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Summary

Nanoparticles are ubiquitous and co-occur with
microbial life in every environment on Earth. Inter-
actions between microbes and nanoparticles impact
the biogeochemical cycles via accelerating various
reaction rates and enabling biological processes at
the smallest scales. Distinct from microbe-mineral
interactions at large, microbe-nanoparticle inter-
actions may involve higher levels of active recogni-
tion and utilization of the reactive, changeable, and
thereby ’moldable’ nano-sized inorganic phases by
microbes, which has been given minimal attention in
previous reviews. Here we have compiled the various
cases of microbe-nanoparticle interactions with clear
and potential benefits to the microbial cells and
communities. Specifically, we discussed (i) the high
bioavailabilities of nanoparticles due to increased
specific surface areas and size-dependent solubility,
with a focus on environmentally-relevant iron(III)
(oxyhydr)oxides and pyrite, (ii) microbial utilization of
nanoparticles as ’nano-tools’ for electron transfer,
chemotaxis, and storage units, and (iii) speculated
benefits of precipitating ’moldable’ nanoparticles in
extracellular biomineralization. We further discussed
emergent questions concerning cellular level responses
to nanoparticle-associated cues, and the factors that
affect nanoparticles’ bioavailabilities beyond size-
dependent effects. We end the review by proposing a
framework towards more quantitative approaches and

by highlighting promising techniques to guide future
research in this exciting field.

Introduction

Similar to microbes, nanoparticles (which are defined as
clusters, crystals, and amorphous phases having at least
one dimension of 1–100 nm, Caraballo et al., 2015), have
been found prevalent and abundant in a wide range of
natural systems, from groundwater, soils, volcanic ashes,
glaciers, thawing permafrost, to lacustrine, riverine, estu-
arine and marine settings (Hochella et al., 2008; Gartman
et al., 2014; Johnson et al., 2014; Tepe and Bau, 2014,
2015; Hirst et al., 2017; Graca et al., 2018; Hawkings
et al., 2018; Schindler et al., 2019). In contrast to the con-
sensus that microbial life is central to many geological
and environmental processes on Earth, the integral role
of nanoparticles in global biogeochemical cycles has only
started to be recognized. The estimated total abun-
dances of both nanoparticles and microbes on Earth are
extremely high, at magnitudes of >1027 (Hochella
et al., 2019; converting from mass to number assuming
reasonable molar mass and size) and � 1030 (Kallmeyer
et al., 2012), respectively. These gigantic numbers,
combined with significant overlaps in the occurrence set-
tings of nanoparticles and microbes, inevitably lead to
enquiries of possible interplays between the two and
effects of such interplays on the biogeochemistry of ele-
ments as well as on microbial physiology, evolution and
ecology. Nanoparticles have been shown to be more
reactive compared to larger mineral particles in numerous
cases. This increased reactivity is a result of unique parti-
cle properties at the nanoscale, which include—but are
not limited to—exceedingly high surface area-to-volume
ratios, size- and shape-dependent solubilities, high
surface energies, high densities of surface defects and
strain, the wide range of atomic structural orders
(i.e., crystallinity) and the high tendency of self-induced
phase transformation and morphological changes
(Banfield and Zhang, 2001; Gilbert et al., 2004; Misra
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et al., 2012; Caraballo et al., 2015; De Yoreo
et al., 2015). These properties of nanoparticles ultimately
lead to their increased bioavailability and enhanced ’mol-
dability’, reflected in the preferential utilization of
nanoparticles relative to larger particles by microbial life
(see discussions in Sections 2 and 5).
While many studies on microbe-nanoparticle interac-

tions were focused on the cytotoxic effects of engineered
nanoparticles (i.e., metal oxides, silver, gold, quantum
dots and carbon-based nanoparticles) released via
anthropogenic activities (Hu et al., 2009; Kang
et al., 2009; Priester et al., 2009; Aruguete et al., 2010;
Aruguete and Hochella, 2010; Schacht et al., 2012; Xu
et al., 2012; Sharma et al., 2014; Gil-Allué et al., 2018),
recent studies have revealed that the presence of
naturally-occurring nanoparticles may play important, if
not essential, roles in enabling microbial metabolisms,
with great benefits to single cells and to the overall micro-
bial populations. In this review, we focus on compiling
these beneficial interactions involving naturally-occurring
nanoparticles, ranging from their high bioavailabilities, to
their utilization by microbes as functional ’nano-tools” in
assisting with electron transfer, chemotaxis, and sub-
strate storage, as well as speculated roles in energy
metabolism (Fig. 1). While many themes may be related
and inherited from previous reviews on microbe-mineral

interactions (Dong, 2010; Gadd, 2010; Benzerara
et al., 2011; Miot et al., 2014; Shi et al., 2016), our focus
here is specifically on the nanoscale phases and clusters
and their distinctive roles from bulk minerals. Our compi-
lation is not meant to be exhaustive; rather, it serves to
highlight the diversity of beneficial microbe-nanoparticle
interactions and to provide kernels upon which later envi-
ronmental microbiological work may continue to build. We
end the review by discussing current knowledge gaps in
the field and possible directions for future investigations.

