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Prospects and applications of synergistic noble
metal nanoparticle-bacterial hybrid systems
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Hybrid systems composed of living cells and nanomaterials have been attracting great interest in various
fields of research ranging from materials science to biomedicine. In particular, the interfacing of noble
metal nanoparticles and bacterial cells in a single architecture aims to generate hybrid systems that
combine the unique physicochemical properties of the metals and biological attributes of the microbial
cells. While the bacterial cells provide effector and scaffolding functions, the metallic component endows
the hybrid system with multifunctional capabilities. This synergistic effort seeks to fabricate living materials
with improved functions and new properties that surpass their individual components. Herein, we provide
an overview of this research field and the strategies for obtaining hybrid systems, and we summarize

rsc.li/nanoscale

1. Introduction

Living organisms naturally produce composite functional
materials based on biomolecules and minerals. Inspired by
such abiotic-biotic interfaces, a new paradigm has emerged at
the intersection of materials science, nanotechnology, chem-
istry and biology that seeks to combine synthetic materials
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recent biological applications, challenges and current prospects in this exciting new arena.

with living cells to develop novel biological applications. This
research avenue aims to create synthetic biological pathways,
boost natural ones, and fabricate hybrid systems with unpre-
cedented functions.! In this context, research efforts have led
to new concepts such as cyborg cells,” living functional
materials,"*® materials synthetic biology,” nano(bio)
hybrids,®'® and nanobionics.’""'* In general, these approaches
involve the rational combination of nanomaterials with cells in
innovative applications like the manipulation of cell
behavior,"*'* optogenetics,">'® photosynthesis and energy
conversion,''*'?* sensing,>*>**® bioelectronics,*”>° fabri-

cation of artificial organelles,®® nanoreactors,® ** as well as
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microrobots for biomedicine.”**?” The aforementioned
hybrid systems combine the advantages of both the biotic and
abiotic worlds; while the living organism provides metabolic
pathways, self-organization, autonomous motion, sensing,
actuation, and self-replication, the material provides optical,
electronic, magnetic and catalytic features.

A wide range of synthetic elements have been explored in
the abovementioned hybrid systems, ranging from inorganic
(e.g., minerals, clays, metals, semiconductors, carbons, cer-
amics) to organic materials (e.g., small molecules, polymers,
lipids) and composites (e.g., metal-organic frameworks and
metal-phenolic networks).® For instance, inspired by biochemi-
cal reactions taking place in natural organelles, Lee and collab-
orators fabricated a silica-confined magnetothermia-induced
nanoreactor for catalyzing palladium-driven carbocyclization
reactions.’” The multifunctional composite consists of an iron
oxide core inside a hollow silica nanoshell bearing palladium
nanocrystals. While the Fe;0, magnetic core serves as a mag-
netic field-induced nanoheater to trigger catalytic reactions,
the porous silica enclosure acts as a molecular sieving element
that prevents the entry of large biomolecules that could poison
the Pd surface. In this study, the intracellular catalytic trans-
formation of non-fluorescent procoumarin to a highly fluo-
rescent coumarin derivative was demonstrated without com-
promising the cell viability. Semiconductor and metal nano-
particles bearing efficient light-absorption capacity and
tunable charge separation have been used to produce higher
order chemicals in living microbes by artificial photosyn-
thesis.*® In such hybrid systems, the combination of synthetic
and biological components can produce solar-to-fuel and
solar-to-chemical conversion pathways that are not feasible by
natural or artificial systems alone, which has found vast poten-
tial.*® In one study, Ding and collaborators fabricated different
core-shell quantum dots, with controlled bandgap energies
ranging from ultraviolet to near-infrared (NIR), for the renew-
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able production of various biofuels and chemicals from
carbon dioxide, water, and nitrogen in non-photosynthetic
microbial species.’® In another study, Sakimoto and collabor-
ators used cadmium sulphide nanoparticles as light collectors
on the surface of a non-photosynthetic bacterium with the aim
of producing acetic acid from carbon dioxide and thus sustain-
ing the cellular metabolism."”” Carbon-based nanomaterials
such as carbon nanotubes, graphene oxide, fullerenes and
nanodiamonds have excellent mechanical, electrical and bio-
mimetic properties for biomedical applications. Early studies
showed that carbon nanotubes possess the ability to interact
intimately with the cellular membrane promoting neuronal
electrical activity, synapse formation, axon growth, and excit-
ability in cultured cells.**™** Strikingly, these studies show that
instructive cues promoted by the interfacing nanomaterial may
be translated into cellular signals for driving synaptic network
development. Therefore, it is speculated that similar
approaches employing biohybrid systems may help to develop
unconventional therapeutic applications in neuromedicine. In
this framework, Usmani and collaborators showed that carbon
nanotube scaffolds can promote axon regeneration in spinal
cord injury rats, thereby improving motor function recovery
and neuronal regrowth in vivo.** Even though this field of
research has recently emerged, a number of comprehensive
reviews already exist describing the integration of a wide range
of nanomaterials and cellular systems, ranging from virus to
multicellular organisms."*>771°

In general, nanomaterials can be either incorporated into
living organisms by in situ biogenic synthesis, harnessing the
natural biosynthetic capabilities of the cell,*> or by means of
physicochemical and biomolecular interactions employing pre-
formed nanoparticles.’® The manufacturing of complex, hier-
archically ordered, biohybrid composites can take advantage
of biofabrication techniques like micropatterning, microflui-
dics, and three-dimensional (3D) printing at multiple scales
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and customized geometries.® However, despite significant pro-
gress, the seamless integration of synthetic nanomaterials
with living biological systems is challenging due to the intrin-
sic differences between both abiotic and biotic worlds. Toxicity
and uncontrolled reactivity with the cellular environment are
significant issues. Also, dilution of the synthetic material in
the cellular population after prolonged cell divisions can be a
concern for certain applications.

