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ABSTRACT: Microbial oxidation of manganese (Mn) from
aqueous Mn(II) to solid-phase Mn(III, IV) minerals catalyzes
Mn(II) removal in natural and engineered porous systems.
However, little is known about the spatiotemporal evolution of
Mn biomineralization in confined spaces that experience
simultaneous Mn(II) delivery and Mn oxide precipitation. Here,
we combine time-lapse microscopy, image analysis, and mass
spectrometry to quantify the extent and rate of Mn biomineraliza-
tion by Pseudomonas putida GB-1 in an optically transparent two-
dimensional porous medium. We found that Mn(II) oxidation
initially occurred within biofilms but shifted over time toward the
edges of biofilms in contact with pore fluid. Minerals precipitated
outside of the initial biofilm footprint likely due to surface-mediated oxidation of Mn(II) by nascent biogenic Mn oxides, reinforcing
a gradient in mineral accumulation from the Mn(II) source near the reactor inlet to the outlet. The rate of mineral precipitation
outside the biofilm footprint surpassed the rate of mineral accumulation inside biofilms within 6 h and accounted for two-thirds of
the total Mn oxide mass in the pore space at the end of the experiment. This work advances a mechanistic understanding of coupled
biotic and abiotic Mn oxidation in porous environments while providing a novel platform to quantify microbe−mineral−fluid
interactions.
KEYWORDS: manganese biomineralization, porous media, biofilms, microfluidics, heterogeneity

1. INTRODUCTION
Bacteria and fungi drive the oxidative branch of the Mn cycle
by oxidizing aqueous Mn(II) to Mn(III, IV) species.1−3 The
nanoparticulate minerals that form through this biomineraliza-
tion reaction oxidize and stabilize organic matter,4 sorb
cationic metals,5−10 and degrade contaminants.11 Manganese-
oxidizing microorganisms and their associated biominerals are
widespread in soils, freshwater and marine sediments, and
engineered treatment systems.1,2,12−14 Typically, biogenic Mn
oxides accumulate adjacent to cell surfaces and on extracellular
polymeric substances (EPS), forming microbe-mineral assemb-
lages15,16 that can enhance the reactive capacity of both natural
and engineered porous media. For instance, biogenic Mn
oxides can interact with aqueous Mn(II), facilitating further
abiotic Mn oxidation and subsequent mineral accumula-
tion.17,18 The mechanism of mineral precipitation, whether
biotic, abiotic, or a combination thereof, has important
implications for the extent and rate of mineral precipitation,
as well as the reactivity of the resulting minerals toward other
chemical species. However, quantitative and mechanistic
knowledge of Mn oxide precipitation in soils and sediments
is scarce.

Soils and sediments are inherently complex environments,
containing pores of varying size and connectivity that induce
preferential fluid flow19 and nonuniform reactant trans-
port.20,21 This results in a heterogeneous distribution of
microbes and geochemical species, which can enhance
localized biogeochemical reactivity.21−23 In these environ-
ments, biogenic Mn oxides occur as both particles and coatings
on grain surfaces,24 often accumulating along interfaces where
microbes experience dynamic reactant (e.g., Mn, O2)
delivery.25,26 However, the kinetics and mechanisms of Mn
biomineralization within soil pore spaces cannot be derived
without direct and real-time observation of mineral precip-
itation.

Some insights into Mn oxide precipitation in porous media
are provided by studies of Mn removal in water treatment
systems. These systems include column biofilters,27−30 fixed-
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bed bioreactors,31 and gravity-driven membranes32 containing
biofilms that precipitate Mn oxides in response to continuous
Mn(II) input. Pore fluid and filter medium samples collected
from sand-packed columns at discrete time points show that
Mn(II) removal and Mn oxide precipitation are spatially
nonuniform, becoming localized to the top half of the column
following system start-up.27,28,30 While microbial Mn oxidation
is widely observed in these treatment systems,27−32 chemical
analysis of mature filter media29,32 and assays of microbial
viability30 suggest that Mn(II) sorption and autocatalytic Mn
oxidation also contribute to long-term Mn(II) removal.
However, current methods cannot resolve the relative
contribution of these processes to mineral precipitation and
Mn(II) removal. A real-time and pore-scale analysis is
therefore needed to evaluate the distribution, timing, and
kinetics of biotic and abiotic Mn oxidation and thus gain a
predictive understanding of mineral precipitation and reactivity
in natural and engineered settings.

