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ABSTRACT

The energy- and carbon-intensity of cement production and maintenance is prohibitive for the
growing global demand. A key sustainable alternative is microbially-induced carbonate
precipitation (MICP), a biological process performed by many diverse microbes, most often at
abiotic interfaces. Most studies of MICP have relied on bulk solution conditions, which fail to
replicate the native environment of these microbes. By tethering microbes to abiotic substrates
using DNA as “Velcro,” MICP at an abiotic interface can be effectively studied and controlled.
The precipitate generated at these interfaces shows key morphological and kinetic differences from
that generated in bulk solution. These differences highlight the critical need for approaches to
enable the study of sustainable processes in relevant conditions. Our DNA “Velcro” approach

serves as a universal method to generate microbial monolayers at abiotic interfaces, enabling the
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study of their behavior under relevant conditions. These learnings further support technology

scaling, enabling decarbonization of sectors associated with extremely high emissions.

INTRODUCTION

Construction to enhance global infrastructure is expected to cost between 60 and 95 trillion
dollars in the next 25 years, driven by the growing population.! With construction comes increased
demand for concrete, which is currently the highest-consumed product besides water globally. In
fact, China used as much concrete between 2011 and 2013 as the US did during the 20th century.>”
# Concrete is comprised of cement and filler, with cement serving as a critical binding agent that
imbues concrete with its useful properties. Yet, these benefits are accompanied by significant
carbon emissions; concrete manufacture is responsible for 8% of global emissions,’ nearly 2.5
billion metric tons of CO2 equivalents in 2023.° To achieve global sustainability goals, the cement
industry must be decarbonized.

Efforts to curb cement-associated emissions range from decarbonizing production to minimizing
use in new construction. An emerging approach involves the use of biological processes to
generate cement without the associated emissions. Many native microbial species naturally
produce the basis of cement (calcium carbonate), through a biomineralization process termed
microbially-induced carbonate precipitation (MICP).” ! In fact, this process has been applied well
beyond the generation of construction materials, with uses ranging from enhanced soil weathering
to prevention of shoreline erosion.”!!"14
Because of its ubiquity, many diverse microbes can perform MICP via several different

1516 and sulphate reduction.!”!'® Ureolysis is especially prevalent

mechanisms, including ureolysis
in large-scale MICP applications due to the ability to control the rate of this process through

addition of exogeneous urea. However, as with cement, urea production is associated with
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significant emissions, as ammonia used in its generation is currently produced by the energy-
intensive Haber-Bosch process, representing as much as 2% of global emissions. '’

Some microbes perform MICP autotrophically,??! though they are less well-characterized and
therefore less frequently used in biotechnology despite their promise to decrease emissions
associated with MICP. To enable autotrophic MICP in large-scale applications, this process and
its products must be characterized. A critical challenge with MICP studies is their reliance on bulk
characterization of calcium carbonate produced by microbes. Nonetheless, the majority of MICP
occurs at solid-liquid or solid-gas interfaces.?>?* Thus, to study autotrophic MICP at interfaces,
control over the two-dimensional spatial organization of the microbes involved in these processes
is needed.

Here, we report the characterization of MICP from the mixotrophic Rhodospirillium rubrum (R.
rubrum) immobilized on a glass substrate and sitting at a glass-liquid interface. We employ a
simple, bio-compatible approach to generate a single layer of cells on the glass through the use of
DNA “Velcro”.?*?° This approach, also termed DNA-based cell adhesion, involves one surface
modified with short, synthetic DNA strands and microbes chemically modified with the
complementary strand. DNA hybridization supports microbial adhesion to the surface. Once
immobilized, microbes perform MICP in a monolayer, allowing us to monitor carbonate
precipitation rate and particle crystallinity at the interface. Through characterization of the
differences between microbes immobilized at an abiotic substrate and those in bulk solution, we
establish the role of the interface in the microbial behavior. By developing DNA “Velcro” for
microbial monolayer generation, we have a universal approach to study the behavior of microbes
at abiotic surfaces and support their ability to produce materials under environmentally-relevant