Owing to their ease of culture, genetic manipulation, and
short generation time for many species, bacterial cells have
been intensely used as a model organism in an ample variety
of research disciplines. Pioneering work on hybrid materials
powered by synthetic biology initially focused on Escherichia
coli, primarily due to the extensive collection of genetic parts
and tools available." The evolution of genomics and synthetic
biology has facilitated to expand the field to other many bac-
terial species aiming to take advantage of their biological pro-
perties such as photosynthesis, energy conversion, extremophi-
lic abilities, tolerance to desiccation, and mineralization.”®
Researchers have also learned to manipulate microbial consor-
tia with programmed behaviors for enhanced bioproduction,
substrate usage, as well as the production of functional
materials.”” The aforementioned advancements have made
possible a number of biotechnological and biomedical appli-
cations based on the combination of inorganic nanomaterials
and bacterial cells.*®

Noble metal nanoparticles are characterized by their excel-
lent physicochemical properties, controlled chemical syn-
thesis, tuneable surface functionalization, high stability and
biocompatibility. These nanomaterials exhibit resonance elec-
tron oscillation known as localized surface plasmon reso-
nance.”® The unique plasmonic properties of noble metal
nanoparticles, such as the large electromagnetic field enhance-
ments, rich spectral responses and high photothermal conver-
sion efficiency, endow them with high potential in a variety of
sensing applications.”® In particular, the biological appli-
cations of noble metal nanoparticles has sparked the interest
from a large community of researchers with different back-
grounds, ranging from materials science, chemistry, and
optics to biomedicine and biodiagnostics.>® In this context,
the capability to rationally combine noble metal nanoparticles
and biological systems with nontoxicity holds great potential
to develop new research avenues. In-depth reviews regarding
the toxicity of noble metal nanoparticles to bacterial cells have
been published elsewhere.>">>

In this minireview, we will focus on noble metal nano-
particles and their integration with bacteria to achieve func-
tional hybrid systems with synergistic properties. We define
synergistic hybrid systems as rationally designed conjugates of
nanoparticles and microbes, in which both components inter-
act and co-operate towards a gain of function or activity.
Therefore, the resultant hybrids are endowed with improved
functions that recapitulate, or even surpass, their individual
components. From a fundamental scientific viewpoint, the
interfaced abiotic-biotic hybrids have provided new insights
into the molecular mechanisms underlying cell-material inter-
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actions. Most importantly, this multidisciplinary field of
research paves the way for potential applications in the fields
of energy generation and storage, electronics, catalysis,
sensing, and biomedicine. Therefore, herein, we will discuss
the strategies for interfacing bacterial cells with noble metal
nanoparticles and summarize the most relevant applications.
Finally, we will provide the current challenges and prospects
for the field.

2. Strategies for the functionalization
of bacteria with noble metal
nanoparticles

Interfacing noble metal nanoparticles and bacterial cells can
take place either by biogenic and non-biogenic strategies. The
first approach is based on the biosynthesis of the nano-
material through endogenous (i.e., cellular) enzymatic and
non-enzymatic reactions. The second one relies on the use of
pre-made nanoparticles that are implemented in the hybrids
through approaches for promoting their interaction with the
bacterial cell. These interactions are generally classified into
physisorption and chemisorption. The microbes serve as tem-
plates enabling the organization of nanoparticles into well-
defined structures at the nano and micro-scales.

2.1. Biogenic approaches

Metal ions are essential for many cellular processes, however
in excess they can be toxic. Thus, bacteria have evolved detoxi-
fication mechanisms to counter their potential toxic effects,
including their reduction to nanoparticles. For instance,
Pseudomonas stutzeri can withstand high concentrations of
silver ions by the production of crystalline silver nanoparticles
(AgNPs) in vacuole-like granules inside the bacterial cell
(Fig. 1a).>® This natural ability of bacteria has been harnessed
for the bioremediation of heavy metals, and the green-pro-
duction of metallic nanoparticles. In a seminal study,
Beveridge and Murray reported the extracellular deposition of
gold nanoparticles (AuNPs) on the cell wall of Bacillus subtilis
in the presence of a gold chloride solution.>® The biogenic syn-
thesis of metal nanoparticles can take place both intracellu-
larly and extracellularly, and it has been recently reviewed in
several studies (Fig. 1b).*>*>~*® Although the precise biochemi-
cal and physiological pathways for the individual metals
remain for the most part unknown, it is widely accepted that
enzymes with NADH-dependent reductase activity, proteins as
capping agents, and other biomolecular cofactors are
involved.>>**>® Even though the biogenic procedure is cost-
effective, its efficiency is rather low, and it is often difficult to
obtain metal nanoparticles with a well-defined size, shape and
monodispersity,’”°® which may be detrimental for certain
downstream applications in hybrid systems. However, through
appropriate strain selection, the development of genetically
engineered microbes, synthetic gene circuits, and optimization
of culture conditions it could be possible to overcome the

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (A) TEM images of silver nanoparticles of different sizes and morphologies biosynthesized inside P. stutzeri bacteria. The scale bar indicates
400 nm. Reproduced from ref. 53 with permission from PNAS. Copyright 1999 National Academy of Sciences. (B) Schematic representation of
potential mechanisms for the extracellular and intracellular biogenic synthesis of metal nanoparticles in bacteria. Reproduced from ref. 56 with per-
mission from Creative Commons CC BY. (C) TEM images of crystalline nanoparticles synthesized in vivo by E. coli co-expressing metallothionein and
phytochelatin synthase. The corresponding elements are labeled in green circles, and the scale bar indicates 500 nm. Pourbaix diagram and various
inorganic nanomaterials biosynthesized in vivo at the initial pH of 7.5. Reproduced from ref. 61 with permission from PNAS. Copyright 2018 National

Academy of Sciences.

aforementioned limitations.*® For instance, the recombinant
expression of metal-binding proteins has proven useful for
enhancing the biogenic synthesis of metal nanoparticles. In
one study, Choi and collaborators co-expressed metallothio-
nein (mt) and phytochelatin synthase (pcs) in E. coli,** which
bind heavy metal ions through their cysteine residues facilitat-
ing their reduction, and produced approximately 60 different
types of crystalline and amorphous nanomaterials, including
AuNPs and AgNPs, covering 34 elements from the periodic
table.®" As in any colloidal synthesis of nanoparticles, precur-
sor concentration, temperature, pH, pressure and reaction
time are key parameters known to affect the size and shape of
the metal nanoparticles. Interestingly, Choi et al., showed that
the bioproduction and crystallinity of the nanomaterial could
be predicted by Pourbaix diagram analyses, which define what
chemical species predominate for a given reduction potential
and pH (Fig. 1c). Based on the Pourbaix diagram analyses, the
initial pH of the reaction was changed from 6.5 to 7.5, leading
to the biosynthesis of various crystalline nanomaterials.®'
Curli fibres are a class of extracellular proteinaceous amyloid
fibers that consist of self-assembled CsgA protein monomers.
The production of curli fibres can be genetically controlled by
the expression of CsgA under the control of chemically induci-

This journal is © The Royal Society of Chemistry 2021

ble promoters. This has facilitated the application of this syn-
thetic biology tool in various hybrid systems.”®®* In one study,
Nguyen and collaborators engineered E. coli to secrete curli
fibers composed of CsgA genetically fused to a peptide pro-
grammed to carry out biotemplating of AgNPs in one-dimen-
sional nanowires from a solution of AgNO;.®> Seker and co-
workers explored a similar approach to biosynthesize and
assemble AuNPs, as well as gold nanowires, in curli fibers in a
controllable way in the presence of sodium citrate and gold(ur)
chloride.”® In this study, both unmodified CsgA and a geneti-
cally modified version of the protein linked to different nucle-
ating peptides served as templates for nanoparticle synthesis.
The size of the nanoparticles could be tuned as a function of
the metal-binding affinity of the curli fibers. The interfaced
hybrid systems were used to mediate tunable electrical
conductivity.