The aim of this work is to identify mechanisms that control
the extent and rate of Mn biomineralization in porous media.
To this end, we developed a novel microfluidic platform to
simultaneously (i) measure ex situ removal of Mn(II) from
reactor effluent using inductively coupled plasma mass
spectrometry (ICP-MS) and (ii) visualize in situ biofilm
formation and mineral accumulation with optical microscopy.
Quantitative image analysis revealed that preferential mineral
precipitation near the Mn(II) source was driven by localized
accumulation of Mn oxides at the biofilm−fluid interface. The
distinct timing and rates of Mn oxide precipitation relative to
the initial biofilm footprint indicated a transition from

enzymatic to surface-mediated Mn oxidation. Our study is
the first to evaluate the spatiotemporal drivers of Mn
biomineralization in situ and in real time. These findings
enhance our understanding of Mn oxidation in soil environ-
ments and inform the development of engineered systems for
contaminant removal.

2. MATERIALS AND METHODS
2.1. Bacterial Strain, Solution Chemistry, and Cell

Culture. We used Pseudomonas putida GB-1 to quantify the in
situ extent and rate of Mn biomineralization. P. putida GB-1 is
an aerobic, biofilm-forming bacterium with two multicopper
oxidase enzymes known to catalyze oxidative precipitation of
Mn(III, IV) oxide minerals during the stationary phase of
growth.33,34 It has been widely used as a model organism for
Mn oxidation,2,3 and Mn-oxidizing strains of Pseudomonas have
been identified in both natural and engineered porous
environments.2,3,14,35 To facilitate image segmentation, we
selected a P. putida GB-1 strain with a constitutive mCherry
fluorescent tag on the pTac promoter region. Detailed
characterization of the growth of the fluorescent-tagged strain
relative to the wild-type is provided in Figure S1 and
Supporting Information Method S1.

The growth medium used to propagate P. putida GB-1 was
adapted from Gehin et al.33 as follows: 0.4 mM CaCl2·2H2O,
0.25 mM MgSO4·H2O, 0.25 mM Na2HPO4, 0.15 mM
KH2PO4, 1:2 Fe(III)-EDTA (20 μM FeCl3·6H2O and 40
μM EDTA adjusted to pH 6.5), 10 mM HEPES buffer
(adjusted to pH 7.0), 5 mM (NH4)2SO4, 40 nM CuSO4·5H2O,
273 nM ZnSO4·7H2O, 84 nM CoCl2·6H2O, 53.7 nM

Figure 1. Experimental design and representative optical images. (a) Microfluidic reactor geometry (grains in gray and pore space in white)
showing the input of the growth medium (t = 0 h to t = 15 h) and Mn-supplemented salt solution (t = 15 h to t = 43.5 h) at the reactor inlet and
effluent sample collection at the reactor outlet (t = 0 h to t = 43.5 h). The black box within the pore space represents the detailed region shown in
(b−d). (b) Schematic of matrix notation used to calculate biofilm growth and Mn oxide mass from segmented images (gridlines not to scale). (c)
Contrast-adjusted fluorescence images of P. putida GB-1 biofilms in the pore space at select time points, as indicated by the bright areas in the
images. Grains and pores without any biofilms appear in black. (d) Color brightfield images of P. putida GB-1 biofilms showing the accumulation of
Mn oxide precipitates at select time points. Scale bar is 200 μm.
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NaMoO4·2H2O, 1.5 g L−1 yeast extract, 1.5 g L−1 casamino
acid, and 50 μM MnCl2·4H2O in sterile ultrapure water (Milli-
Q, Millipore). All chemicals were of American Chemical
Society (ACS) reagent grade or bacteriological grade, and all
stock solutions were filter-sterilized with a 0.22 μm filter (PES,
Fisher Scientific). A salt solution was prepared following the
same recipe but excluding yeast extract, casamino acid, and
Mn(II).

To culture bacterial cells, P. putida GB-1 was streaked from
−80 °C glycerol stocks onto agar plates (2.5% Luria Broth
Base or LB, 1.5% bacteriological agar) supplemented with 20
μg mL−1 gentamicin (Gm20) and incubated at 30 °C overnight.
A liquid preculture was prepared by adding one plate colony to
10 mL of 2.5% liquid LB supplemented with Gm20 and
incubated in a 50 mL conical tube for 16 h at 30 °C and 180
rpm. After 16 h, a 1 mL aliquot of cell suspension was washed
three times in salt solution (1 min centrifugation at 8000 rcf).
The washed cells were resuspended to an optical density
(OD600) = 0.01 in 20 mL growth medium without Mn(II) and
incubated for 6 h in a 50 mL Erlenmeyer flask at 30 °C and
180 rpm to reach the mid-exponential phase (OD600 ∼ 1.7−
1.9). An inoculum was then prepared by diluting an aliquot of
the mid-exponential phase preculture in 2 mL of salt solution
supplemented with 50 μM Mn(II) to an initial OD600 = 0.005.
2.2. In Situ Bacterial Growth and Mn Biomineraliza-

tion. We conducted microfluidic experiments in two phases.
The first phase was used to establish Mn-oxidizing biofilms,
which comprise surface-attached matrices of bacterial cells
immobilized in EPS,36 in the microfluidic reactor (hereafter,
growth phase). The second phase was used to quantify Mn
oxide precipitation (hereafter, mineralization phase). The
transition between the growth and mineralization phases of
the experiment was initiated by switching from the carbon-rich
growth medium to the carbon-deficient salt solution
supplemented with 50 μM Mn(II). This change in influent
solution chemistry facilitated the onset of the stationary phase,
a necessary condition to induce bacterial Mn oxidation and
mineral precipitation.33