Nanoparticles as highly bioavailable nutrient
sources: surface area effects and size-dependent
dissolution

There are two main reasons as to why nanoparticles are
more bioavailable compared to macro-particles
(i.e., defined as larger particles with all dimensions of at
least micron scales). First, the surface area-to-volume
(SA/V) ratio of a particle is inversely proportional to the
diameter of the sphere (Fig. 2A). As most microbial-
particle interactions are governed by the effective surface
area of contact, it is easy to see why nanoparticles are
more bioavailable compared to macro-particles on the
same per volume basis. Secondly, independent of the
surface area, a mineral’s solubility is also expected to

Fig 1. A summary of beneficial
microbial-nanoparticle interactions
in the environment. Different-
coloured cells represent different
species. Abbreviations: NPs
(nanoparticles), EPS (Extracellular
Polymeric Substances that consti-
tute a biofilm), PMF (Proton
Motive Force).
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increase exponentially with decreasing particle size
according to the modified Kelvin equation: (Echigo
et al., 2012):

S=S0 = e2γV=RTr ð1Þ

Here, S is the solubility (mol/kg) of a mineral grain with
a radius r (m), S0 is the solubility of the bulk mineral, γ is
the surface free energy (J/m2), V is the molar volume
(m3/mol), R is the universal gas constant (J/mol/K) and
T is the absolute temperature (K). Figure 2B exemplifies
the size-dependent solubilities of two environmentally-
relevant minerals: hematite (α-Fe2O3) and pyrite (FeS2).
Two observations are evident here: the solubilities are
enhanced only when particle radii are reduced to below
100 nm, and further, the degree of solubility enhance-
ment (S/S0) depends on the mineral type, specifically on
the mineral-specific parameters of γ and V. However, the
solubility prediction can rarely be applied quantitatively,
because surface free energies can vary as a factor of
particle size and shape, solution chemistry, and the pres-
ence of structural impurities or defects (Banfield and
Zhang, 2001; Tang et al., 2004; Wagner et al., 2014).
Regardless, this relationship provides an additional basis
for expecting higher bioavailability for nano- over macro-
particles.

Two of the most commonly studied nanoparticles are
iron(III)-(oxyhydr)oxides (Fe-oxides) and pyrite (FeS2)
due to the natural occurrence and the biogeochemical
importance of these minerals throughout the Earth’s near
surface environments (Berner, 1984; Cornell and
Schwertmann, 2003). Fe-oxides present a potentially rich
source of Fe for incorporation into enzymes as reaction
centers, or as electron acceptors for energy generation
(Glass and Orphan, 2012; Melton et al., 2014; Bryce
et al., 2018). Similarly, pyrite can be a rich source for Fe
and sulphur (S) for protein building (e.g., disulphide
bonds) or as electron donors for energy generation

(Jørgensen et al., 2019). Both of these minerals have low
solubilities (Rickard and Luther, 2007); thus, the effi-
ciency of microbial Fe- and S-related metabolisms
depends greatly on the bioavailability of the solid phases.

In the case of Fe-oxides, multiple experimental studies
have demonstrated that the bioavailability of Fe-oxides at
circumneutral pH is dependent on their sizes. The growth
rate of the aerobic bacterium Pseudomonas mendocina
is 2 to 3 times faster in the presence of 9 nm versus
72 nm hematite under Fe-limited conditions (Dehner
et al., 2011). Similarly, the Fe(III) reduction rates of Geo-
bacter sulfurreducens and Shewanella oneidensis are
2 to 100 times faster in the presence of smaller-sized
nano-hematite (Yan et al., 2008; Bose et al., 2009; Bosch
et al., 2010). Interesting exceptions to the expected size-
rate relationship are known in two cases however. First,
the surface area-normalized reduction rates for nano-
hematite by G. sulfurreducens appeared to follow the
particle size order of 30 nm > 50 nm > 10 nm (Yan
et al., 2008). Second, the surface area-normalized reduc-
tion rates by S. oneidensis appeared to be about 10×
faster for the 99 nm compared to the ≤43 nm hematite
(Bose et al., 2009). Thus, both of these studies demon-
strated slower rates for the smaller nanoparticles in
contrast to expectation. A follow-up study employing the
purified Fe(III)-reducing enzyme OmcA isolated from
S. oneidensis neatly demonstrated that these unex-
pected observations can be understood in terms of nano-
particle aggregation and pore throat sizes. Small nano-
hematites aggregate closely together in solution, reduc-
ing the effective surface area that is accessible by the
’large’ (�10 × 6 × 5 nm) OmcA enzyme. In contrast,
aggregates of larger nano-hematite are associated with
larger pore throat sizes; thus, the effective surface area
of the nanoparticles was not decreased, leading to an
apparent faster Fe(III) production rate (Liu et al., 2016).
This study highlights the importance in considering the
structure and accessibility of aggregates compared to
individual nanoparticles in microbial metabolisms. For

Fig 2. The relationships of parti-
cle radius with (A) surface area-
to-volume ratio (SA/V), assuming
a spherical shape, and (B) the
degree of solubility enhancement
(S/S0) of nano-hematite and
nano-pyrite relative to the respec-
tive macro-particles. Parameters
for hematite: γ = 10.375 J/m2,
V = 3.03 × 10−5 m3/mol; pyrite:
γ = 3.072 J/m2, V = 2.39
× 10−5 m3/mol (Robie and
Bethke, 1966; Tromans and
Meech, 2002).
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additional discussions on the importance of Fe-oxide
nanoparticles in geomicrobiology and remediation,
readers are referred to the excellent review by Braun-
schweig et al. (2013).
For pyrite, early studies were focused on aerobic pyrite