Jian and collaborators biofabricated AuNPs (3-4 nm) inside
bacterial cells for electron microscopy imaging at the single-
molecule level.”® This approach consisted of the intracellular
expression of cysteine-rich polypeptides genetically fused to
the protein targets of interest. The cysteine-rich peptides
reacted with thiol ligands (RSH) (i.e. 2-mercaptoethanol and
p-penicillamine), which subsequently reduced HAuCl, to form

Nanoscale, 2021,13,18054-18069 | 18057
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thiolate-Au(1) complexes, which are finally reduced by NaBH,
to form AuNPs. The size of the AuNPs could be tuned by
varying the RSH-to-Au ratio and the pH.** As mentioned
earlier, the extracellular biogenic synthesis of metal nano-
particles takes advantage of reductive enzymes present in the
bacterial cell wall or secreted to the extracellular medium. In
one study, Qi and collaborators biosynthesized palladium
nanoparticles (PANPs) on the surface of E. coli by the action of
molybdoenzymes, which reduced Pd** in the presence of
sodium formate.®* Interestingly, PANPs subsequently pro-
moted the in situ polymerization of photoactive polyphenyle-
neethynylene with light-harvesting capabilities. In another
study, a cell surface-associated NADPH-dependent reductase
activity was employed to reduce Au®** to Au’ leading to the
deposition of AuNPs on the bacterial surface.®®> An additional
method, called bacterial surface display,®® is based on the
expression of membrane proteins genetically linked to pep-
tides with the capacity to bind nanoparticles or their surface
ligands by covalent, and/or electrostatic bonds between
charged residue and surface groups of the substrate. Tsai and
coworkers evaluated the efficacy of various bacterial display
systems to translocate metal-binding peptides to the cell
surface of E. coli and Ralstonia eutropha aiming to promote the
green synthesis of gold and platinum nanoparticles. The
whole-cell biocatalysts were tested for the reduction of
4-nitroaniline.®”

2.2. Non-biogenic approaches

Non-biogenic approaches for the fabrication of noble metal
nanoparticle-bacterial hybrids rely on the synthesis of metal
nanoparticles with desired size, shape and composition and
their further integration, intracellular or extracellular, in the
bacterial cell.

2.2.1 Intracellular functionalization. In this approach the
metal nanoparticles must pass through the bacterial envelope,
a complex organelle made up of multiple layers whose struc-
tural composition classifies bacteria into two main groups:
Gram-negative and Gram-positive. In the former, the cell envel-
ope consists of an inner membrane, a peptidoglycan cell wall,
and an outer lipopolysaccharide-based membrane (Fig. 2a). In
Gram-positive bacteria, the cell envelope is surrounded by
thick layers of peptidoglycan threaded by long anionic poly-
mers of teichoic acids (Fig. 2b). It is important to note that the
bacterial envelope is a sophisticated permeability barrier that
does not support endocytosis or pinocytosis uptake mecha-
nisms as mammalian cells, and therefore the entry of bio-
molecules, nanoparticles, etc., is severely constrained. Several
studies have reported the internalization of metal and other in-
organic nanoparticles in bacterial cells.®® This analysis is
usually carried out by transmission electron microscopy
(TEM), although inductively coupled plasma mass spec-
trometry (ICP-MS) is also employed to this aim. However,
analytical determination of true cellular internalization is chal-
lenging owing to the difficulty in differentiating between intra-
cellular and adsorbed nanoparticles on the bacterial surface.
In general, it is believed that the entry of nanoparticles bigger

18058 | Nanoscale, 2021, 13, 18054-18069
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than 2 nm inside bacteria may be a consequence of the altera-
tion of membrane permeability, membrane disruption, for-
mation of pores and cell wall damage induced by toxic effects
exerted by the nanoparticles.’®®® Xie’s group investigated the
internalization and antimicrobial properties of ultra-small
gold nanoclusters (AuNCs) in bacterial cells (Fig. 2c and
d).”*7? They showed that the sub-2 nm nanoclusters can be
readily internalized inside bacterial cells inducing cell death
both in Gram-negative and Gram-positive bacteria, most likely
through reactive oxygen species (ROS) generation and sub-
sequent membrane damage. Conversely, their larger AuNP
counterparts (>2 nm) bearing the same surface chemistry
could not enter inside the bacterial cells demonstrating null
antimicrobial capacities (Fig. 2e).”" In a follow up study, this
research group proposed that the uptake of AuNCs took place
by diffusion through membrane porins.”® Typically, the
protein channels in porins present a hollow pore of only
1-2 nm in diameter that allows the passive diffusion of small
hydrophilic solutes with a size-exclusion limit of 600 Da.”* The
authors speculated that an internalization “size cutoff” could
be the reason for the contrasting antimicrobial behaviors
observed for AuNCs and AuNPs.”® Xie and collaborators inves-
tigated the role of the surface charge of AuNCs in their anti-
microbial properties.”> They found that negatively charged
AuNCs produced higher levels of ROS, leading to a high bac-
terial killing efficiency, as compared to the positively charged
counterparts. Interestingly, the positively charged AuNCs
exhibited higher rates of internalization.”” Therefore, the
functionalization of AuNCs with positively charged ligands
would improve their cell uptake and, at the same time, abro-
gate their antimicrobial effect, which could be useful for
hybrid applications. In this framework, Zhang et al'®
implemented glutathione-stabilized AuNCs in non-photosyn-
thetic Morella thermoacetica to fabricate intracellular photosen-
sitizers for solar fuel production. The AuNC-bacterial hybrids
enabled the photosynthesis of acetic acid from CO, over 6 days
owing to the high biocompatibility of the AuNCs. Structured
illumination microscopy (SIM) was used to demonstrate the
intracellular location of the AuNCs in the hybrid system.
Although, the specific mechanism of AuNC internalization was
not studied, passive entry was suggested.'® Finally, it has been
proposed that the entry of single nanoparticles with large sizes
(up to 100 nm) inside bacterial cells can also take place
through the action of membrane transporter proteins without
affecting the cell viability.”*7%”” Such transporters naturally
assist the movement of an ample variety of substrates across
bacterial membranes, either by facilitated diffusion or active
transport. The internalization and efflux kinetics of the metal
nanoparticles are often studied by dark-field optical
microscopy. The reported results indicate that nanoparticles
can enter the cells via passive diffusion across the cellular
membrane by means of concentration gradients, and they are
extruded out of cells by transporters, similar to antibiotic
efflux pumps.®”’® It remains to be elucidated how nano-
particles can diffuse through channels’ pores despite being
several times bigger in size.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (A and B) Differences between Gram-positive and Gram-negative bacterial cell walls, respectively. Reproduced from ref. 78 with permission
from Journal of Nanoparticle Research. Copyright 2019 http://creativecommons.org/licenses/by/4.0/. (C and D) UV-vis absorption and TEM charac-
terization of AuNPs and AuNCs. Reproduced from ref. 71 with permission from ACS nano. Copyright 2017 American Chemical Society. (E) Illustration
of the antibacterial effect elicited by AUNCs as compared to AuNPs larger in size due to ROS production and membrane destabilization. Reproduced
from ref. 71 with permission from ACS nano. Copyright 2017 American Chemical Society.