To begin an experiment, a microfluidic reactor was
fabricated to represent the porous media commonly found in
engineered water treatment systems. We adapted a porous
geometry from Wang et al.37 with a porosity of ∼0.41, which
was comparable to column-scale systems for microbial Mn(II)
removal used by Breda et al.30 and Haukelidsaeter et al.28

Reactors had a pore volume of ∼2.3 μL and a total volume of
∼10.9 μL including the inlet and outlet regions (Figures 1a, S2,
and Supporting Information Method S2). This reactor was
saturated by injecting salt solution supplemented with 50 μM
Mn(II) through the outlet tubing (see Supporting Information
Method S2) until no air bubbles were present (typically about
200−300 μL). A P. putida GB-1 inoculum with OD600 = 0.005
was then drawn through the reactor inlet using a syringe pump
at the reactor outlet (NE-4002X, New Era) and sterile 5 mL
glass syringe (1000 Series PTFE Luer Lock, Hamilton) fitted
with a sterile blunt-tip needle (21-gauge, Jensen Global) for 20
min at a flow rate of 8.33 μL min−1.

After inoculation, the reactor remained in a state of no flow
for 1 h to promote bacterial settling and attachment. The inlet
inoculation tubing was then replaced with tubing connected to
the fluid control system (see Supporting Information Method
S3). Subsequently, growth medium was injected for 15 h at a
Darcy velocity of 5 m d−1, which corresponds to a volumetric
flow rate of 1.33 μL min−1 or a residence time of 1.7 min per

pore volume (growth phase; ∼500 elapsed pore volumes),
followed by salt solution supplemented with 50 μM Mn(II) for
approximately 28.5 h (mineralization phase; ∼1000 elapsed
pore volumes). To mitigate unwanted biofilm growth in the
reactor inlet and outlet regions during the experiment, we
irradiated these areas with a stage-top ultraviolet-C light-
emitting diode (UVC LED) array adapted from Ramos et al.38

at t = 0 h for 5 min to inactivate any bacteria that became
attached during inoculation, then the outlet only at t = 17.5 h
for 5 min to inactivate sloughed biofilms (see Figure S3 and
Supporting Information Method S4). This strategy allowed us
to compare the Mn oxide mass in the pore space to the total
Mn mass in the reactor digestate (see the next section). The
entire experimental setup, including reactor, tubing, and
influent solutions, was maintained at 30 °C for the duration
of the experiment using a custom-built microscope incubator.
Experiments were conducted in triplicate.
2.3. Effluent Sampling and Chemical Analysis. We

collected volume fractions of the reactor effluent during the
growth and mineralization phases to confirm mass closure (see
Tables S1, S2, and Supporting Information Method S5) and
quantify Mn(II) removal. Effluent samples were collected into
1.5 mL microcentrifuge tubes in cumulative intervals every 2 h
during the growth phase (t = 0 h to t = 15 h) and every hour
during the first 12 h of the mineralization phase (t = 15 h to t =
27 h), followed by samples at t = 29 h, t = 39 h, and t = 43.5 h
(23 total time points). The samples were immediately
centrifuged for 5 min at 16,000 rcf to pellet any bacteria
present in the effluent. We then diluted 60 μL of the
supernatant in 2.94 mL 1% HNO3 and measured the aqueous
Mn(II) concentration using ICP-MS (Agilent 7900). The ICP-
MS was fitted with a quartz spray chamber, microMist
concentric gas nebulizer, and nickel sample and skimmer
cones and was operated at a constant flow rate of 1.0 L min−1

argon gas and 4.5 mL min−1 helium gas. The Mn limit of
quantification, calculated as 3.3 times the detection limit,39 was
0.04 μg L−1 or 0.67 nM.

