
in 0.1 M sodium cacodylate buffer. After fixation, the biofilm
was rinsed several times with buffer solution. Then, the
biofilm was dehydrated in an ethanol concentration gradient
(10%, 30%, 50%, 70%, 90%, 100%) for 15 min for each
gradient. The prepared samples were kept dry prior to
imaging.

Real-time monitoring of the calcification process

To explore Bacillus subtilis biofilm-induced calcification in
real time, biofilms were prepared as described above. In the
presence of Ca®*, the rapid interconversion of CO, and water
by the biofilm can release carbonate or bicarbonate ions to
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precipitate CaCOj3. As such, the precipitation process can be
detected by using the proposed Ca>"-ISUE placed above the
biofilm (Fig. 1B). The whole measuring system was controlled
by a micromanipulator (Narishige, Japan) and maintained in
a Faraday cage to reduce external electromagnetic
interferences.

Results and discussion
Fabrication and characteristics of the microelectrodes

Carbon dioxide (CO,), as one of the most important gases in
the environment and also a dominant greenhouse gas, can
lead to global warming and climate change. In recent years,
bio-precipitation of carbon through microbial enzymes has
been explored for CO, sequestration.’® The hydration of CO,
is a rate-limiting step in the process of its sequestration,
which can be accelerated by microbial enzymes especially
carbonic anhydrase (CA). In this study, CO, biocatalytic
convertion processes through bacterial CA were measured in
a real-time manner. As an example, Bacillus subtilis biofilm-
induced calcification in marine environments was explored
(Fig. 1). To achieve real-time monitoring of the biofilm-
induced calcification process, a general strategy for the
preparation of a robust all-solid-state potentiometric
microsensor designed. CNT fiber-filled glass
micropipettes were prepared as described in Fig. 1A. The
proposed configuration is able to entrap the ion-selective
membrane and improve the robustness of the
microelectrode. CNT fibers can provide a 3D carbon scaffold
possessing excellent mechanical strength, large surface areas,
and high conductivity and can be an ideal support for
fabricating microsensors. Unlike microsensor

was

previous

designs, where gold wires and/or carbon fibers as an
excellent microelectrode material were coated with
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Fig. 2 (A) SEM image of a CNT fiber. (B) Cyclic voltammogram of the
CNT fiber in a 5 mM Ky[Fe(CN)g] solution containing 0.1 M KCL. The
scan rate was 50 mV s% (C) The contact angles measured on the
surface of the silanized glass (top) and the carbon nanotube film
(bottom). (D) and (E) SEM images of the glass micropipettes before and
after adsorption of the calcium ion-selective membrane cocktail. (F)
Micrograph of CNT fiber/Ca®*-ISuE. The digital photomicrographs
were collected at 100x optical magnification.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conducting polymers, the CNT fibers can serve as not only an
electrode substrate but also a solid-contact ion-to-electron
transducer.

The CNT fiber was made of carbon nanotubes grown
naturally in a line. Scanning electron microscopy (SEM)
images show that the surface of the CNT fiber has a
uniform striped pattern, reflecting the aligned filament of
the outer surface of the CNTs (Fig. 2A). The CV response
was collected at 50 mV s in a 5 mM K,[Fe(CN),] solution
containing 0.1 M KCl. As shown in Fig. 2B, due to the
electrode's small size and fast radial diffusion, the proposed
CNT fiber microelectrode shows a sigmoidal steady state-
limiting current with a magnitude of 10 nA. Note that a
charging current can be noticed. The limiting current (Ij;y,)
of the microelectrode is given by I, = 4nFDCr, where n
refers to the number of electrons transferred per redox
event, F is the Faraday constant, D is the diffusion
coefficient, C is the bulk concentration of the redox
molecules, and r is the electrode radius.’’ The r of this
electrode is calculated to be 17 um, which is consistent with
that measured by SEM imaging.