2.2.2 Extracellular functionalization. The interfacing of
pre-made nanomaterials with extracellular components of bac-
terial cells can be performed by non-specific (e.g. physico-
chemical) and specific (e.g. ligand-receptor) approaches. The
former strategy is based on physisorption (electrostatic, hydro-
phobic, hydrogen-bonding, van der Waals) and chemisorption
interactions between metal nanoparticles and components of
the bacterial envelope. A comprehensive review of the mole-
cular interactions of gold and silver nanoparticles with biologi-
cal components of bacterial biofilms can be found else-
where.” In general, both Gram-positive and Gram-negative
bacteria exhibit an overall negative charge in their cell surface;
therefore, a common strategy to obtain metal nanoparticle-bac-
terial hybrids is based on electrostatic interactions. It is widely
accepted that the electrostatic interaction of positively charged
nanoparticles with the bacterial envelope is mostly mediated
by teichoic acids in Gram-positives and lipopolysaccharides
and phospholipids in Gram-negatives.® This property has
facilitated the assembly of metal nanoparticles functionalized
with cationic ligands such as cetyltrimethyl ammonium
bromide (CTAB)***" (Fig. 3a),%° poly-lysine,®*®* 4,6-diamino-2-
mercaptopyrimidine,®  polyethylenimine,®>  hydroxylamine
hydrochloride (Fig. 3b),%® hexyl-substituted ammonium-func-
tionalized thiol (Fig. 3c),*” and poly(allylamine hydro-
chloride),®® among others on the bacterial envelope.
Interestingly, Hayden and collaborators showed that AuNPs of

This journal is © The Royal Society of Chemistry 2021

6 nm (NP1) and 2 nm (NP2) conjugated with hexyl-substituted
ammonium-functionalized thiol develop differential aggrega-
tion patterns and toxicity on Gram-positive and Gram-negative
bacteria (Fig. 3c).®” While NP1 particles are nontoxic and
aggregate onto specific loci on the bacterial surface, the
smaller NP2 particles lyse Bacillus subtilis but not E. coli. The
different behavior was explained in terms of differences in the
regions of increased hydrophobicity and/or negative charge on
the bacterial surface, as well as the nanoparticle size.®”

In the case of electrostatic interactions between bacteria
and noble metal nanoparticles, the zeta potential of both
systems is a key parameter that can determine the strength of
the interaction. For instance, Pajerski and collaborators
demonstrated the direct correlation between the number of
citrate-stabilized AuNPs assembled on the bacterial surface
and the zeta potential of the different bacterial species (Fig. 4a
and b).”® Tadesse and collaborators investigated electrostatic
interactions between CTAB-stabilized gold nanorods and
different Gram-positive and negative bacterial species for
label-free surface-enhanced Raman scattering (SERS) appli-
cations.®’® In this study, it was shown that surface charges
indeed play a significant role, as Gram-positive Staphylococcus
epidermidis and Staphylococcus aureus bacteria bearing higher
negative surface charge density than Gram-negative E. coli and
Serratia marcescens led to stronger electrostatic interactions
with the positively charged nanorods, thereby yielding signifi-
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Fig. 3 (A) Electrostatic functionalization of CTAB-stabilized gold nano-
spheres on B. cereus. Reproduced from ref. 80 with permission from
Journal of the American Chemical Society. Copyright 2015 American
Chemical Society. (B) Self-assembly of hydroxylamine hydrochloride
(HAHC)-modified gold nanoparticles on the surface of E. coli.
Reproduced from ref. 86 with permission from Nano-Micro letters.
Copyright 2018. (C) Interaction of cationic NP1 AuNPs functionalized
with hexyl-substituted ammonium-functionalized thiol on the B. subtilis
surface. Reproduced from ref. 87 with permission from Journal of the
American Chemical Society. Copyright 2012 American Chemical Society.
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cantly higher SERS signals. Cryo-EM analysis showed higher
nanoparticle coverage in the Gram-positive S. epidermidis than
in the Gram-negative E. coli (Fig. 4c). A drawback of this
functionalization strategy is related with the potential toxic
activities of the assembled nanoparticles when conjugated to
cationic ligands such as CTAB.®' Interestingly, Tadesse and
collaborators demonstrated that the removal of CTAB from
gold nanorods to a minimal surfactant coverage did not sig-
nificantly affect the bacterial viability.®® Also, in order to
reduce the potential toxicity of CTAB-functionalized nano-
particles, this molecule could be replaced with biocompatible
molecules by ligand exchange.

The mechanism of antibacterial activity of large metallic
nanoparticles, in the range of 80-100 nm, unable to freely
translocate across the bacterial cell membrane has been
associated with the alteration of the cell membrane.*®®°
Recently, Linklater et al., investigated the antibacterial mecha-
nism action of 100 nm AuNPs in Pseudomonas aeruginosa and
S. aureus.’* To this aim, they explored nanoparticles bearing
different surface areas (quasi-spherical vs. nanostars) functio-
nalized with either mercaptohexanoic acid (MHA) to yield
hydrophilic nanoparticles or with a hydrophobic zwitterionic
sulfobetaine ligand (ZwBuEt) (Fig. 5a and b). The quasi-spheri-
cal nanoparticles (AuNSPs) coated with MHA exhibited a
greater bactericidal action than the hydrophobic nanoparticles
due to a lower dispersity and higher interactive affinity, result-
ing in greater cell death. A biophysical model enabled the
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Fig. 4 (A) TEM images of the interaction of citrate-stabilized AuUNPs with different bacterial species. Red markers indicate the thickness of cell walls.
Reproduced from ref. 78 with permission from Journal of Nanoparticle Research. Copyright 2019. (B) Relationship between the zeta potential of
bacteria (red plot) and the amount of adhered citrate-stabilized AuNPs (grey bars). Sm, S. maltophilia; Ns, N. subflava; Sc, S. carnosus; Bs, B. Subtilis.
Reproduced from ref. 78 with permission from Journal of Nanoparticle Research. Copyright 2019 (C) SERS spectra and cryo-EM images of
S. epidermidis (S. epi) and E. coli conjugated with CTAB-stabilized gold nanorods. Reproduced from ref. 89 with permission from Nano Letters.