conditions.
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RESULTS

R. rubrum-based MICP in bulk solution

A variety of environmentally-derived microbes are capable of MICP, and here we study the
native soil microbe R. rubrum as a model system. R. rubrum are Gram-negative, purple non-sulfur
photosynthetic bacteria with a size of 0.8 — 1 um (Figure 1A).3°32 This strain can grow under
photoautotrophic, photoheterotrophic, or chemoheterotrophic conditions, and it can metabolize
acetate to produce bicarbonate heterotrophically due to its carbonic anhydrase (Figure 1B).>!" In
the presence of high concentrations of calcium ions, R. rubrum activity results in the precipitation
of calcium carbonate particles (Figure 1C).

When grown heterotrophically on acetate in bulk solution, calcium carbonate particles with
defined crystallinity form in solution. Crystalline particles were analyzed by XRD, confirming the
generation of this calcium carbonate from among the calcium carbonate polymorphs (calcite,
vaterite, and aragonite).’®37 XRD analysis confirmed that these particles are calcite, the most stable
form of calcium carbonate (Figure 1D). This behavior in R. rubrum is well-established in defined,
laboratory settings. Yet in native niches, this microbe mainly performs MICP at abiotic interfaces
such as soil granules. Understanding the interfacial behavior of this microbe at relevant interfaces
such as silicates is less well studied but is nevertheless critical to characterize the MICP process.
Therefore, we sought to characterize the behavior of this species when it is immobilized at a

relevant interface.
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Figure 1. Microbial-induced carbonate precipitation (MICP) of R. rubrum in bulk solution.

R. rubrum produces calcium carbonate particles from calcium ions: (A) Optical microscopy image
of R. rubrum in nutrient broth media (in grey scale). (B) Graphical illustration of heterotrophic
metabolism of acetate by R. rubrum to generate bicarbonate ions which further precipitates as
calcium carbonate in presence of calcium ions. (C) Optical microscopy image of R. rubrum and
calcium carbonate particles (marked by arrows). The cells were cultured in nutrient broth to reach
ODeoo of 1, followed by adding 1 equivalent volume of 0.1 M calcium acetate solution. The image
was taken after incubation for 40 hours at 30°C. (D) Powder XRD pattern of calcium carbonate
particles synthesized by R. rubrum. The calcium carbonate particles were collected for
characterization after a week of reaction at 30°C. The vertical line plots at the bottom show
reference diffraction of calcite,*® aragonite,*” and vaterite*®® from fop to bottom. Bragg peaks were

generated using the cif files using software VESTA.#!
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Chemistry of DNA “Velcro”-based cell immobilization

To control the immobilization of R. rubrum and locally produce calcium carbonate on a 2D solid
support, we employed DNA hybridization-based cell adhesion (DNA “Velcro”). DNA “Velcro”
is an established, non-genetic approach to support the immobilization of nearly any cell
(prokaryotic or eukaryotic) on a substrate.’*?° Generally, this approach involves substrate
modification with short, synthetic single-stranded DNA and chemical attachment of the
complementary sequence to the surface of microbes. When the cell is sufficiently close to the
modified substrate, DNA hybridization supports the capture of these cells on the substrate,
enabling precise placement of microbes through control over DNA placement on a substrate.?”-*3

Glass substrates are readily modified with DNA through a well-established process involving
silanization to display a chemical handle for subsequent biomolecule modification. Here, we
employed APTES ((3-aminopropyl)triethoxysilane) to allow for amide bond formation at the
substrate surface to display an o-nitrophenol. This moiety can then be chemically reduced to an o-
aminophenol, which readily reacts with aniline-modified DNA via bio-orthogonal oxidative
coupling to install DNA on the glass (bottom, Figure 2A).%