At the end of the mineralization phase (after 43.5 h), we
recovered all solid-phase, sorbed, and aqueous Mn within the
pore space by injecting 1 mL of a 40 mM oxalic acid and 2%
nitric acid solution into the reactor with a syringe pump and 5
mL glass syringe at a flow rate of 100 μL min−1. We repeated
this acid-digestion procedure with the outlet tubing to recover
any Mn oxides precipitated by sloughed biofilms between the
reactor outlet and effluent collection tube. Finally, we diluted
30 μL of each digestate in 2.97 mL of 1% HNO3 and measured
the total Mn with ICP-MS.
2.4. Microscopy and Image Analysis. Reactor imaging

was conducted using a Nikon Ti2 Eclipse inverted epifluor-
escence microscope fitted with a Hamamatsu ORCA-Fusion
digital CMOS camera, Lumencor LIDA light engine (for
brightfield imaging), and Lumencor SOLA light engine (for
fluorescence imaging). Using NIS Elements software, we
acquired 16-bit images in color brightfield (5 ms illumination,
red illumination at 97.58%, green illumination at 44.76%, and
blue illumination at 100%) and mCherry fluorescence modes
(excitation: 562 ± 20 nm, emission: 641.5 ± 37.5 nm, 5 ms
exposure, 100% intensity) with a 4× objective (Plan Apo λD
4×/0.20, 1.62 μm pixel−1) every hour during the growth phase
and every 30 min during the mineralization phase. These
illumination settings were selected to enhance the brightness
and set the color balance using a test reactor containing Mn-
oxidizing biofilms and biogenic Mn oxides. Each image was a
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stitched composite of the whole reactor pore space (5 × 4
images, 2304 × 2304 pixels per field of view, 1% overlap). We
applied a shading correction during image acquisition to
remove the quilting artifacts that arise from uneven
illumination of the individual images. Subsequently, time-
lapse files were converted from .nd2 format to 16-bit tagged
image file format.

Fluorescence (Figure 1c) and color brightfield (Figure 1d)
images were processed using custom MATLAB (2024b)
scripts to quantify (i) biofilm formation, (ii) Mn oxide mass,
and (iii) the rate of Mn oxide precipitation. Briefly, we
generated a calibration curve to assign Mn oxide pixel intensity
to a known Mn mass (see Figures S4 and S5, and Supporting
Information Method S6). Mineral suspensions with varying
masses of solid-phase Mn were imaged with both optical
microscopy, using the same color brightfield imaging settings
as the microfluidic experiments, and micro-X-ray-fluorescence
(μ-XRF) at the Stanford Synchrotron Radiation Lightsource
Beamline 2−3. These μ-XRF measurements were calibrated to
units of mass per pixel using gravimetric MnCl2·4H2O
standards and then correlated to color brightfield pixel
intensity (units of a.u.). This allowed us to compute the Mn
oxide mass at each pixel within the reactor pore space at every
experimental time point (see Figures 1b, S6 and Supporting
Information Method S7). This approach accounted only for
solid-phase Mn oxides that appear as brown or black
precipitates. Any Mn(II) sorbed onto the biofilms would be
transparent to optical microscopy and therefore was estimated
through ex situ measurements of the reactor effluent. Results
are presented as the average and standard deviation of
triplicate experiments unless otherwise noted.

3. RESULTS AND DISCUSSION
3.1. Distinct Biofilm-Mediated Processes Drive Mn(II)

Removal. Aqueous Mn(II) removal observed in the reactor
effluent (Figure 2a) can be mapped to distinct biogeochemical
processes within the pore space (Figure 2b). During the
biofilm growth phase (t = 0 h to t = 15 h) and first 3 h of the
mineralization phase (t = 15 h to t = 18 h), we observed a
small but gradual decrease in effluent Mn(II) that coincided
with bacterial growth and biofilm formation. The effluent
Mn(II) concentration decreased slowly from 55.69 ± 4.38 μM
at t = 2 h to 46.25 ± 0.65 μM at t = 18 h (Figure 2a). This
accounts for a ∼17% decrease in Mn(II) concentration relative
to the initial measurement at t = 2 h. In this time interval, color
brightfield and fluorescence images showed stochastic biofilm
development throughout the reactor pore space (Figures S7a,b
and S8).

A transitional period of 3.5 h followed the switch from the
growth to the mineralization phase at t = 15 h. The biofilms
continued to grow and move slightly as the influent fluid was
exchanged (Figure 2b). By t = 18.5 h, the biofilms were fixed in
place and reached a steady-state footprint as identified from
brightfield images (Figure S9). Using the mCherry fluores-
cence, which selectively showed the microbial biomass, we
calculated a projected area of 12.32 ± 2.06 mm2 (see
Supporting Information Method S7), which is equivalent to
21.66 ± 3.61% of the reactor pore space. After t = 18.5 h, the
subtle increase in the total biofilm area (Figure 2b) was due to
intensifying constitutive fluorescence at the stationary phase40

rather than active biomass growth (Figure S9).
After t = 18.5 h, we observed rapid changes in the effluent