Copyright 2020 American Chemical Society.
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Fig. 5 (A and B) Schematic depiction of gold nanoparticles coated with zwitterionic ligands MHA and ZwBuEt, and potential mechanism of the
AuNP-membrane interaction of large nanoparticles with a diameter greater than the thickness of the cell membrane (>10 nm). Reproduced from
ref. 91 with permission from Advanced Materials. Copyright 2020. (C) Schematic illustration for the preparation of BGNP-coated C. novyi-NT spores
through electrostatic deposition employing the cationic polymer bPEI. Reproduced from ref. 85 with permission from Small. Copyright 2017 PMC.
(D and F) TEM images of bacteria without (D) and with (F) induction of the displayed AuNP-binding peptide. Scale bar indicates 200 nm. (E and G)
Schematic illustration of the repulsive interaction between the negatively charged cell membrane and negatively charged AuNPs in the absence of
binding peptides (E). This repulsive force is overcome by means of the surface-displayed peptide (G). Reproduced from ref. 106 with permission from

Langmuir. Copyright 2018 American Chemical Society.

authors to propose that the adsorption of the nanoparticles to
the bacterial surface triggers an increase in membrane tension
and mechanical deformation, thereby leading to cell death.”*
The surface charge of bacteria may be also modified by
functionalization with polyelectrolytes employing the layer-by-
layer method.>**?* Feng and collaborators investigated the
self-assembly of AuNPs on the surface of Campylobacter jejuni
for obtaining bacterial cells displaying chiroptical activity.”*
Initially, a direct adsorption approach was performed with
positively charged Au nanocolloids, leading to non-uniform
deposition. This was attributed to the uneven negative charge
distribution on the bacterial surfaces. Next, the authors
employed polydiallyldimethylammonium (PDDA), a positively
charged polyelectrolyte, to functionalize the surface of C. jejuni
(Fig. 5¢). This strategy promoted an homogeneous adsorption
of negatively charged AuNPs with much higher uniformity as
compared with the alternative approach that employed posi-
tively charged AuNPs.’® Park and coworkers covered
Clostridium novyi-NT spores with positively charged branched
polyethylenimine (bPEI, 600 Da), which facilitated the assem-
bly of 4-mercaptobenzoic acid stabilized branched gold nano-
particles (BGNPs) through electrostatic interactions.®® Another
popular strategy to obtain noble metal nanoparticle-bacterial
hybrids consists of the conjugation of the nanoparticle with
functional groups that bind specifically to bacterial cell wall
components, such as vancomycin which targets Gram-positive

This journal is © The Royal Society of Chemistry 2021

peptidoglycans, or polymyxin which targets lipopolysacchar-
ides of Gram-negative bacteria. For instance, Wang and co-
workers reported an orthogonal approach based on a trans-
cyclooctene derivative of vancomycin (Van-TCO) that specifi-
cally binds to the cell envelope of Gram-positive bacteria by
forming hydrogen bonds with the C-terminal p-Ala-p-Ala motif
of a peptidoglycan precursor. In a second step, Van-TCO can
orthogonally conjugate with tetrazine-functionalized AuNPs
via instantaneous cycloaddition leading to the deposition of
the nanoparticles on the cellular surface.””

In general, the non-covalent approaches (physisorption) are
straightforward means for the functionalization of bacteria.
However, these interactions are labile and may be easily dis-
rupted by ionic strength and pH, thereby affecting the robust-
ness of the hybrid system. Covalent conjugation provides a
stable adhesion between the microbe and the nanomaterial,
and therefore they can be implemented to overcome the limit-
ations of the aforementioned strategy. In this context, the
surface chemistry of metal nanoparticles can be easily engin-
eered with multiple ligands and functional groups to promote
their covalent binding to biomolecules present on the cell
envelope through carbodiimide and click chemistry.’®®” The
accessible amines on the cell surface can react with
N-hydroxysuccinimide esters, cyanuric chloride-activated mole-
cules, and unsaturated ester aldehyde moieties through azae-
lectrocyclization.’® Thiols can also react with maleimide-func-
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tionalized molecules to form a stable thioether bond. Also,
bioorthogonal reaction pairs such as azides and terminal
alkynes, azides and phosphines, or aldehydes/ketones can be
employed.’® However, since this approach is not specific, unin-
tended cell surface biomolecules may be also chemically modi-
fied in an uncontrolled way, which in turn may affect their bio-
logical function affecting the viability of the hybrid system.

The specificity of the nanoparticle assembly on the bac-
terial surface can be achieved using ligand-receptor and other
biomolecular interactions such as biotin-streptavidin,'®
antigen-antibody,'” as well as carbohydrate-protein
interactions.'®>'%® Another approach takes advantage of the
coordinative binding between electron donor groups on the
imidazole ring of histidine and divalent cations. This strategy
was employed to assemble nickel nitrilotriacetic acid-conju-
gated gold nanoparticles in polyhistidine-tagged CsgA
subunits®”'® and TasA amyloid fibrils.'® Dong and co-
workers employed a bacterial surface display system based on
the enhanced circularly permuted outer membrane protein X
(eCPX) scaffold to translocate metal-binding peptides on the
surface of E. coli, which in turn enabled the deposition of
citrate-stabilized AuNPs (Fig. 5d-g).'%® The authors speculated
that the binding of the peptide to the Au surface originated
the displacement of citrate anions, which in turn allows to
overcome the repulsive electrostatic forces between the bac-
terial membrane and the citrate-stabilized AuNPs, both nega-
tively charged. As the viability of this hybrid system was
not compromised, the authors suggested that those
approaches having the capability of distancing the inorganic
moiety from the cell wall, may avoid potential toxic
interactions.'

3. Biological applications of hybrid
systems

The interfacing of noble metal nanoparticles with living bac-
terial cells and biofilms has yielded an ample variety of hybrid
systems with enhanced properties and functionalities not
reachable by each component separately. In the next section,
we highlight recent investigations and applications of this
synergistic combination focused on the fabrication of
living electronics, solar fuel production, and bacterial
microswimmers.