To prevent aqueous layer formation under the ion-
selective membrane and improve the reproducibility of the
solid-contact ion-selective electrode, highly hydrophobic
materials such as perfluorinated alkanoate side chain-
functionalized poly(3,4-ethylenedioxythiophene) (PEDOTF),**
PEDOT-C,,,*® and redox molecule-functionalized carbon
nanotubes®* have been used. The properties of the CNT
fibers were studied by contact angle (CA) analysis (Fig. 2C).
The CNT fiber surface exhibited hydrophobic behavior with a
contact angle of 122.5° + 1.5° (n = 3), which can prevent the
detachment of the ion-selective membrane and the
accumulation of an aqueous layer.*® Moreover, glass
micropipettes were silanized to promote adhesion with the
hydrophobic ion-selective membrane. The measured CA was
90.3° + 3.4° (n = 3). A compact film with strong substrate
adhesion is the premise of designing a robust potentiometric
microsensor. To further improve the adhesion of the PVC to
the carbon nanotube fiber, 3140 RTV silicone rubber was
incorporated into the membrane cocktail. Compared to PVC,
the silicone rubber film retains its viscoelastic properties,
which makes the film sticky and enables strong adhesion to
the carbon nanotube fiber. The presence of silicone rubber
may also reduce the water uptake of the membranes, which
is beneficial to preventing the formation of water layers in
all-solid-state ion-selective electrodes.>® Moreover, silicone
rubber was proven to have an antifouling ability,>® which
could enhance its biocompatibility and/or environmental
compatibility. As shown in Fig. 2D-F, the tip of the
capillary glass appears flat and smooth. More importantly,
the ion-selective polymeric film evenly and completely fills
the cavity of the microelectrode tip. Further observation by
optical microscopy showed that the tips of the carbon
nanotube fibres are uniformly coated by a polymeric film,
which lays the foundation for good potentiometric
performance.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Potentiometric responses of the CNT fiber/Ca®*-ISLE in 0.5
M NaCl. (B) Calibration curve of the CNT fiber/Ca®*-ISuE. Error bars
represent the standard deviation for three measurements.

Potentiometric performance of Ca>*-ISHE

In our study, the capacity of Bacillus subtilis, which was
isolated from marine sediment, to form biomineralized films
on substrate materials was investigated. Therefore, the
potentiometric response of Ca**-ISUE was measured at
calcium ion concentrations ranging from 1.0 x 107> to 1.0 x
10® M in 0.5 M NaCl. The potential response trace of Ca”>*-
ISUE and the corresponding calibration curve are given. As
shown in Fig. 3A and B, the proposed Ca**-ISUE exhibits a
linear response in the concentration range of 1.0 x 10 to 1.0
x 107 with a Nernstian slope of 27.9 + 1.2 mV per decade (n
= 3). The detection limit was calculated to be 4.0 x 107 M
based on the intersection of the two slope lines.
Electrochemical impedance analysis of the CNT fiber and
CNT fiber/Ca®"-ISuE is shown in Fig. 4A. The semicircle in
the high-frequency region depends on the impedance of the
ion-selective membrane and the impedance of the conductive
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Fig. 4 (A) Electrochemical impedance spectrum for the carbon

nanotube fibre. The inset shows the impedance spectrum for CNT
fiber/Ca®*-ISpE. (B) Chronopotentiogram for the CNT fiber/Ca*-ISuE
electrodes recorded in 10 M CaCl,. The applied currents were +1 nA
for 60 s. (C) Long-term stability of the CNT fiber/Ca®*-ISuE. (a) The
raw potential response; (b) the linear fit of the raw data. (D) Selectivity
coefficient for the Ca®*-selective membrane and a comparison with
literature data.*?
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substrate.”” In the high-frequency region, the CNT fiber
microelectrode shows a capacitance curve close to 90°,
indicating rapid charge transfer between the electrode
interface and the electrolyte solution. As reported previously,
potential drift can affect the accuracy and stability of signal
recording, which is related to the properties of the solid
transduction layer.*® Therefore, we investigated the short-
term and long-term stability of Ca*'-ISuE
(Fig. 4B and C). The short-term stability of Ca®>"-ISUE was
tested using chronopotentiometry with a constant current of
+1 nA for 60 s in 0.1 M CaCl,.>® The potential drift of Ca®'-
ISUE was calculated as 29.9 + 0.7 uV s (n = 3), which is lower
than that of a micropipette ion-selective electrode using
PEDOT nanowires as an ion-to-electron transducer.*’ The
long-term stability of Ca**-ISUE was tested for 12 h in 0.1 M
CaCl,. The results are shown in Fig. 4C, where the black line
represents the raw data and the red line is the linear fit of
the raw data. The potential drift of Ca®>"-ISUE was calculated
to be 21 =+ 6.7 uv h™ (n = 3). The high stability of the
electrode is probably due to the hydrophobic CNTs, which
can not only provide effective ion-to-electron transduction
but also prevent the accumulation of an aqueous layer.

Previous research shows that silicone rubber-based
membranes may lead to a slow and noisy response in part
due to their high electrical resistance. In our work, ETH 500
as one kind of ionic liquid was used to decrease the
membrane resistance. Moreover, the amount of silicone
rubber incorporated into the cocktail was optimized.
Experiments show that the presence of 5% silicone rubber
can give a counterbalance between the high viscoelastic
properties and low resistance of the membrane. The
selectivity coefficients of the Ca®"-selective membrane
towards interfering ions were determined by the separate
solution method.*’ As shown in Fig. 4D, the results are
consistent with values reported in the literature,”* which
indicates that the addition of silicone rubber (5%) to the
membrane component will not affect the selectivity of the
Ca*"™-ISM for other interfering ions. The selectivity coefficient
toward hydrogen ions is log KPo'y; = 6.6, which indicates that
the Ca*"-ISM is insensitive to the sample pH. Therefore, the
proposed Ca®"-ISUE could be used for the detection of the
dynamics of Ca®>" above the biofilm. All these results
indicated that the proposed microsensor with high sensitivity
and good stability can be a good candidate for in situ, real-
time monitoring of calcification processes by Bacillus subtilis
biofilms.