Similarly, robust modification of microbes with single-stranded DNA is accomplished through
a two-step approach involving the initial generation of aldehydes on the surface of microbes
through the oxidation of peptidoglycan sugars. These aldehydes react with hydrazine-modified
DNA to generate a hydrazide®® (top left, Figure 2A). By drop-casting DNA-modified cells onto
glass functionalized with the complementary DNA, cells are tethered to the substrate surface

through DNA hybridization (Figure 2B). Upon addition of a calcium-rich solution to the

immobilized cells, MICP is observed (fop right, Figure 2A).
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Figure 2. Overview of calcium carbonate production via DNA-assisted microbes on surfaces.
(A) Direct localization of microbes on surfaces by DNA-Velcro followed by microbial-induced
carbonate precipitation (MICP). (Top) direct DNA conjugation on cells, (bottom) graphical
illustration of DNA functionalization of substrates including NHS conjugation, chemical
reduction, and oxidative coupling reactions. (B) Overall surface chemistry is shown with the
functionalization agent molecules. (3-Aminopropyl)triethoxysilane (APTES) forms self-
assembled monolayer (SAM), which is reacted with 2,5-dioxopyrrolidin-1-yl 3-(4-hydroxy-3-
nitrophenyl)propanoate for NHS conjugation. Then, the nitrophenyl group was reduced by tris(2-
carboxyethyl)phosphine (TCEP), resulting in the formation of 3-(4-hydroxy-3-aminophenyl)
group at the terminus of the SAM. This 4-hydroxy-3-aminophenyl group undergoes oxidative

coupling with aniline-terminus DNA strand.*’
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Analysis of immobilized R. rubrum on glass supports

Prior to the investigation of interfacial MICP, we first determined the coverage of tethered R.
rubrum cells immobilized through DNA “Velcro” (Figure 3A). The cells can be observed
following immobilization through staining with Nile blue. This immobilization strategy yields
uniform coverage across centimeter-scale substrates (blue, Figure 3B). The uniformity of the cell
distribution indicates the successful immobilization of cells due to DNA hybridization. Controls
include DNA-modified substrates with unmodified cells and unmodified substrates with DNA-
modified cells. For both of these controls, very few cells adhere to the substrate when either the
cells or substrate is unmodified. Cell coverage was found to be 1.29 + 0.63 (n=7) and 0.19 + 0.09
(n=11) for the number of cells/100 pm? (Figure S1).

In addition to our ability to control the overall distribution of cells across a surface, we confirmed
the specificity of DNA-directed immobilization. PDMS microwells were generated from a mold
(Figure 3D-F) to create a well on the glass substrate. As the DNA-modified cells were only
exposed to the area inside the PDMS, we only expect to see cells adhered to the substrate within
the well. As is apparent in Figure 3, the cells only adhered to the exposed area. Cell coverage was
additionally calculated by Imagel (Figure S2)* from two different samples (Figure S3). Based on
this quantification, we determined that an average of 17.3 and 0.6 cells/100 pm? inside and outside
of the PDMS wells were present, respectively (n =3 and 1, Figure 3C and Table S1). The coverage
outside of the PDMS represents two orders of magnitude fewer cells adhered through non-specific
immobilization than those adhered through DNA hybridization. Additionally, we do not observe
inconsistent distribution of cells within the PDMS wells, as can occur due to attraction between
cells and the PDMS. Together, these results demonstrate the power of DNA “Velcro” to

controllably generate homogeneous layers of cells within areas defined by simple PDMS molds.
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This PDMS molding approach circumvents many complications associated with work to
chemically pattern the DNA displayed on the glass substrate, which adds complex chemical

reactions and requires additional photopatterning steps to accomplish.
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Figure 3. DNA-tethered R. rubrum cells on glass substrates. (A) Graphical illustration of DNA-
tethered R. rubrum cells on glass substrates. (B) Cell coverage of the tethered R. rubrum cells on
glass substrate in centimeter scale. Photographic (/eff) and optical microscopic (right) image of the
DNA-Velcroed R. rubrum cells on the substrate after stained with Nile blue and washed. The
substrate is uniformly colored blue, displaying good coverage of the cells. The inset image exhibits
chemical structure of Nile blue stain. (C) Quantitative analysis of the cell coverage (# of cells/100
um?) in image (D-F). There are 17.3 and 0.6 cells/100 um? inside and outside of the PDMS well,
respectively (n = 3 and 1). The data represents mean + standard deviation (SD). (D-F) Cell
patterning of the DNA-tethered R. rubrum cells using a PDMS-microwell. (D) Original optical
and (E, F) grey scale images of the DNA-tethered cells (E) inside and (F) outside of the PDMS
well. The physical capture of DNA-tethered cells are enhanced through the well, enabling the cell

patterning.
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Two-dimensional MICP at a microbial monolayer