3.1 Living electronics

Noble metals are known for their high electrical conductivity,
which makes possible their implementation in conductive
hybrid systems and electrical biodevices. Moreover, the discov-
ery of electron transport through bacterial biofilms offers new
possibilities in bacteria-electrode interactions and bioelectro-
nics. In this context, metallic-like conductivity in the biofilms
of Geobacter sulfurreducens has been reported, showing an elec-
tronic conductivity of ~5 mS em."®” Interestingly, the electron
transfer capabilities of bacterial biofilms could be improved by
interfacing them with metal nanoparticles. Saraf’s group

18062 | Nanoscale, 2021, 13, 18054-18069

View Article Online

Nanoscale

demonstrated the potential of hybrid composite devices of bac-
teria and noble metal nanoparticles toward the development
of highly conductive systems.®**%3 In one study, they com-
bined the conductive properties of AuNPs and the biological
response of B. cereus to fabricate a humidity-based electronic
system.®* The device consisted of bacterial cells coated with
poly-lysine-functionalized AuNPs (30 nm) and two bridging
electrodes. Variations in humidity modulate the inter-particle
distance and thereby the tunneling current of the system. The
authors demonstrated that the cell viability was maintained
during the manufacture of the device.®* He and coworkers
developed a hybrid system consisting of Bacillus subtilis
ribbons coated by AuNPs (20 nm). The ribbons with a width of
ca. 1 pm and several millimeters in length were conductive
and displayed Ohmic behavior.'®® However, the preparation
process required aging for 4 weeks, which was toxic to bacteria
inducing massive cellular death. Dissimilatory metal-reducing
bacteria, including Shewanella and Geobacter species, can
inherently carry out extracellular electron transfer (EET) to
drive extracellular reduction reactions. This feature has been
harnessed for the green synthesis of inorganic nano-
materials.' For instance, Chen and collaborators investigated
the capability of G. sulfurreducens biofilms to biosynthesize
AuNPs, and the resulting hybrid system displayed increased
conductivity and enhanced EET.""® The biogenic fabrication of
the nanoparticles was performed in situ by dropping NaAuCl,
into the bacterial biofilm, in a process that did not impair cel-
lular viability. In a different study, Seker and coworkers
employed genetically controlled CsgA curli fibers aiming to
fabricate gold nanowires in E. coli with tunable electrical con-
ductance.?® Furthermore, the authors showed that the
expression of various types of gold-binding peptides geneti-
cally fused to CsgA promoted their mineralization with
different size distributions. Taking advantage of this phenom-
enon, the choice of a particular nucleating peptide enabled
them to tune the electrical conductivity of the bacterial bio-
films. In one approach, nickel-nitrilotriacetic acid (Ni-NTA)-
coated AuNPs were bound to the fibers based on interactions
between Ni-NTA and the histidine residues of CsgA-P1. Next,
gold enhancement was used to fabricate metallic gold nano-
wires adhered to the curli fibers on the bacterial surface
(Fig. 6a and b). Conductance measurements on the cellular
populations revealed a significant increase in conductance
when curli-fiber-organized gold nanowires were chemically
induced versus the uninduced state (Fig. 6¢). The authors also
synthesized curli fibers with gold nucleation followed by gold
enhancement, albeit the generated gold nanowires displayed
lower conductivity levels.”® In a similar approach, Chen and co-
workers employed an inducible genetic system to express
amyloid fibrils in E. coli composed of polyhistidine-tagged
CsgA (CsgA-His) for further conjugation with Ni-NTA AuNPs.
The AuNPs endowed the resulting biofilms with conductive
properties that were externally controlled as in an electronic
switch.”” In another study, an engineered curli system was
exploited to produce and assemble extracellular curli fibrils in
bacterial colonies arranged into 3D patterns.'®® The assembly
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Fig. 6 (A) Conductive nanowire formation on cell-synthesized CsgA curli fibers with preformed gold nanoparticles followed by gold enhancement.
(B) TEM image of gold nanowires in bacterial curli. (C) Conductance measurements on the cellular populations induced by aTc (ON STATE) versus
the uninduced state (OFF STATE). Reproduced from ref. 28 with permission from ACS Synthetic Biology. Copyright 2017 American Chemical Society.
(D) Schematic diagram of the photosynthetic biohybrid system composed of M. thermoacetica/AuNC that enables the photosynthesis of acetic acid
from CO, and normalized photosynthetic production of acetic acid by M. thermoacetica, M. thermoacetica/AuNCs PBSs under continuous low-
intensity illumination and dark conditions. Reproduced from ref. 19 with permission from Nature Nanotechnology. Copyright 2018 Springer Nature.
(E) Illustration of biosynthesis mechanism of AuNPs by TPB through enzymatic reduction. (F and G) TEM images of TPB@Au. (H) Tumor volume after
the indicated treatments. Reproduced from ref. 65 with permission from Nano Letters. Copyright 2018 American Chemical Society.

of Ni-NTA AuNPs on the curli fibrils gave rise to domelike
structures with electrical properties. When opposed to one
another, such hybrid materials formed a miniature electronic
device capable of sensing external pressure.'® As living enti-
ties, bacterial biofilms can self-replicate and self-repair and
their conductivity can be tuned by regulating gene expression.
With further developments, this new class of engineered living
conductive materials could be exploited in a number of appli-
cations, including improved catalytic coatings for microbial
fuel-cell electrodes, and next-generation living components of
bioelectronic devices.”'"" For instance, Huang and collabor-
ators engineered and fabricated viscoelastic biofilms of
B. subtilis in microstructures with diverse 3D shapes employ-
ing 3D printing and microencapsulation techniques.'®
Microbial fuel cells (MFCs) can directly convert the chemical
energy stored in organic matter to electricity by harvesting the
energy generated through the bacterial metabolism with elec-
trodes. Since MFCs can use a wide range of organic fuels to
create electricity, the technology is of considerable interest for

renewable power generation from biomass and wastewater
112

treatment.” - Among the bacteria used to power these systems,
Shewanella is particularly well-suited for this purpose.
However, despite considerable efforts to improve these

systems, current MFCs often suffer from low current and
power densities largely limited by the inefficient electron-

This journal is © The Royal Society of Chemistry 2021

transfer processes between the microbes and the anode. In
order to enhance the charge-extraction efficiency, Cao et al.,
developed a novel strategy for boosting the performance of
Shewanella MFCs that consists of coating the bacteria with bio-
synthesized AgNPs.""* This study showed that when bacterial
biofilms are developed on a reduced graphene oxide/silver
nanoparticle (rGO/Ag) anode, silver nanoparticles become
associated with the cellular membranes, greatly enhancing
their electron-transfer efficiency. Interestingly, the STEM
image and EDX elemental mapping studies on ultrathin sec-
tions of the hybrids showed the presence of abundant nano-
particles inside, and across the bacterial membrane. Cao et al.,
speculated that the rGO/Ag electrode releases Ag ions, which
diffuse towards Shewanella and are reduced in situ to form
AgNPs by the electrons generated as a result of the cellular
metabolism. The cell-associated nanoparticles can potentially
act as metallic shortcuts making direct contact with external
electrodes for more-efficient charge extraction. Importantly,
the authors showed that silver did not seem to compromise
the viability of the bacteria in the hybrid system. In another
study, Zhu and coworker’s implemented a layer-by-layer strat-
egy to alternatively coat Au and CdS NPs onto the cell surface
of E. coli for the fabrication of photo-bioanodes in an MFC."**
Interestingly, the CdS layer was shown to protect the bacterial
viability from light-induced inactivation.
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3.2 Solar fuel production