oxidation at low pH because of the importance of this
reaction in generating acid mine drainages. Pyrite oxida-
tion and dissolution, mediated by microbial species such
as Acidithiobacillus, can be up to 106 times faster com-
pared to abiotic rates (reviewed by Gleisner et al., 2006).
Both abiotic and microbial oxidation rates of pyrite were
found to proportionally increase with decreasing particle
sizes (Asai et al., 1992; Rimstidt and Vaughan, 2003).
However, another study showed a more complex rela-
tionship between particle sizes and microbial oxidation
rates of pyrite. While the oxidation rates were negatively
correlated with particle sizes in the size range of
925–2830 μm, the rates were surprisingly positively cor-
related with particle sizes in the size range of
150–925 μm. It was suggested that this contrasting disso-
lution behaviour between different particle size ranges
was due to variations in the defect densities on particle
surfaces, which likely had an effect on bacterial attach-
ment (Shrihari et al., 1995). We note here that only
micron-sized pyrite particles have been examined in the
aforementioned studies. The relevance and importance
of nanoscale pyrite in acid mine drainages remain elusive
to the best of our knowledge.
Only recently was it demonstrated that the oxidative

dissolution of pyrite can be accelerated at circumneutral
pH, depending on the microbial presence and pyrite particle
sizes. Under aerobic conditions, the microbial oxidation rate
for nano- to micron-sized pyrite was about ten times higher
than abiotic controls, resulting in 30–50 nm thick ferrihydrite
coatings on the pyrite’s surface and the release of sulfate to
the solution. Metagenomic analysis implicated the family
Bradyrhizobiacea (Alphaproteobacteria) and the genus
Ralstonia (Betaproteobacteria) for aerobic pyrite oxidation
in that study (Percak-Dennett et al., 2017). Under anoxic
conditions, the sulphur in pyrite (pyrite-S) can be oxidized
with concurrent reduction of nitrate by Thiobacillus
denitrificans, Sulfurimonas species, or by indigenous
microbial communities in certain anoxic environments
(Jørgensen et al., 2009; Bosch et al., 2011; Pu
et al., 2014). These reactions were faster when smaller-
sized pyrite particles were provided as the electron donor
(Torrentó et al., 2010; Vaclavkova et al., 2015). Less than
9% of the pyrite-S was oxidized in each of these studies.
The most recent study by Yan et al. (2018) highlighted
the possibility that these previous studies may be mis-
leading as bioavailable elemental sulphur (S0) particles
are common impurities associated with pyrite that was
not pre-treated with organic solvents. Indeed, earlier
studies found no pyrite oxidation when microbes were

incubated in the presence of solvent-washed pyrite
(Schippers and Jorgensen, 2002; Haaijer et al., 2007).
Nevertheless, Yan et al. (2018) demonstrated that even
with S0 impurities in their experiments, about 4% of the
pyrite-S must have been oxidized by T. denitrificans in
order to explain the amount of sulfate produced. Overall,
these studies demonstrated that the particle size of pyrite
controls its bioavailability. As natural pyrite can vary in
size from <100 nm to a few centimetres (Huang
et al., 2017), these findings can have important implica-
tions to the biogeochemical cycling of Fe, S, oxygen and
trace metals throughout Earth’s history (Canfield, 2005;
Johnston et al., 2009; Houben et al., 2017).

Besides Fe-oxides and pyrite, virtually all other min-
erals on Earth have a nanoparticulate component, gener-
ated either through weathering or during the earliest
stages of nucleation and growth from a fluid. Field evi-
dence of nanoparticles of silica, clays, carbonates, sul-
fates, halides, pure metals (e.g., silver, gold and copper)
and non-metals (sulphur and selenium), and metal-rich
oxides and sulfides was reviewed previously (Sharma
et al., 2015; Griffin et al., 2018; Hochella et al., 2019).
While these natural nanoparticles may occur in relatively
high concentrations within certain localities depending on
the geology, most of them remained to be examined with
respect to their bioavailabilities and potential benefits to
microbial activities. A few previous studies did examine
the bioavailability of nanoscale to micron-sized iron-
containing clays and manganese oxides as energy
sources, and revealed that the microbial reduction rates
of these substrates are largely controlled by the surface
areas, morphology, and crystallinity of the minerals
(Burdige et al., 1992; Kostka et al., 2002; Dong et al.,
2003; Vorhies and Gaines, 2009; Pentráková et al., 2013;
Novotnik et al., 2019).

Nanoparticle-assisted electron transfer among
microbial cells

A key tenet of microbial energy metabolism involves the
transfer of electrons from chemical species acting as
electron donors to another species acting as electron
acceptors. This poses a challenge when microbes live in
micrometre-thick biofilms with limited accessibility to cer-
tain chemical species or when the electron donor and
acceptor are spatially separated (e.g., sulfide and oxygen
separated by a few centimetres within the sedimentary
column). To overcome this problem, microbes are able to
utilize conductive or semi-conductive nanoparticles (such
as magnetite, hematite, graphite and mackinawite) as
functional ’nano-tools” to assist in electron transfer (Kato
et al, 2010; Jiang et al., 2014; Hu et al., 2018). Electron
transfer from cell-to-cell or cell-to-macroparticles can be
mediated by these nanoparticles either through direct
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contact or indirectly through soluble organic mediators
(Jiang et al., 2014). The addition of conductive nano-
particles to bacterial cultures was found to both increase
biofilm thickness and to sustain greater cell viability
throughout the different biofilm layers (Hu et al., 2018).
While conductive macro-particles can also assist in elec-
tron transfer, the efficiency is likely less since only
nanoparticles can form dense electrical conduits in the
spaces within biofilms (Kato et al., 2010). There are ten-
tative evidences that nanoparticles can even facilitate
electron transfer in the periplasmic and intracellular
space of microbes (Fu et al., 2019; Deng et al., 2020),
due to the unique capability of extremely small
nanoparticles (< 10 nm) to pass through the cell mem-
brane (Kloepfer et al., 2005; Dehner et al., 2011).