Real-time determination of biofilm-induced calcification

processes
To shed light on biofilm-induced calcium carbonate
mineralization, the morphology of the biofilms was

characterized. With Ca*' ions being adsorbed onto the
negatively charged surface of the bacteria, nucleation sites
are provided for the deposition of mineralisation products.
SEM images reveal that Bacillus subtilis-mediated carbonate
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Fig. 5 (A) SEM images of biofilms exposed to buffer solution without
calcium and with calcium (10 mM) at different times (30 min, 12 h).
Scale bar: 1 um. (B) Real-time potential response of the Ca?*-ISuE at
200 pm above the biofilm during exposure to 102 M Ca?* in the
presence of acetazolamide (1.5 mg mL™) (b), 102 M Ca?* (c), and 1072
M Ca2* in the presence of 102 M NaHCOs solution (d). A control
experiment was carried out without a biofilm (a). The inset shows the
photograph of the setup for in situ detection of the calcification
process by Bacillus subtilis biofilms (an enlarged image of the setup
can be found in Fig. S17). (C) The change in calcium ion activity at 200
um above the biofilm obtained by Ca®*-ISuE and ICP-MS.

precipitation does exist and is enhanced with incubation
time (Fig. 5A). Indeed, without calcium buffer solution, the
bacterial morphology exhibits a smooth, three-dimensional
structure. After 30 min of incubation in buffer solution
containing calcium ions, there was a slight calcification of
the surface morphology of the bacteria. As the incubation
time increased, calcification of the bacterial surface became
more obvious.

Although the formation and apparent morphological
changes of CaCO; on biofilms were observed under scanning
electron microscopy, real-time calcium ion change rates are
not readily observable. The rate of change in calcium ions
can directly characterize the amount of CaCO; produced and
is an important indicator of the calcification process. To
measure the change rate of Ca®" during the calcification of
the Bacillus subtilis biofilm, the Ca®>"-ISUE and Ag/AgCl/3 M
KCl microelectrode were used as the indicator and
reference electrode, respectively. During the test, the
microsensor was placed at 200 pm above the biofilm. The
movement of the electrode was precisely controlled by the
micromanipulator (inset in Fig. 5B). According to the
potential curve shown in Fig. 5B, the rate of change in
calcium ions gradually accelerates as the concentration of
carbon dioxide increases. During the calcification process,
CA plays an essential role in inorganic carbon acquisition. As
the partial pressure of CO, increases, the rate of change in
calcium ions becomes faster in the first half hour, which
indicates that CA can efficiently and rapidly catalyse the
deposition reaction. It should be noted that the activity of CA
can be affected by pH. At moderate (pH = 7) to highly alkaline

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pH, the bicarbonate ions generated were readily deprotonated to
form carbonate ions, which allows the build-up to a high
enough supersaturation and formation of precipitates of
calcium carbonate in the presence of calcium ions.

To better understand the role of CAs in Bacillus subtilis
biofilms, acetazolamide (ACZ), a carbonic anhydrase
inhibitor, was added to the incubation buffer.**> In the
presence of ACZ (Fig. 5B, b), the change rate of calcium ions
was significantly slower, which indicates that CA is essential
in catalysing the hydration of carbon dioxide to induce
biomineralization. As shown in Fig. 5C, the changes in
calcium ions measured using Ca®"-ISUE were comparable
with the data obtained by inductively coupled plasma-mass
spectrometry (ICP-MS). It should be noted that the
potentiometric measurements were minimally affected by
biofouling in this relatively short period of time.** Due to the
biofilm inhomogeneity (as indicated in Fig. S2f), the
proposed potentiometric method has potential for in-depth
studies of microbial-mediated carbonate precipitation. More
importantly, the dynamic biomineralization process can be
measured in a non-invasive, in situ and real-time manner.

Conclusions

This research illustrates a general method for preparing an
all-solid-state potentiometric microsensor. Owing to their
electrochemical and hydrophobic properties, CNT fibers were
explored for designing ion-selective microelectrodes for the
first time. CNT fibers serving as both a self-supporting
substrate and an ion-to-electron transducer can simplify the
preparation procedures and improve the performance of the
microsensor. As a model, Ca®>"-ISUE with high sensitivity,
good stability and reproducibility is demonstrated. The
proposed microelectrodes showed excellent performance for
the real-time analysis of Ca®>" during Bacillus subtilis biofilm-
induced calcification processes. This simple and reproducible
preparation method is general and can be used to prepare
other microsensors by wusing different ion-selective
membranes. It is anticipated that this method will be useful
for tracing dynamic biomineralization processes and
designing potentiometric ion sensors.*>
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