An emerging attractive technology that aims to convert light
energy into chemical bonds is based on semi-artificial photo-
synthesis, which combines the power of synthetic catalysts, for
harvesting light energy, with the unmatched efficiency and
specificity of biological catalysts, for chemical reactions. This
emerging technology involves the fabrication of artificial
photosynthetic hybrid systems, where synthetic light-harvest-
ing materials are coupled with microbial cells. Typically, this
approach entails the use of non-photosynthetic microorgan-
isms as they usually harbor biochemical pathways for more
elaborate products than their photosynthetic partners. In such
hybrid systems, light-harvesting nanoparticles are selected due
to their superior optical and electronic properties, high surface
area and nanoscale dimensions. The field of photosensitizing
microorganisms is still in its infancy, and most studies have
been focused on semiconducting materials such as CdS nano-
particles.”® Therefore, the number of reports regarding the use
of metal nanoparticles is still very scarce. An in depth review
covering hybrid systems based on other inorganic nano-
materials for bioenergy conversion from sunlight can be found
elsewhere."'® The study by Zhang and coworkers may pave the
way for the implementation of noble metal nanoparticles and
their composites for solar fuel production.'® In their study,
biocompatible AuNCs, as the light absorber, were interfaced
with non-photosynthetic M. thermoacetica bacteria to fabricate
an artificial photosynthetic hybrid system (Fig. 6b). The AuNCs
enabled the intracellular photosynthesis of acetic acid from
CO, via the acetyl coenzyme A or the Wood-Ljungdahl
pathway,"'® thereby bypassing the slow mass transport and
energy consumption across the cell membrane. Moreover, the
AuNCs can scavenge ROS, resulting in high cell survival.
Taking advantage of its light absorption capabilities and bio-
compatibility, this hybrid system can efficiently harvest sun-
light and transfer photogenerated electrons to the cellular
metabolism, thereby realizing CO, fixation continuously over
several days.'® The aforementioned hybrid brings together the
high light-harvesting efficiency of solid-state semiconductors
and the superior catalytic performance of living bacterial cells,
thus realizing renewable and sustainable fuel production by
artificial photosynthesis. In another study, Wang and co-
workers fabricated bacterial flagella-templated 3D Au nano-
chains with broad optical absorption for solar-thermal energy
conversion and electricity generation.""” To this aim, purified
flagella served as templates for the assembly of pre-synthesized
AuNPs (~3 nm) along the cylindrical outer wall of the tem-
plates. By a seed-mediated growth process, the individual
AuNPs on the templates became larger (up to 50 nm) and sim-
ultaneously the inter-particle distance was gradually reduced,
to finally form 3D nanochains allowing the strong coupling of
surface plasmons. Upon assembly into porous films, the 3D
Au nanochains could effectively convert nearly the full spec-
trum of solar energy into heat, which was further efficiently
converted into electricity through a commercial thermoelectric
generation unit. Interestingly, the porous film structure
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formed by the 3D nanochains can effectively enhance the
absorption of sunlight and reduce the loss of light through
surface reflection. The reported findings may represent a
potential avenue for optical property manipulation and solar
energy related applications based on composites of living bio-
films and noble metal nanoparticles.

3.3 Bacterial microswimmers

Bacterial cells have evolved an impressive diversity of motility
mechanisms, which can involve surface appendages, such as
flagella, and internal structures such as gas vesicles."'® This
property has been exploited for the fabrication of hybrid
microswimmers composed of at least one living bacteria and
one inanimate object.>® The combination of bacterial cells
with abiotic systems, such as metal nanoparticles, leads to
advanced levels of functionalization not reachable by each
component separately. For example, the capability of bacteria
to sense, move and respond to environmental stimuli, com-
bined with the inherent physicochemical properties of the
nanoparticles, can be harnessed to develop future therapeutic
tools and motile sensors.>’ This is a fast-growing research field
that is attracting enormous attention because of its many
potential applications. Huo and collaborators recently reported
a comprehensive review of the principles of bacterial-nano-
particle hybrids for tumor therapy.” For cancer treatment, the
concentration of the therapeutic agents in tumor tissue is the
key factor that determines treatment efficiency. Although a
vast array of nanomaterials have been developed for tumor
therapy, the lack of self-replicating and motility capabilities
limits their clinical efficacy. Conversely, therapeutic bacteria
can preferentially grow and actively spread in tumor-specific
microenvironments.''® Therefore, the selective colonization of
tumors by bacterial cells as carriers can make possible the
delivery of therapeutics that can be toxic systemically, and
thereby improve efficacy and safety profiles. Such bacterial
vectors can be genetically programmed to produce anti-
tumoral proteins, toxins, pro-drugs, and immunostimulants as
therapeutic agents."””'*' The on-site controlled delivery of
such therapeutics by engineered bacteria will increase antitu-
mor efficacy, eliciting less toxic effects than current systemic
anticancer treatment regimens.'”’ In a seminal study, Akin
et al., coined the term “microbot” to describe a hybrid system
consisting of attenuated Listeria Monocytogenes and streptavi-
din-coated polystyrene nanoparticles joined together through
biotinylated antibodies.'** Bacteria decorated with nano-
particles and biotinylated plasmids were internalized by mam-
malian cells in vitro leading to the expression of the green fluo-
rescent protein encoded in the plasmid vector. Mice injected
with the microbots successfully expressed the genes in vivo,
thereby demonstrating that the potential of the reported
approach for gene delivery in an animal model. Metal nano-
particles could serve as potent radiosensitizers and transdu-
cers, as well as a functional carrier for the delivery of cytotoxic
drugs for cancer treatment. Therefore, the rational combi-
nation of noble metal nanoparticles and bacteria may lead to
hybrids with enhanced therapeutic capabilities. Park and col-
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laborators labeled C. novyi-NT spores with branched AuNPs for
intra-procedural X-ray CT monitoring of spore accumulation in
tumors.®® This approach takes advantage of the tropism of
certain bacterial species towards hypoxic regions of solid
tumors, which are often refractory to therapeutic treatment.
Importantly, this work assessed that nanoparticle coating had
no impact on spore germination and proliferation rates, which
is fundamental for the expected functionality of the hybrid
system. Fan and co-workers developed a hybrid system for
photothermal tumor therapy, namely thermally sensitive pro-
grammable bacteria (TPB), consisting of E. coli bacteria func-
tionalized with biomineralized AuNPs bearing a heat-triggered
TNF-a-producing genetic circuit.> The photothermic gold
nanoparticles were biosynthesized by TPB via the spontaneous
redox reaction of bacteria to form TPB@Au (Fig. 6¢). A specific
NADPH-dependent reductase (e.g., nitrate reductase) could
promote Au®*" to Au® conversion through electron shuttle enzy-
matic metal reduction, leading to the deposition of AuNPs on
the bacteria surface (Fig. 6f and g). The bacterial expression of
therapeutic TNF-« was controlled by NIR irradiation, which
raised the temperature at the tumor site due to the photother-
mal conversion of AuNPs, significantly reducing tumor
volumes in mouse tumor models. In another study, gold nano-
rods were conjugated on the surface of Bifidobacterium breve
for the photothermal ablation of tumors upon NIR light exci-
tation.’®" Unfortunately, it was found that the B. breve-AuNP
hybrid system did not lead to a significant therapeutic effect.
Most recently, attenuated Salmonella typhi Ty21a was investi-
gated for the delivery of AuNPs to the tumor’s hypoxic region
and eventually enhanced the efficacy of radiation therapy."*?