Nanoparticles can also mediate electron transfer
between species, resulting in coupling of metabolic path-
ways that would not have been otherwise possible (Liu
et al., 2012; Kato et al., 2012b; Aulenta et al., 2013;
Byrne et al., 2015; Tang et al., 2016; You et al., 2018).
Nanoparticle-assisted electron transfer is particularly
important for methanogenesis that relies on close interac-
tions between Bacteria and Archaea; theoretical calcula-
tions indicate that interspecies electron flux via
nanoparticles is about 106 times higher than using diffus-
ible H2 molecules (Cruz Viggi et al., 2014). Consistent
with this calculation, methane-producing microbial com-
munities enriched from paddy soils, anaerobic digesters
and lake and coastal sediments display 0.3 to 4 times
faster methane production rates when conductive
nanoparticles are added to the cultures (Kato et al.,
2012a; Yamada et al., 2015; Zhuang et al., 2015, 2018;
Kato and Igarashi, 2018; Rotaru et al., 2018, 2019). In
one particular case, methanogenesis was only sustain-
able in the presence of conductive nanoparticles (Rotaru
et al., 2019). DNA analyses implicate Geobacter and
Methanosarcina as the primary drivers for nanoparticle-
assisted methanogenesis in most of these studies.

Another striking example of nanoparticle-assisted elec-
tron transfer is in the utilization of surface-bound
nanoparticles by nonphotosynthetic bacteria to harvest
electrons from visible light. Sakimoto et al. (2016) demon-
strated that in the presence of cadmium sulfide (CdS)
nanoparticles, the nonphotosynthetic bacterium Moorella
thermoacetica can harness electrons from visible light-
driven processes to form acetic acid from CO2. Wang
et al. (2017) applied a similar concept to Escherichia coli,
resulting in enhanced rate of H2 production by fermenta-
tion when the microbe-CdS hybrid were exposed to visi-
ble light. A series of recent studies (reviewed in
Cestellos-Blanco et al., 2020) have further explored the
idea of hybridizing photosensitive nanoparticles with
microbial cells or cellular components for artificial photo-
synthesis. All of these are engineered systems designed

to work in the laboratory however, with unclear relevance
to natural systems. We speculate that metal clusters
(e.g., manganese, nickel, copper, zinc and iron–sulphur
complexes) utilized in modern photosynthetic electron
transport (Raven et al., 1999) may have evolved from
ancient interactions between microbes and metal-sulfide
nanoparticles (likely discharged in high concentrations
within terrestrial and shallow marine hydrothermal systems
that are accessible to light), resonating with the theme of life
origin and evolution in the metal-sulfide world (Beinert
et al., 1997; Huber and Wächtershauser, 1998).

Beneficial nanoparticle inclusions

Due to their small sizes, nanoparticles can exist as inclu-
sions within microbial cells. Some of these nanoparticles
may be formed intracellularly as part of a detoxification
mechanism (as reviewed in Hulkoti and Taranath, 2014)
while nanoparticles <10 nm may be indiscriminately
taken up by the cells from the extracellular solution due
to their extremely small sizes (Kloepfer et al., 2005; Dehner
et al., 2011). Here we focus on beneficial nanoparticle inclu-
sions that are actively precipitated by the cells in order to
serve specific metabolic functions (Fig. 3).

Magnetite/greigite inclusions in magnetotactic bacteria
as nano-compasses

The discovery of magnetotactic bacteria represents the
first ever report of microorganisms capable of utilizing
nanoparticle inclusions for a specific metabolic function,
in this case to enable navigation based on a magnetic
field (Blakemore, 1975; Chen et al., 2010). The inclusions
are composed of 30–140 nm single domain crystals of
magnetite (Fe3O4) and/or greigite (Fe3S4) that are
arranged in chains, causing the cells to align along the
Earth’s magnetic field lines (Faivre and Schueler, 2008).
This helps the cells to navigate in habitats with vertical
redox gradients as commonly found in their optimal
environmental niches near the oxic-anoxic interface
(Lefevre and Bazylinski, 2013). Magnetotactic bacteria
are geographically and phylogenetically widespread,
spanning the Alphaproteobacteria, Deltaproteobacteria
and Gammaproteobacteria classes of the Proteobacteria
phylum, the Nitrospirae phylum and the candidate phyla
of Omnitrophica and Latescibacteria (Lin et al., 2017).
Magnetotactic bacteria induce the formation of magnetite
through solid-state transformation of precursor nanometric
Fe(III)-oxides (similar to ferrihydrite; Baumgartner et al.,
2013) or solid ferrous iron phases (similar to green rust;
Baumgartner et al., 2016). Magnetotactic bacteria were
recently found as symbionts of marine bivalves (Dufour
et al., 2014) and protists (Monteil et al., 2019). It is specu-
lated that endosymbiotic magnetotactic bacteria may
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contribute to the magnetic sensing capability of migrating
animals, although this is yet to be proven (Natan and
Vortman, 2017). The consistent morphology, size, and
chemical purity of the magnetite/greigite nanoparticles
formed within magnetotactic bacteria, along with the avail-
able technology to functionalize these nanoparticles’ sur-
face towards specific targets, renders the bacteria and their
biogenic nanoparticles as potent candidates for applications
in water remediation, food safety, drug delivery, magnetic
resonance imaging and even for cancer treatment
(Alphandéry, 2014; Ali et al., 2018; Vargas et al., 2018).