Mn(II) concentration (Figure 2a) that coincided with the

onset of Mn biomineralization (Figure 2b). Between t = 18 h
and t = 19 h, the Mn(II) concentration increased slightly from
46.25 ± 0.65 μM to 51.33 ± 1.79 μM, followed by a steep
decline from 49.87 ± 2.89 μM to 2.48 ± 0.28 μM between t =
20 h and t = 22 h. Prior to the onset of this rapid Mn(II)
removal at t = 20 h, a total of 0.57 ± 0.16 μg Mn was retained
in the microfluidic system. For the remainder of the
experiment, we observed >95% removal of the influent Mn(II)
(Table S2). Concurrent with Mn(II) removal, we observed a
continuous increase in the mass of Mn oxides without reaching
steady state (Figure 2b). At the final time point, we calculated
a mass of 3.78 ± 0.05 μg Mn oxide within the reactor pore
space (see Supporting Information Method S7), which
matched the mass measured from the reactor digestate within
18% (Table S3). The moderate discrepancy between these two
approaches suggests the presence of sorbed Mn(II) in the
reactor pore space that is transparent to optical microscopy.

By comparing the timing of Mn(II) removal from the
reactor effluent (Figure 2a) with the accumulation of solid-
phase Mn in the reactor pore space (Figure 2b), we concluded
that Mn oxide precipitation was preceded by the sorption of
Mn(II) onto developing biofilms. Bacterial biomass and
extracellular polymers within biofilms contain negatively
charged or polar functional groups (e.g., carboxyl, phosphoryl,
sulfhydryl) that facilitate adsorption of cationic metals,
including Mn(II).5,6,15,41−45 While intracellular accumulation
of Mn(II) may have also contributed to the decrease in effluent
Mn(II) during growth of P. putida GB-1, we expect Mn(II)
absorption to be minimal relative to Mn(II) adsorption, based
on the previous research using P. putida GB-1.46 The small

Figure 2. Global ex situ and in situ quantification of Mn
biomineralization. The dashed line represents the fluid exchange
initiating the transition from the growth (I, t = 0 h to t = 15 h) to the
mineralization phase (II, t = 15 h to t = 43.5 h). (a) Drawdown of
aqueous Mn(II) from the reactor effluent, as measured by ICP-MS.
(b) Biofilm coverage (ΣB) calculated as the total sum of each
binarized fluorescence image matrix (left axis) and cumulative Mn
oxide mass (ΣM) calculated as the total sum of each calibrated color
brightfield image matrix (right axis). Markers indicate the average of
triplicate experiments, and shading indicates the standard deviation.
For Mn oxide mass, markers are approximately the same size as the
shaded uncertainty.
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increase in effluent Mn(II) between t = 18 h and t = 19 h
(Figure 2a) is consistent with Mn(II) desorption, which can
occur concomitantly with changes in cell morphology or
surface chemistry as bacteria transition to stationary phase.47,48

Notwithstanding this small release of Mn(II), sorption during
the growth phase primed biofilms with Mn(II) that could be
rapidly converted to Mn(III, IV) oxides following gene
activation and Mn oxidase synthesis at stationary phase.49 In
fact, we observed the rapid removal of Mn(II) from t = 20 to t
= 22 h and sustained removal after t = 22 h due to oxidation of
Mn(II) to Mn(III, IV) oxides (Figure 2a,b).
3.2. Spatial Distribution of Mn Oxide Precipitation at

the Reactor-Scale. As the mineralization phase progressed, a
gradient in Mn oxide mass developed along the length of the
pore space (Figures 3a, S10a and S11a), as evidenced by the
appearance of dark to light brown precipitates (Figures 1d and
S7c). Manganese oxide mass decreased from the reactor inlet
to the outlet independent of the biofilm distribution, which
was largely uniform in the longitudinal direction (Figures 3b,
S10b and S11b). We observed that Mn oxides precipitated
near the inlet side of the pore space from t = 22 h onward, with
most of the mineral mass accumulating in the first half of the
pore space in the longitudinal direction of fluid flow (Figures
3c, S10c and S11c). This region of high Mn oxide mass
occupied the first ∼6 mm, or 40%, of the pore space, extending

up to 9 mm (60%) for one replicate, consistent with substantial
Mn removal in the top ∼40−60% of column-scale sand
biofilters.27,28,30 The lower biofilm area and associated Mn
mass at the inlet edge of the pore space was likely due to the
UVC irridation of the inlet region. In the transverse direction,
oxide distribution was uniform (Figures 3d, S10d and S11d),
which confirmed the absence of substantial boundary effects
from the reactor geometry.

The observed longitudinal gradient in mineral mass is
unlikely to result from external chemical conditions, such as
pH or oxygen availability. Although these parameters can
influence Mn oxidation,50 it is unlikely that they were limiting
in our system. We provided pH-buffered and oxygen-saturated
pore fluid, decreasing the likelihood that mineralization near
the reactor outlet would be restricted by unfavorable pH
conditions or insufficient oxygen. Additionally, we used PDMS
for reactor fabrication, which has been shown to be readily
permeable to oxygen.51,52 Rather than changes in pH or
oxygen availability, we expect that the longitudinal mineral
gradient develops from the proximity of biofilms at the reactor
inlet to the influent Mn(II) source.