In Table 1 we have summarized selected examples of hybrid
systems indicating the bacterial species, nanoparticle size,
whether they were biosynthesized or not, their surface ligand,
and their toxicity.

4. Perspectives and conclusions

This present mini-review explores current synergistic hybrid
systems of noble metal nanoparticles and bacteria. Although
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researchers have long started to investigate the interactions
and potential uses of nanoparticle-bacteria hybrid systems,
recent advancements of nanotechnology and synthetic biology
have opened new avenues to fully exploit their capabilities. The
physicochemical properties and sensing capabilities of noble
metal nanoparticles, together with the biological properties of
the microbial cells such as self-replication, movement, chemo-
taxis, communication, metals homeostasis and resistance to
metals, as well as programmable gene expression, have been
harnessed in hybrid systems towards the development of
future applications. Additionally, the native immunogenicity of
bacteria offers another valuable asset, enabling them to be
leveraged as powerful adjuvants and vaccine vectors.

Herein, we have summarized the design and fabrication
strategies, as well as recent applications in various fields
including electronics, energy production and therapy. Owing
to the inherent physicochemical properties and biocompatibil-
ity of metallic nanoparticles, most studies have been focused
on gold, as silver displays antibacterial activities. However,
certain bacterial species that naturally tolerate high concen-
trations of metal ions such as those employed for biogenic syn-
thesis could be investigated in future hybrid systems. Other
noble metals such as platinum and palladium have been
explored in this field, although to a much lesser extent. In par-
ticular, palladium nanostructures show great potential owing
to their catalytic effect, high thermal stability, oxidation resis-
tance, and tunable optical response.'?

As discussed here, by genetic manipulation it is now poss-
ible to program and rationally tune the implementation of
nanomaterials in hybrid systems. Moreover, biogenic
approaches enable to synthesize the metal nanoparticles
inside bacteria, which paves the way for exciting new appli-
cations such as the development of artificial organelles and
energy generation. The possibility to fabricate hybrid cells
composed of noble metal nanoparticles bound to extracellular
proteins and fibers (e.g. curli) is a new means to the generation
of living electronics and sensors. For instance, the metal nano-
particles in hybrids can be used as high-sensitivity plasmonic
nanosensors to monitor environmental pollution and report
changes in a timely way.’® Bioimaging and biodiagnostics are

Table 1 Summary of different noble metal nanoparticle-bacterial hybrid systems

Bacterial species NP Size Biogenic synthesis Surface ligand Application Toxicity® Ref.
B. cereus AuNP 30 nm No Poly(r-lysine) Living electronics N.D. 83
E. coli AuNP 5nm No Ni-NTA Living electronics N.D. 28
B. subtilis AuNP 20 nm No Citrate Living electronics Yes 108
G. sulfurreducens AuNP 5-50 nm Yes N.D. Living electronics No 110
S. oneidensis AgNP N.D. Yes N.D. Living electronics No 113
E. coli AuNP 10 nm No Ni-NTA Living electronics N.D. 104
E. coli AuNP 18 nm No PDDA Solar fuel production No 124
M. thermoacetica AuNC N.D. Yes N.D. Solar fuel production No 19
E. coli AuNP 60 nm Yes N.D. Bacterial microswimmers No 101
S. typhi AuNP N.D. No Folic acid Bacterial microswimmers No 123
E. coli AuNP <14 nm Yes N.D. Biocatalysis N.D. 67
E. coli PANP N.D. Yes N.D. Biocatalysis Yes 64

“Toxicity of the NPs towards the inhibition of bacterial growth. N.D. Not determined
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other potential applications in which the bacterial-nanoparticle
hybrids could be explored. As mentioned, the plasmonic pro-
perties of the metallic nanoparticles could be harnessed in the
hybrid systems to fabricate living sensors and optical bio-probes
based on LSPR and SERS. Also, metal nanoparticles have been
combined with bacterial cellulose to fabricate an ample variety
of biosensors, as recently reviewed.'**'*” Typically, these com-
posite materials are obtained after the extraction of the native
cellulose. However, their use in live bacteria could be a new
viable route for the fabrication of living hybrids. In a different
application, the development of programmable biofilms with
nanoparticle biotemplating capabilities holds great potential to
fabricate large-scale designable biomaterials.®

This field is still in its infancy and many avenues need to
be further investigated, such as testing a wider range of metal
nanoparticles, alloys and their composites, as well as the
exploration of new bacterial species and pathways for nano-
particle biosynthesis. Biogenic nanoparticles pose a few chal-
lenges which need to be addressed including the lack of mono-
dispersity, low production rates, and batch-to-batch variations,
which hamper their use for large-scale applications.'*® We
envision that the development of new microscopy techniques
with improved resolution such as structured illumination
microscopy will allow us to directly visualize the implemen-
tation and monitoring of the metal nanoparticles in live bac-
teria. It is important to note that both the strengths and limit-
ations of the generated hybrids should be properly addressed
in order to meet the requirements of living organisms, as well
as to enable their translation towards real-world applications.
For instance, the viability of the bacterial cell should not be
compromised in the hybrid composite, as it is highly relevant
for many applications. Clearly, this is a key issue that should
be further investigated in future studies. Therefore, the devel-
opment of non-toxic and robust strategies to functionalize
microbial cells is of outermost importance.

The synergistic assembly and integration of noble metal
nanoparticles and bacteria in a single architecture have rea-
lized the generation of “cyborg” cells with enhanced and new
properties. The yet untapped potential of this synergistic com-
bination offers an excellent opportunity to reveal new discov-
eries, exciting applications and tools.
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