Elemental sulphur (S0) inclusions in sulphur-oxidizing
microbes as nano-stockpiles

Elemental sulphur inclusions can be formed intracellularly
by a number of bacteria within the Proteobacteria
phylum. These include small (≤ 5 μm) bacteria such as
Acidithiobacillus (He et al., 2009), Thiothrix (Howarth
et al., 1999) and green sulphur bacteria and purple
sulphur bacteria (Gregersen et al., 2011), as well as the
strikingly large (size up to 750 μm) members of the
sulphur-oxidizing bacteria group such as Beggiatoa,
Thioploca, Thiomargarita, Thiovulum and Achromatium
(Dahl and Prange, 2006; Salman et al., 2011). These
inclusions have a size range of 30 to �2000 nm
(Steudel, 1989; Findlay et al., 2014), with the larger inclu-
sions likely being composed of amorphous to nano-
crystalline aggregates of S0 (Marnocha et al., 2019; Nims
et al., 2019). The inclusions serve an important metabolic
role by being a compact storage unit of S0 to be used as
reserve electron donors under low-nutrient conditions.
The S0 is accumulated under periods of high H2S,
reaching concentrations up to 1700 mM S0 within a single
cell (Schulz et al., 1999). When H2S is depleted
(e.g., during O2-rich period), the S0 inclusions can be oxi-
dized to gain energy. This strategy confers metabolic
flexibility to sulphur-oxidizing bacteria by allowing the
cells to survive in environmental niches where electron

donors and acceptors are spatially and temporally varied
(e.g., Schulz et al., 1999). The S0 inclusions may also be
used as an electron acceptor coupled to the reduction of
dihydrogen under anoxic conditions (Kreutzmann and
Schulz-Vogt, 2016). Even though S0 nanoparticles have
various potential applications—such as antimicrobial and
antifungal agents in medicinal, agricultural and food
industry, as nutrient amendments in agriculture, and as
components in lithium-sulphur batteries (Li et al., 2016;
Shankar et al., 2020)—the utilization of microbial S0

inclusions for these purposes is still underexplored.

Nano-carbonate inclusions in cyanobacteria: speculated
functions

Recently, several species of cyanobacteria were discov-
ered to harbour naturally-formed nanoscale carbonate
inclusions; these cyanobacteria are geographically and
phylogenetically widespread (Benzerara et al., 2014).
Electron microscopy analysis indicated that the inclusions
are 50–870 nm in size and are composed primarily of
amorphous calcium (Ca) carbonate with varying amount
of magnesium (Mg), barium (Ba) and strontium
(Sr) (Couradeau et al., 2012; Benzerara et al., 2014;
Cam et al., 2016). The inclusions make up 2%–4% of dry
cell masses and can be formed even in the presence of
extracellular solution undersaturated with respect to
Ca-carbonate phases (Cam et al., 2018). Additionally, the
inclusions display higher Sr/Ca and Ba/Ca ratios than the
extracellular solution, indicating selective uptake of Sr
and Ba during precipitation (Cam et al., 2016). These
observations imply that the precipitation of the carbonate
nanophases is actively mediated by the cells. Due to the
discovery that the cells also selectively sequester radio-
active Sr and radium over Ca, these cyanobacteria are
touted as promising components of future bioremediation
design for radioactive sites (Mehta et al., 2019).

Some cyanobacteria concentrate carbonate inclusions
at the cell poles and septum, indicative of a link to the

Fig 3. Microscopy images of nano-inclusions in microbes.
A. Magnetite in the magnetotactic bacterium Magnetovibrio blakemorei strain MV-1 (Abreu and Acosta-Avalos, 2018).
B. Elemental sulphur in the purple sulphur bacteria Chromatium okenii (Danza et al., 2017).
C. Nano-carbonate inclusions in the cyanobacterium Cyanothece sp. PCC 7425 (Benzerara et al., 2014).
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intracellular Ca2+ regulation system during cell division
(Benzerara et al., 2014). Others precipitate carbonate
inclusions throughout the cytoplasm, and speculated
functions of these inclusions include regulation of buoy-
ant cell density, intracellular pH, inorganic carbon con-
centration (to optimize CO2 fixation), or to regulate the
saturation state of extracellular solution with respect to
Ca-carbonates (to decrease the risk of cell encrustation)
(Couradeau et al., 2012; Cam et al., 2018). Besides cya-
nobacteria, carbonate inclusions are also observed in the
large sulphur bacteria from the genus Achromatium. Car-
bonate inclusions in Achromatium are larger (5–6 μm)
and more crystalline (Gray and Head, 2014), and they
are known to be formed within vesicles that are structur-
ally different than those in cyanobacteria (Blondeau
et al., 2018). It is interesting to consider if the ability to
form carbonate inclusions is an example of convergent
evolution in these two separate microbial lineages. Addi-
tional speculated functions for carbonate inclusions in
Achromatium are as storage units for inorganic carbon
for CO2 fixation (Babenzien, 1991; Head et al., 1995) and
as a harnessable proton source derived from the proton-
releasing precipitation reaction (Mansor et al., 2015).

Nanoparticle-based processes in extracellular
biomineralization: easier control and moldability?