Following characterization of the DNA-immobilized cells, the R. rubrum were incubated with
high-calcium media to promote the precipitate calcium carbonate at this interface (Figure 4A).
Nutrient broth was supplemented with 0.1 M calcium acetate solution, and a homogeneous layer
of calcium carbonate particles was generated at the cell-modified surface. Both bright field and
phase contrast imaging of calcium carbonate particles showed good coverage of the particles on
tethered cells with uniform distribution across the substrate (Figure 4B). Surprisingly, some of the
generated particles were larger than the cells, reaching tens of microns in diameter (Figure 4C).
The observation of particles significantly larger than the immobilized microbes clearly shows
substantial production of calcium carbonate.

Just as important as the size of the particles is their morphology to support direct comparison of
R. rubrum interfacial behavior to its suspension behavior. To observe both the microbes and the
calcium carbonate particles, scanning electron microscopy (SEM) analysis with energy dispersive
spectroscopy (EDS) and elemental mapping was performed using beam currents of 160 pA and 10
nA, respectively (Figure 4D). In these SEM images, it is clear that R. rubrum maintain their rod-
like shapes and can even divide at the surface, indirectly indicating that the cells are viable
following immobilization. The EDS and elemental mapping further show the co-localization of
the Ca, C, O, and N on cells as well as the high concentration of calcium covering the cells for
those exposed to calcium acetate. When the calcium ions or the calcium acetate solution was not
present, the EDS and elemental mapping analysis of the tethered R. rubrum cells on glass showed
no localized calcium on the cells (Figure S4). Additionally, we imaged a substrate with DNA-

modified surface without cells after overnight incubation in 0.1 M calcium acetate and observed
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no precipitate formation (Figure S5). These imaging results further confirm that the calcium

carbonate is associated with metabolic activity of the microbes.
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Figure 4. Microbial-induced carbonate precipitation (MICP) of R. rubrum on DNA-tethered
surfaces. (A) Graphical illustration of DNA-tethered R. rubrum cells on glass substrates producing
calcium carbonate precipitates the upon addition of calcium ions. (B) Optical microscopy images
of the DNA-Velcroed R. rubrum cells with covering of calcium carbonate obtained in bright field
(left) and phase contrast (right). The phase contrast image shows the calcium carbonate precipitates
in better resolution. (C) Bright field image of the CaCOs particles covering the tethered cells. The

particle sizes vary, and some display tens of micron in diameter. (D) SEM images of the CaCO3
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covered DNA-tethered R. rubrum cells on glass substrates. The cells conserve rod-like
morphology and look healthy. Even cell division is observed on the surface. Energy dispersive
spectroscopy (EDS) and elemental mapping on the SEM image shows co-localization of the Ca,
C, O, and N on cells. The mapping illustrates high concentration of calcium ion on the surface of
the cells. The EDS spectrum shows characteristic peaks from corresponding elements; Ca, C, O,

N, and Si.

Characterization of calcium carbonate precipitates on DNA-immobilized R. rubrum
monolayers

To further characterize the calcium precipitates on R. rubrum monolayers, we conducted Raman
microscopy following characterization of the samples with conventional 1D Raman spectroscopy
(Figure 5). The 1D Raman spectrum of the DNA-functionalized glass showed peaks corresponding
to the bending vibration of the Si-O-Si bond (460-550 cm™),** asymmetric stretching of O-P-O in
the DNA backbone (830 cm™),** and symmetric vibration of aromatic rings (990-1100 cm™)*
(blue line, average of n = 100). These peaks confirm DNA modification and the presence of the
aromatic rings involved in the DNA conjugation reaction. After addition of the R. rubrum, bands
associated with DNA are observable, as is a cluster of peaks in the high 1000 cm™ range, which
we attribute to cellular proteins** (brown line). The calcium carbonate particles formed by MICP
in bulk solution, showed peaks consistent with the reference calcite spectrum, with expected peaks
from the Eg (T), E¢ (L), Eq, and A1 modes, inferring the generation of calcite in solution.*®