Our in situ and real-time analyses elucidate how a gradient
in Mn oxide mass develops over time. While initial Mn
oxidation occurred throughout the entire pore space, our data
show that nascent Mn oxides close to the reactor inlet

Figure 3. Reactor-scale distribution of Mn oxide mass. One representative experimental replicate is shown here. (a) Mn oxide mass (M) at the end
of the mineralization phase (t = 43.5 h). (b) One-dimensional signal of biofilm distribution along the longitudinal direction of flow (ΣBL) at t =
18.5 h (reference time point). (c) One-dimensional signal of mineral distribution along the longitudinal direction of flow (ΣML) at select time
points during the mineralization phase. (d) One-dimensional signal of mineral distribution along the transverse direction of flow (ΣMT) at select
time points (see legend in (c)) during the mineralization phase. The one-dimensional signals represent a 1-mm moving average.
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catalyzed further Mn oxidation, leading to elevated Mn oxide
mass. Even though biofilms at the inlet boundary of the pore
space experienced a constant concentration of 49.63 ± 0.51
μM Mn(II) during the mineralization phase (Table S2), >95%
removal in the reactor effluent indicated a drawdown of
Mn(II) along the reactor length, restricting the availability of
Mn(II) for downstream biofilms. Over time, enhanced
reactivity near the reactor inlet created a positive feedback
loop that reinforced spatial heterogeneity and localized mineral
accumulation, as evidenced by the Mn oxide mass profiles
intensifying over time (Figures 3c, S10c and S11c).
3.3. Limited Diffusion of Mn(II) into Biofilms

Enhances Mineralization at Biofilm−Fluid Interfaces.
The reactor-scale gradient in Mn oxide mass (Figures 3a,c,
S10a,c and S11a,c) resulted from extensive mineral precip-
itation at biofilm−fluid interfaces near the reactor inlet. These
precipitates formed feathery or dendritic structures at the
edges of dense biofilms (Figures 1d and S12). Images acquired
with a 40× objective (0.16 μm pixel−1) at the final
experimental time point showed that these mineral precipitates
contained little fluorescence signal and therefore few
embedded cells or cell aggregates (Figure S12). To quantify
the accumulation of Mn oxide mass at the biofilm-scale from
our time-lapse images, we analyzed transects of representative
biofilm−mineral assemblages at multiple time points. These
transects extended from the grain−biofilm boundary to the
edges of the mineral precipitates that propagated outward from
the interface between biofilms and bulk pore fluid (Figures 4a,
S13, and Supporting Information Method S7).

Our biofilm-scale analysis confirmed that Mn oxides always
precipitated within or adjacent to biofilms, initially accumulat-
ing inside biofilms throughout the pore space. However, the
mineral mass propagated rapidly outside the footprint of
biofilms near the inlet, where Mn(II) entered the reactor,
increasing both the area occupied by mineral precipitates and
the mass within that area (Figures 4b and S13a). By contrast,
minimal Mn oxide mass accumulated in the outlet region far
from the Mn(II) source (Figures 4c and S13b). Collectively,
biofilms in the first 60% of the pore space (0−9 mm)
accumulated ∼30 times more Mn oxide mass outside their
footprint than biofilms in the remaining 40% of the pore space
(9−15 mm) (Figure S14). Together, these data suggest that
interactions between Mn(II) and Mn oxides promote addi-
tional mineral precipitation.

Across the entire pore space, Mn oxide mass accumulation
shifted from the interior to the exterior of the biofilm footprint
over time. As quantified above, biofilms sorbed a total of 0.57
± 0.16 μg Mn during the first 19 h of the experiment, which
facilitated initial Mn oxide precipitation (from approximately t
= 19 h to t = 28 h) inside the biofilm footprint (Figure 5a). At
the final experimental time point, 1.37 ± 0.09 μg Mn was
contained within the biofilm footprint (Figure S14). Assuming
all the Mn sorbed prior to t = 19 h was oxidized to Mn oxide,
initial Mn(II) sorption accounted for 40.89 ± 9.00% of the
total Mn oxide mass on biofilm interiors. At around 29 h, the
mineral mass was distributed approximately equally inside and
outside the biofilms. At all subsequent time points, more than
50% of the total Mn oxide mass precipitated exterior to the
original biofilm footprint. By t = 43.5 h, ∼64% of the total 3.78
± 0.05 μg Mn oxide mass was outside of the biofilms (Figure
5a), extending the overall projected area of biofilm−mineral
assemblages by ∼34% relative to the initial biofilm footprint
(Figure S15).