While the ability to precipitate intracellular nanoparticles
is restricted to specific microbial species, many different
microbial populations are known to mediate extracellular
biomineralization. Widespread extracellular biominerali-
zation results from the modification of the bulk solution
chemistry through microbial metabolisms and have
important implications to natural biogeochemical cycling,
environmental remediation, and industrial applications.
Examples of extracellular biomineralization are induced
calcite formation via alkalinity generated from oxygenic
photosynthesis (Dupraz et al., 2009), Fe-oxide formation
via Fe3+ from Fe(II)-oxidizing microbes (Chan et al.,
2011; Posth et al., 2014), manganese-oxide formation
from Mn(II)-oxidizing microbes (Wright et al., 2016), metal
sulfide formation via sulfide (H2S) from sulfate-reducing
microbes (Moreau et al., 2004; Picard et al., 2016; Thiel
et al., 2019) and gypsum formation via sulfate from S-
oxidizing microbes (Harouaka et al., 2016). Mineral pre-
cipitation prevents accumulation of toxic metabolic prod-
ucts (e.g., H2S) and also maintains the thermodynamic
potential of the metabolic reaction so as to support opti-
mal growth (Amend and LaRowe, 2019; Labrado
et al., 2019). As all minerals go through a nanoparticle
stage during formation, (Hochella et al., 2008), there is
ample opportunity for microbes to influence the early
stages of extracellular biomineralization. The formed
nanoparticles can either remain as nanoparticles as

terminal products (e.g., ferrihydrite) or grow into macro-
particles through a combination of dissolution-precipita-
tion, ion attachment, and/or nanoparticle attachment pro-
cesses that can be modulated by the presence of
organics (De Yoreo et al., 2015). One of the major ques-
tions for extracellular biomineralization is: to what extent
is the process regulated by the microbes versus being
simply a fortunate side-process? Here, we will discuss
how a nanoparticle-based perspective can help us to
evaluate the extent of microbial regulation, focusing on
the potential benefit of extracellular biomineralization to
ATP generation.

Since some mineral formation is accompanied by the
release of protons (H+) (Equation 2–3), any microbes that
can harness the released H+ to supplement the proton
motive force for ATP generation may have an additional
advantage in the environment.

Fe3+ + 2H2O!FeOOH mð Þ +3H
+ ð2Þ

Fe2+ +H2S=HS
− !FeS mð Þ +2H

+ =H+ ð3Þ

There are two key considerations here however to
make such a pathway feasible: (i) the mineralization pro-
cess needs to occur closely associated with microbial cell
membranes to render the released protons usable, and
(ii) the mineralization products should not cut off the con-
tinuity of this process. Fe(II)-oxidizing bacteria seem to
have evolved a perfect solution for this by producing
micrometre-long filaments as organic templates for the
formation of Fe-oxide nanoparticles and for their assem-
bly into ’stalk’ structures (Fig. 4). The production of these
filaments potentially play a dual role in preventing cell
encrustation and to direct mineralization near the cells where
the released H+ can still be harnessed (Chan et al., 2004).
The cell surfaces themselves are associated with a near-
neutral charge that inhibits precipitation directly on the cell
membrane, thus preventing encrustation and favouring pre-
cipitation on the filaments (Saini and Chan, 2013). Involving
nanoparticles, to some extent, enhances the feasibility of the
hypothesized strategy because of the small sizes of primary
biomineral nanoparticles and their flexibility in organization
along the stalks.

Besides evolving specialized organic templates,
microbes may also harness H+ from nanoparticles that
directly form on the cell walls, such as the case for Fe-
oxides on the cells walls of some Fe-oxidizing bacteria
(Miot et al., 2009) and Fe-sulfides on sulfate-reducing
bacteria (Picard et al., 2018; Stanley and Southam, 2018;
Mansor et al., 2019a), respectively. The microbes in
these cases need to delicately balance potential benefits
versus the risk of cell encrustation and death (Miot
et al., 2015). The combined modification of the cells’ sur-
faces, secreted organic molecules and the chemistry of
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the cell microenvironments may allow some measure of
regulation to prevent cell encrustation, primarily by affect-
ing nanoparticle growth, dissolution and adsorption reac-
tions. Secretion of organic molecules and protons can
encourage dissolution of the nanoparticle crust by for-
ming metal–ligand complexes and modifying the satura-
tion state of the minerals (e.g., Fortin et al., 1994; Hegler
et al., 2010; Lazo et al., 2017). Soluble organic molecules
can also affect the morphology, size and crystallinity of
minerals, with the exact effects dependent on the identity
of the organic molecules and the minerals being studied
(Xu et al., 2016; Harouaka et al., 2017; Mansor
et al., 2020). Stabilization of the nanoparticles at their
small sizes may allow encapsulation by membrane vesi-
cles that can then be exported away from the cell walls
(Shao et al., 2014). On the other hand, binding of metals
to the cell walls combined with active pumping of protons
generates localized microenvironments that are proposed
to accelerate nanoparticle growth compared to those in
the bulk solution (Picard et al., 2018; Mansor
et al., 2019a, 2019b). This may form larger minerals that
are more easily ’shed’ from the cell walls compared to
nanoparticles. However, the recent finding that soluble
organics harvested from E. coli are just as potent at
inducing extracellular S0 formation compared to organics
from the S-oxidizing bacteria Sulfuricurvum kujiense
(Cron et al., 2019) indicates a non-specific role of organic
molecules in directing mineralization. The delicate bal-
ance between nanoparticle (trans)formation and microbial
responses needs to be understood in order to better
determine the extent of regulation that microbes have in

directing extracellular biomineralization. In this respect,
(meta)omics-based approaches (including genomics,
transcriptomics and proteomics) will likely be an impor-
tant contributor to future studies.