Following characterization by 1D Raman spectroscopy, 2D Raman was performed. As with the
earlier brightfield images, optical microscopy showed homogeneous coverage of the glass with R.

rubrum (Figure 5A,B). We additionally mapped 2D Raman spectra across this region of the glass

(Figure 5C). Following exposure of the cell monolayer to calcium acetate (spot 1: red and spot 2:
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orange), the surface showed bands at 584, 964, and 1091 cm’!. We attribute the bands at 1091 cm"
!'to C-O symmetric stretching mode of the calcium carbonate,*’ consistent with calcite. The bands
at 584 and 964 cm! are attributed to the organic components of the cell, specifically the ring CHz
bending and C-H bending modes, respectively.*® As expected from the relative amounts of organic
matter at the edge of the cell and middle of the cell, the 964 cm™! peaks attributed to organic
components are larger for the measurement in the center of the cell than those observed at the edge
of the cell.

With peaks attributed to the mineral and the organic components of the system, we can take a
ratio of the intensity of the Raman spectral peaks at wavelengths of 1100 and 960 cm’!, or mineral
to organic ratio as l1100/I960, providing a proxy for the relative ratio of mineral (C-O symmetric
stretching of carbonate) to organic matter (C-H bending of organics) at each point in the image.
The color map (Figure 5B,C) is a representation of Iii00/Ioso. At the boundary of the cells, high
Li100/Toso is observed, whereas the cell interior exhibits low I1100/I960, indicating differences in the
local concentration of calcium carbonate compared to organic matter at these two locations. When
the Raman intensity map is overlaid with the optical image, localized dark spots are additionally
observed, hypothesized to arise from the presence of calcium carbonate particles (Figure 5D).
Despite confirming that calcium carbonate is present on the surfaces and the presence of peaks
from polymorphs of calcium carbonate (calcite, vaterite, and aragonite) near 1100 cm™ originating
from the C-O symmetric carbonate stretching,*” we could not conclusively determine the mineral
form of the precipitated calcium carbonate. Therefore, we performed X-ray scattering
characterization of calcium carbonate precipitates formed on DNA-immobilized R. rubrum
monolayers. Although in-house XRD did not yield strong diffraction, owing to limited sample

volume and weak X-ray interaction from the thin calcium carbonate layer, we successfully
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collected distinct Bragg diffraction on a synchrotron beamline at 11-BM (CMS), National
Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory using a bright and

focused 13.5 keV X-ray beam (Figure 6A).

\_”\/_/\\— + DNA
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Figure 5. Characterization of CaCO3 on the DNA-Velcroed R. rubrum via Raman
spectroscopy. (A, B) Optical microscopic images of the CaCOs3 covered DNA-tethered R. rubrum
cells on glass substrates in (A) zoom-out and (B) zoom-in modes. (C) 100% Raman map
corresponding to the optical image (B). The intensity color map is displayed by the ratio of Raman
intensity at the shifts of 1100 and 960 cm!, or Ti100/Ioso. (D) 60% Raman map and 40% optical
image of (B) and (C). The boundary of the cellular morphology shows high Ii100/I9s0 whereas the
inside cell exhibits low IT1100/Ioc0. This spatial resolution reflects that the chemical composition at

the surface of the cells is different from that inside the cells. (E) Raman spectra of the DNA-
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functionalized glass substrate (blue), with DNA-Velcroed R. rubrum cells (brown), after addition
of calcium acetate solution (spot 1 at the cell surface in red and spot 2 at the cell center in orange),
calcium carbonate particle formed by MICP in bulk solution (olive), calcium carbonate reference