The distribution of mineral mass inside and outside the
biofilm footprint can be rationalized by diffusion-limited
transport of Mn(II) into the biofilms, resulting from
interactions between Mn(II) and Mn oxides. Consistent with
enzymatic Mn(II) oxidation, Mn oxide precipitation initially
occurred within the biofilms (Figure 4b). With time, these
nascent biogenic Mn oxides, especially those nearest to the
biofilm−fluid interface, were available to sorb and oxidize
Mn(II),53,54 drawing down the supply of Mn(II) before it
could be transported from the biofilm−fluid interface toward
the biofilm−grain boundary. We propose that surface-
mediated Mn(II) oxidation restricted Mn(II) diffusion from
the bulk pore fluid into the biofilms, which limited further Mn
oxide mass accumulation within the biofilm footprint (Figure
5a) and generated a reactive and increasingly dense mineral
barrier at the biofilm−fluid interface (Figure 4b).

Figure 4. Local distribution of Mn oxide mass inside and outside the
biofilm footprint. (a) Schematic of the data normalization strategy,
where −1.0 represents the grain−biofilm boundary, 0 represents the
biofilm−mineral boundary (dashed line in (b) and (c)), and 1.0
represents the mineral−fluid boundary at the final experimental time
point. (b) Mineral mass distribution (M) on biofilms from the inlet
side of the reactor (defined as the vertical section of the pore space
from 3 to 6 mm or 20 to 40%) at select time points. (c) Mineral mass
distribution (M) on biofilms from the outlet side of the reactor
(defined as the vertical section of the pore space between 9 to 12 mm
or 60 to 80%) at select time points. Solid lines indicate the average
mass of nine biofilms, where three biofilms were selected from each
replicate experiment, and shading indicates the standard error.
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3.4. Rates of Mn Oxide Accumulation Reveal Coupled
Precipitation Mechanisms. The global rate of Mn oxide
precipitation for all biofilm−mineral assemblages was driven by
spatially distinct processes that were offset in time. The global
rate of mineral precipitation, calculated as the derivative of Mn
oxide mass accumulation between consecutive time points, was
non-monotonic (Figure 5b), initially increasing rapidly and
peaking at t = 25.5 h (maximum rate of 0.21 ± 0.01 μg h−1)
before decelerating gradually to 0.14 ± 0.01 μg h−1 at t = 43.5
h. At the onset of detectable Mn oxide precipitation (t = 19 h
to t = 21.5 h), the global rate was driven entirely by mineral
accumulation inside the biofilms, which we attribute to
enzymatic Mn(II) oxidation. The interior mineralization rate
reached a maximum at t = 23.5 h (0.12 ± 0.01 μg h−1). After
this time, we observed an appreciable increase in the rate of
mineral accumulation outside the biofilm footprint. This
exterior rate increased from t = 21.5 h until t = 27 h (0.14
± 0.01 μg h−1), after which it also decelerated. Nonetheless,
during the remainder of the experiment (t > 27 h), the global
rate of mineral accumulation was sustained by surface-
mediated Mn oxide precipitation exterior to the biofilm
footprint.

The dominant contribution of the exterior rate to the global
kinetics (Figure 5b) was more apparent when we compared
the rates on a per-area basis (Figure S16). For precipitation
inside the biofilm footprint, we normalized the change in
mineral mass between consecutive time points (μg h−1) by the
area (mm2) of all biofilms in the pore space. For precipitation
outside the biofilm footprint, we normalized the change in
mass by the change in mineral area exterior to the biofilms
from the preceding time point to capture the effect of reactivity
between nascent oxides and Mn(II). This approach showed
that the area-normalized rate was up to 2 orders of magnitude
higher outside the biofilm footprint than inside (Figure S16)

and explains the large mineral mass exterior to the biofilms
(Figure 5a). Nonetheless, the temporal offset of 3.5 h in
maximum Mn oxide accumulation rates inside and outside the
biofilm footprint, resulting from the concurrent decrease in the
interior rate and increase in the exterior rate (Figure 5b),
shows unequivocally that enzymatic oxidation is a prerequisite
for any subsequent abiotic oxidation outside biofilms. These
findings corroborate the tight coupling between biotic and
abiotic mineralization processes in porous environments.
3.5. Toward a Conceptual Model of Pore-Scale Mn