Future directions

Despite the significant progress achieved in microbe-
nanoparticle research in recent years, we have identified
several aspects that remain understudied. The major
ones include microbe-nanoparticle interaction mechanism
at the cellular level, consideration of nano-scale effects
beyond size, approaches in quantifying nanoparticle-
mediated biological process in elemental cycling, and
development of tools to track the morphological and bio-
chemical changes of microbe-nanoparticle assemblages
in situ, as respectively discussed below.

Microbe-nanoparticle interaction mechanisms at the
cellular level

One of the most fundamental gaps in microbe-
nanoparticle interaction research concerns if microbial
cells may ’recognize’ nanoparticles as a distinctive form
of environmental cues from soluble ions or bulk surfaces.
In other words, how the exposure to nanoparticles and
subsequent microbe-nanoparticle interactions may mod-
ify microbial cells’ gene regulation and expression
remains largely elusive, except for studies focusing on
the cytotoxic effects of engineered nanoparticles towards

Fig 4. A. Microscopy image of fil-
amentous Fe(II)-oxidizers as an
example of directed nanoparticle
formation via organic templates.
Courtesy of James Byrne, Univer-
sity of Bristol.
B. Microscopy image of FeS-
covered sulfate-reducing bacteria
(Picard et al., 2018).
C. Schematic of the proposed
mechanism by which a microbe
may be able to direct nanoparticle
precipitation and harness the
released H+ for maintenance of
the proton motive force (PMF)
across cell membrane (based on
Chan et al. (2004) and Garber
et al. (2020). Similar mechanisms
could apply to any nanoparticle
formation that releases H+ during
precipitation.
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pure cultures (i.e., microalgae, bacteria and yeasts) and
model microbial communities (Monrás et al., 2014;
Lagarde et al., 2016; Revel et al., 2017; Déniel
et al., 2019; Horstmann et al., 2019; Singh, 2019). Within
these studies, a few representative cases suggest that
microbial cells respond to nanoparticle-specific cues at
the genetic level. For example, Pseudomonas
aeruginosa differentially expressed �28% and � 43% of
their total transcripts in response to silver nanoparticles
and silver ions, respectively, compared to untreated sam-
ples (Singh et al., 2019). These genes are mainly involved
in cell adhesion and dispersion, and also curiously in alkane
degradation and denitrification. Transcriptomic profiling of
the model microalgae Chlamydomonas reinhardtii also
suggested recognition of different nanoparticles. Specifi-
cally, a decrease at the transcript level linked with photo-
synthesis was identified for C. reinhardtii exposed to TiO2

or ZnO nanoparticles whereas an increase of gene tran-
scripts linked to biosynthesis of proteasome and cell wall
components was observed for cells exposed to silver
nanoparticles (Simon et al., 2013). Further, a recent study
examined the effects of gold nanoparticles with various
morphologies and coatings on the taxonomy and functional
gene expressions of model microbial communities from
wastewater treatment reactors. It was found that the mor-
phology of the gold nanoparticles has a more dominant
influence over the microbial community structure and the
abundances of antibiotic- and metal-resistance genes com-
pared to the nanoparticles’ surface coatings (Metch
et al., 2018). Finally, addition of hydroxyapatite particles
with different sizes to soils were found to influence microbial
community in a complex manner, suggesting size-
dependent responses (Cui et al., 2018). Genetic manipula-
tion (i.e., creating knock-out mutant strains) has also been
used in studies on electron transfer between microbes and
nanoparticles. For example, Geobacter sulfurreducens was
demonstrated to express different pathways for energy
harvesting depending on the aging treatment of the Fe-
oxide substrates, even when the aging treatment was
shown to not generate any discernible changes in the X-ray
diffraction patterns of the minerals (Levar et al., 2017).
Using transcriptomic and proteomic tools to interpret
microbe-nanoparticle interaction mechanisms is not trivial,
but the fast development of these high-throughput methods
into more easily accessible and understandable compo-
nents is certain to drive new breakthroughs, especially with
respect to microbial regulation of nanoparticle (trans)
formation.

Beyond size-dependent effects

There is a need to broaden our view on the factors con-
trolling the bioavailability of nanoparticles in natural envi-
ronments, from the well-studied importance of surface

area and size-dependent solubility, to the less explored
effects of surface coating, particle shapes, surface char-
ges, structural defects, and aggregation. In the case of
the S-oxidizing bacteria Chlorobaculum tepidum, the
organic coating of extracellular S0 strongly affects its bio-
availability (Marnocha et al., 2019). Different shapes of
the same nanoparticle can induce differing microbial
responses, which is hypothesized to be associated with
the specificity of microbe-nanoparticle surface recognition
as well as the relative amount of high-reactivity mineral
surfaces (Pal et al., 2007; Metch et al., 2018). Shape,
size, and surface coating of (nano)particles were also
shown to affect binding of the particles to E. coli and
Helicobacter pylori (Westmeier et al., 2018). Reaction
rates are controlled by the density of defects on the sur-
face, which can lead to higher reaction rates for defect-
rich nanoparticles compared to defect-poor nanoparticles
(Eskelsen et al., 2018). Lastly, it has been suggested that
the binding efficiency of the same nanoparticle to
microbes may differ depending on the bacterial species
(discussed in Stauber et al., 2018) and the bacterial
growth state (Eymard-Vernain et al., 2018). Since most of
these studies employed engineered nanoparticles, we
suggest that similar studies can be designed with a focus
on microbial interactions with natural nanoparticles or
their synthetic analogues.