sample (black), from top to bottom.
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Figure 6. Characterization of crystalline CaCO3 on the DNA-Velcroed R. rubrum via X-ray
scattering. (A) Schematics of CaCOs on the DNA-Velcroed R. rubrum and corresponding X-ray
diffraction pattern. (B) Crystal structure of calcite visualized using software VESTA.*! The atoms
are color coded; blue, brown and red are respectively calcium, carbon, and oxygen. The space
group is R3¢ (#167-1); a=4.991 A, & =90.0°, b =4.991 A, #=90.0°, c = 17.062 A, y =120.0°.%°
(C) Parity plot of measured versus calculated Bragg peak positions (scattering vector, q) for
hexagonal lattice reflections. The experimental Bragg diffraction spots were detected from the 2D
image in A through fitting a bivariate normal distribution model in MATLAB-based GIXSGUI

package.’! The calculated Bragg peaks were fitted to Equation (1) across all reflections; (104),
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(110), (113), (202). Data points are annotated with their corresponding (/#4/) Miller indices. The
solid line displays ideal agreement, and dotted lines show the 95% confidence interval of the lattice

fit (a=525+0.08 A, c=18.16 + 1.35 A).

Calcite has a rhombohedral crystal structure with R3¢ space group (#167) where a = b #
c,a = f = 90°y = 120° (Figure 6B).”° Therefore, the lattice parameter equation shows a
hexagonal setting for each (4kl) Miller indices, where ¢ is scattering vector, dhki is interplanar
spacing for the Miller indices (4kl), G is reciprocal-space metric, H is dimensionless in-plane index

combination, /° is dimensionless squared out-of-plane index:

2 1 4 H
o= -

H=h*+hk+k? (2)

Equation (1) becomes a least-squares problem for 1/a* and 1/c* across all reflections.

The Bragg diffraction spots of the 2D X-ray scattering image in Figure 6A were detected by
fitting a model of bivariate normal distribution on a MATLAB-based GIXSGUI package®' (Figure
S6). All the Bragg diffraction spots in scatting vectors and the corresponding (4kl) Miller indices
are shown in Table S2. To evaluate the calcite lattice parameter model in comparison to the
experimental results, we obtained a parity plot of measured versus calculated Bragg peak positions
(Figure 6C). Given the assumption that our sample is calcite following our bulk analysis result in
Figure 1D and the literature,* the Bragg diffraction peaks (104), (110), (113), (202) were fitted to
give lattice constants as @ = 5.25 +£0.08 A and ¢ = 18.16 + 1.35 A (Table S3); which are
comparable with the literature values as a = 4.99 A and ¢ = 17.06 A.>° Moreover, the data points
annotated with their (hkl) indices lie within the 95% confidence interval of the lattice fit,

confirming good agreement between the calcite model and the experimental data.
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DISCUSSION

Despite the importance of the interface between an abiotic substrate and MICP-competent
microbes, the behavior of these cells in bulk solution is often used for characterization. However,
similar behavior between bulk solution and surface-associated microbes is rarely observed outside
of the lab. Here, we provide a straightforward approach to generate uniform, reproducible
monolayers of microbes on abiotic substrates. We demonstrate the power of this approach in a
proof-of-concept system to enable the study of MICP at abiotic-biotic interfaces. Specifically, we
study this process with the mixotrophic microbe R. rubrum under chemoheterotrophic conditions.
In the bulk, R. rubrum generates crystalline calcite particles in solution.

To compare MICP in the bulk to that at an interface, we employ DNA hybridization-based
immobilization to enable the generation of a homogeneous layer of microbes on glass substrates.
Exposure of these microbial monolayers to calcium acetate provides a source of both calcium ions
and a carbon source in the form of acetate. The exposure to calcium acetate results in the
precipitation of calcium carbonate particles significantly larger than the immobilized cells.
Although Raman could not distinguish the polymorph, synchrotron-based X-ray scattering on the
DNA-immobilized R. rubrum single-cell monolayer resolved lattice parameters consistent with
calcite. Since the morphology of the precipitate differs sufficiently from solution production, we
demonstrate the importance of studying processes at interfaces as well as in bulk.