(Bio)mineralization. In this study, we demonstrate that Mn
oxide mass became elevated close to the Mn(II) source due to
enhanced reactivity at the biofilm−fluid interface. Mineral
accumulation outside the initial biofilm footprint occurred at
higher rates and accounted for the majority of Mn oxide mass
within the pore space over long time scales. Based on our in
situ quantification, as well as ex situ measurements of Mn(II)
removal from the reactor effluent, we propose a conceptual
model for Mn oxide precipitation in porous media. Our model
integrates five key steps: (i) Mn(II) sorption by developing
biofilms, (ii) enzymatic Mn(II) oxidation and precipitation
following Mn oxidase synthesis by P. putida GB-1 at stationary
phase, (iii) continued oxidation of influent Mn(II) by both P.
putida GB-1 and nascent biogenic Mn oxides, (iv) diffusion-
limited transport of Mn(II) and restriction of enzymatic
oxidation as minerals in contact with the bulk pore fluid
progressively shield bacteria from Mn(II), and (v) enhanced
surface-mediated oxidation at the biofilm−fluid interface,
which sustains mineral accumulation outside of the biofilm
footprint.
3.6. Implications for Porous Media. Manganese

biomineralization drives a range of biogeochemical processes
in porous media, from carbon cycling1,2,4 and metal
immobilization1,2,10 in soils and sediments to Mn(II)
removal27−32 in water treatment systems. However, quantifi-
cation of Mn oxide precipitation dynamics within these
complex environments has largely been limited to pore water
analysis and destructive sampling. Our work showcases the
opportunities provided by microfluidic systems to quantify in
situ biogeochemical reactions at multiple scales (e.g., pore
space and individual biofilms) and in real time, allowing us to
provide a mechanistic explanation for upscaled observations of
oxidative processes and mineral distribution.27−30,32

In this study, we observed that mineral accumulation
evolved in time and space due to coupled biotic and abiotic
processes. The contribution of abiotic processes to continued
mineral accumulation (Figures 3, 4, and 5) has substantial
implications for engineered treatment systems. While abiotic
oxidation can enhance Mn oxide formation and help sustain
precipitation rates beyond what biotic processes alone can
achieve, mineral propagation into the pore space (Figure S15)
may eventually lead to clogging that decreases treatment
efficiency over long operational time scales. Future work may
investigate how tuning the system hydrodynamics can change
the biofilm distribution to mitigate blockages from mineral
precipitation while maximizing the porous domain used for
Mn(II) removal. Biotic and abiotic mechanisms of Mn oxide
precipitation also dictate mineral structure and reactivity.
While biogenic Mn oxides are predominantly Mn(IV), abiotic
processes can increase the oxide’s solid-phase Mn(III)
content.17,18,53,54 During surface-mediated oxidation, aqueous
Mn(II) sorbs to Mn oxide particles, transferring electrons to
Mn(IV) and remaining as sorbed or incorporated Mn(III).

Figure 5. Extent and rate of Mn oxide precipitation inside and outside
the biofilm footprint at the reactor-scale. (a) Mn oxide mass
accumulation (ΣM) on biofilm interiors and exteriors at discrete
time points during the mineralization phase, shown as the average of

experimental triplicates. (b) Rates of Mn oxide accumulation ( )d( M)
dt

in all biofilm−mineral assemblages (brown), biofilm interiors (light
blue), and biofilm exteriors (dark blue). Markers represent the
average of triplicate experiments, and shading indicates the standard
deviation.
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Consequently, continued exposure to Mn(II) influences
mineral reactivity toward organic and inorganic spe-
cies.6,11,18,53−56

Our optical imaging approach allows us to quantify distinct
mineral precipitation processes but does not provide chemical
information. Direct measurement of Mn speciation, which
could be achieved with synchrotron-based X-ray spectroscopy,
would confirm that Mn oxide accumulation at biofilm−fluid
interfaces results from abiotic oxidation processes, allowing us
to explore how mineral reactivity toward Mn(II) and co-
occurring contaminants would evolve over time. Though it has
not been explicitly documented for Mn biomineralization,
extracellular polymers at the biofilm−fluid interface may also
promote Mn precipitation by increasing the local concen-
trations of Mn(II) or modulating the interfacial energy
associated with mineral nucleation.57−60 Future research
should focus on integrating spectroscopy and microfluidic
systems to further define the contribution of microbes, mineral
surfaces, and EPS to Mn(II) removal and Mn oxide
precipitation in porous media.

While we investigated Mn oxide precipitation under specific
experimental parameters (fixed flow rate, defined fluid
chemistry, model bacterium), pore-scale biomineralization is
inherently dynamic and heterogeneous.22 For instance, both
soils and treatment systems experience transient flow, such as
water table fluctuations or filter backwash, that influences
biofilm attachment and spatial localization of mineral
precipitates. Pore fluids also have variable ionic strength,
redox potential, and pH, all of which dictate the kinetics of
mineral nucleation and precipitation. Finally, porous media
host diverse microbial communities, whose interactions control
resource allocation, biofilm development, and the resulting
distribution and stability of mineral precipitates. By establish-
ing a framework for quantifying in situ biogeochemical
transformations in porous media analogs, our study creates
opportunities to bridge the gap between mechanistic pore-scale
experiments, column systems, and complex natural environ-
ments.
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