Besides the characteristics of individual nanoparticles,
future studies should also consider the impact of aggre-
gation on microbe-nanoparticle interactions. Homo-
aggregation (aggregation of particles of similar size,
shape and elemental composition) has been shown to
lead to lower surface areas and lower abiotic dissolution
rates (Liu et al., 2009; Echigo et al., 2012), but there is also
a need to consider heteroaggregation (aggregation of parti-
cles of different sizes, shapes and elemental compositions)
processes that are most likely more important in the envi-
ronment (Hotze et al., 2010). Heteroaggregation of
ferrihydrite with biochar or clay minerals modified the micro-
bial Fe(III) reduction rate depending on the exact composi-
tion of the heteroaggregates (Yang et al., 2020; Zeng
et al., 2020). The process of aggregation is also impacted
by the nanoparticles’ size, shape, and surface coating,
leading to a potentially complex interplay between all these
parameters (Hotze et al., 2010).

Towards quantitative approaches in evaluating
nanoparticle importance in nature

Microbially-mediated elemental cycling via nanoparticles
has been repeatedly proposed to be important in a wide
variety of environments, but quantitative description of
their importance is lacking. Observations for the presence
of nanoparticles do not automatically means that the said
nanoparticles are important. An important question to
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consider in any system of interest is the relative involve-
ment of the dissolved, nanoparticulate, and macro-
particulate phases in microbial reactions (Fig. 5). The
following equations may be used to conceptually
describe the relative contribution of the various phases to
a particular reaction:

fp rxnð Þ =mp × fp availð Þ ð4Þ

%contributionp =
ð

fp rxnð Þ
Pp

fp rxnð Þ
� � dt ×100% ð5Þ

Here, the subscript ’p’ stands for one of the three
described phases (dissolved, nanoparticles or macro-par-
ticles), fp(rxn) stands for the fraction of the specified phase
that is involved in a given reaction, mp is the mass of a
given element within the specified phase, fp(avail) is the
fraction of mass within a specified phase that is actually
(bio)available, and t stands for time. The value of f(avail)
should theoretically approach unity for the dissolved and
nanoparticulate phases, while it may be significantly less
for macroparticles. For nanoparticles, the values of f(avail)
may not only be a function of size, but also of aggrega-
tion state, shape and surface coatings, and our assump-
tion of a value approaching unity for f(avail) warrants
further testing under conditions specific to the system of

interest. With these equations, and a good handle of the
mass balance of the whole system, it thus becomes
possible to conceptualize the relative contribution of
nanoparticles, compared to the dissolved and macro-
particulate phases, for any given reaction. The inclusion
of dt is an attempt to incorporate kinetics into consider-
ation, which is important in evaluating the involvement of
dynamic nanoparticles. Over short time scales, we
expect processes involving the more bioavailable dis-
solved and nanoparticulate phases to be important. Over
longer time scales, processes involving the macro-
particles (that can often dominate the mass of a given
system) may be more important. The parameter dt is
therefore a function of the incubation time in laboratory
experiments or residence time in the environment. The
whole reaction can be made more accurate by incorpo-
rating kinetics (as rate, R) and thermodynamics
(as solubility, S and surface free energy, γ) factors, as
well as the important yet complex cascading effects in
which dissolving macroparticles (either primarily macro-
sized or of aggregated nanoparticles) are continuously
evolving into smaller particles, and dissolving particles
into dissolved ions. It is also important to note that while
we consider nanoparticles in this review to be those in
the 1–100 nm size range, the equations are also applicable
for operationally-defined ’nanoparticles” in the 1–220 nm or
1–450 nm size range that are primarily based on common

Fig 5. A flowchart detailing the
strategy for quantitative determi-
nation of the relative contribution
of the various size fractions to a
specific microbially-mediated
reaction in the environment.
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pore sizes of commercially-available filters. In some sys-
tems, it may also be of interest to differentiate colloids (parti-
cles smaller than 1000 nm in at least one dimension;
Caraballo et al., 2015) from nanoparticles and larger-sized
macro-particles.

Application of new analytical tools

Our understanding on microbe-nanoparticle interactions
will likely be accelerated in the near future with the
increasing availability of state-of-the-art techniques such
as liquid cell transmission electron microscopy (LCTEM),
cryogenic electron microscopy, and single-particle induc-
tively coupled plasma mass spectrometry (spICP-MS).
LCTEM has been used to provide 2D imaging of
nanoparticles in situ, allowing for direct measurements of
nanoparticle dissolution rates as a function of aggregate
size and compactness (Li et al., 2019). Cryogenic elec-
tron tomography (cryo-ET) using transmission electron
microscopy has provided incredibly detailed images of
the 3D fractal structure of Fe-oxide aggregates, thus
directly linking aggregate structure to transport properties
(Legg et al., 2014a, 2014b). Similarly, cryogenic-focused
ion beam-scanning electron microscopy (cryo-FIB-SEM)
will soon provide 3D structures of microbial-nanoparticle
aggregates. Lastly, spICP-MS can provide the elemental
compositions of hundreds to thousands of suspended
nanoparticle aggregates within minutes (Lee et al., 2014;
Bevers et al., 2020). A derivation of this technique has
already been used to probe the variation in Fe content of
magnetotactic bacteria at the single cell levels using
single-cell ICP-MS (Amor et al., 2020). All of these tech-
niques will be capable of probing microbe-nanoparticle
interactions at an unprecedented scale. Overall, the envi-
ronmental prevalence and multiple feedbacks involved in
microbe-nanoparticle interactions lend this as one of the
most exciting research fields for the next few decades.
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