Looking forward, the integration of this 2D spatial organization into 3D consortia presents
exciting opportunities for the integration of MICP-competent microbes, which can generate a
protective calcium carbonate shell, mimicking the natural defenses of protection such as seashells.
Such an approach could further protect synthetic biofilms or engineered microbial systems from

external stresses, creating a durable and sustainable bio-hybrid material. Furthermore, the
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implications of this work extend beyond biomineralization. This method can be adapted for
localized production of organic bioproducts, such as functional polymers, or metallic particles that
can function as catalysts. These highlight the significance of the DNA hybridization-based
immobilization approach to applications in biotechnology, materials science, and environmental
engineering.

In summary, this work demonstrates the importance of studying interfacial processes in
biological systems in relevant environments to monitor microscopic interactions that may not be
observable in the bulk. We report a universal method to enable the study of such interactions
through DNA hybridization-based immobilization of cells at an abiotic surface, rapidly generating
reproducible and homogeneous monolayers on substrates. As a proof-of-concept demonstration of
this approach, we immobilized MICP-competent cells and demonstrate their calcium carbonate
precipitation abilities and how they differ from the bulk when deployed at an interface. This DNA-
based tethering approach offers a versatile platform for localizing not only cells but also the
products of their metabolism such as calcium carbonate and other bioproducts, paving the way for

diverse applications in biomaterials engineering, environmental remediation, and beyond.

MATERIALS AND METHODS

Microbial-induced carbonate precipitation (MICP)

For bulk-solution experiments, R. rubrum cells were cultured in nutrient broth (NB) medium
until the culture reached an optical density at 600 nm (ODsoo) of 1. To induce calcium carbonate
precipitation, 50 mL of 0.1 M calcium acetate solution was added to 50 mL of the culture (ODsoo
= 1) in a sterile 250 mL culture flask. The mixture was incubated at 30 °C for 40 h, after which

images of the precipitate were obtained.
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For substrate-associated MICP, DNA-tethered R. rubrum cells (C2) on DNA-functionalized
substrates (M2) were first prepared as described in the Supplementary Materials. DNA Sequences
were as followed; 5-/SAmMC6/ CCCTAGAGTGAGTCGTATGA-3" (M2), 5'-/5SAmMC6/
TCATACGACTCACTCTAGGG-3' (C2) (SAmMMC6 = 6-aminohexyl phosphate). M2 and C2 are
ssDNA that are complementary to each other. The sandwiched cell-substrate assembly was then
transferred into a 50 mL Falcon tube containing a mixture of 10 mL NB medium and 10 mL 0.1
M calcium acetate solution, providing both nutrients for microbial growth and a source of calcium
ions. This setup formed microbial monolayers and subsequent calcium carbonate precipitation
directly on the substrate. The Falcon tube was incubated at 30 °C for 2 — 3 days, after which visible

calcium carbonate particles were observed on the substrates.

Analysis and Measurement

Optical density of cells was measured using a NanoDrop™ One Microvolume UV-Vis
Spectrophotometer (Thermo Scientific, USA). X-ray diffraction (XRD) was conducted with Cu
source (Ka) at 45 kV and 200 mA on Smartlab (Rigaku). The calcium carbonate sample after
MICP reaction was fully dried for the XRD measurement. The cells and calcium carbonate
particles were observed using a Revolve Fluorescence Microscope (Echo, USA). The scanning
electron microscopy (SEM) imaging was performed on a Zeiss Merlin high-resolution scanning
electron microscope (Jena, Germany) with an accelerating voltage of 3 kV. For EDS analysis, an
EDS probe was inserted for the mapping with an accelerating voltage of 20 kV. The Raman
microscopy was conducted on Renishaw inVia™ Reflex Micro-Raman Spectrometer

(Gloucestershire, UK) using a 532 nm wavelength laser. Synchrotron X-ray scattering experiments
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were conducted at beamline 11-BM (CMS), NSLS-II, Brookhaven National Laboratory, using a

DECTRIS Pilatus 800K detector for the X-ray beam with an average photon energy of 13.5 keV.

Statistical analysis
Statistical analyses were performed using an unpaired t-test with Welch’s correction using
GraphPad Prism and Microsoft Excel. The data is expressed as the means + standard deviation

(SD).

SUPPORTING INFORMATION

The PDF file includes: Additional Materials and Methods details; Figures S1 to S6; Tables S1

to S3; References (PDF)
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