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Microbial fabrication of metal nanoparticles (MNPs) has received significant attention due to the advan-
tages of low toxicity, energy efficiency and ecological safety. Diverse groups of MNPs can be synthesized
intracellularly or extracellularly by various wild-type microorganisms, including bacteria, fungi, algae and
viruses. Synthetic biology approaches, represented by genetic engineering, have been applied to overcome
the shortcomings in productivity, stability, and controllability of biosynthetic MNPs. Scanning electron mi-
croscope (SEM), transmission electron microscope (TEM) and other characterization techniques assist in
deciphering their unique properties. In addition, biosynthetic MNPs have been widely explored for the
utilization in environmental remediation and contaminant detection. And machine learning contains a
great potential for designing targeted MNPs and predicting their toxicity. This review provides a compre-
hensive overview of the research progress in the microbial synthesis of MNPs. An outlook on the current
challenges and future prospects in the biologically controllable synthesis and engineering environmental
applications of MNPs is also provided in this review.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Nanomaterials (NMs) are considered excellent adsorbents and
catalysts due to their large specific surface area, abundant surface-
active sites, and specific surface chemistry [1], typically defined
within the range of 1-100nm [2-4]. The nanoscale particle size
enables inherently inactive materials to achieve catalytic perfor-
mance, while effective catalysts often displace higher efficiency
[5,6]. Top-down and bottom-up methods are two main approaches
to nanoparticle synthesis. Physical and chemical synthesis methods
have been widely used, but they involve high energy consumption
and the use of toxic reducing agents, stabilizers, and other solvents
[7,8]. In contrast, microbial synthesis methods can mitigate many
harmful effects, resulting in nanoparticles (NPs) with superior sta-
bility, dispersion, and biocompatibility [9,10]. In recent years, the
biosynthesis of nanomaterials has attracted increasing attention on
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account of its cost-effectiveness, environmental friendliness, and
ease of scale-up [11].

The microbial synthesis of nanomaterials can involve various bi-
ological entities such as bacteria, fungi, algae, viruses, or extracted
biomolecules like proteins, polysaccharides, DNA, and short pep-
tides [12-14]. These microorganisms and their metabolites are ca-
pable of synthesizing a wide range of metal nanoparticles (MNPs),
including noble metals (e.g., Au, Ag and Pt) [15-17], metal ox-
ides (e.g., ZnO and TiO,) [18,19], metal sulfides (e.g., PbS and CdS)
[19,20], bimetallic/polymetallic nanoparticles (e.g., Pd-Au and Pd-
Pt) [21,22], and other MNPs (e.g., PbCO3 and Zn3(PO4),) [23,24].
However, it is important to note that wild-type microorganisms
have limitations in terms of the variety and capacity of MNPs
they can synthesize. The introduction of synthetic biology has
opened up numerous possibilities in the field of metal nano-
material biosynthesis. Genetic engineering of microorganisms has
played an essential role in expanding the range of MNPs that can
be biosynthesized, improving the tolerance limits of bacteria to en-
vironmental conditions, and increasing the productivity of uniform
MNPs [25-28]. However, the characteristics of biosynthetic metal
nanoparticles (bio-MNPs), the initiation and termination of the
synthesis process, and even the composition of polymetallic NPs
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Fig. 1. Visual figures of co-occurrence cluster analysis using the keywords “microbial synthesis”, “metal nanoparticles” and “environmental application”. A total of 2597
relevant studies were screened from 2003 to June 2023 using Web of Science: (a) the keyword frequency and correlation; (b) the keyword timeline. The size of sphere

represents research frequency, while the lines represent correlation.

cannot be completely predicted or designed. Consequently, there is
a growing focus on research aimed at achieving microbially con-
trollable synthesis of MNPs through synthetic biology approaches.

According to the co-occurrence cluster analysis (Fig. 1), bio-
MNPs have seen increasingly investigated in recent years, partic-
ularly in green synthesis and applications for wastewater treat-
ment. In addition to degrading and removing of contaminants,
some MNPs can also detect heavy metal ions in the solution as in-
dicators [3]. After discharge into the environment, MNPs may lead
to several toxic issues to other organisms. Machine learning (ML)
can be applied to assess the safety of nanomaterials as an alterna-
tive to complex and expensive toxicological analysis [29]. Further-
more, ML can provide recommendations for designing of nanoma-
terial structures and properties through rapid predictive learning,
but the guidance for directional modulation of bio-MNPs is still
poorly explored [30].

In this review, a concise overview of current researches in mi-
crobial biosynthesis of metal nanomaterials is provided, with a fo-
cus on the role of synthetic biology in guiding and enhancing syn-
thesis processes. And the targeted characterization techniques and
significant potential value of machine learning are also explored.
The present review aims to offer researchers interested in the syn-
thesis and environmental applications of bio-MNPs a more com-
prehensive background and innovative ideas rooted in synthetic bi-
ology.

2. Conventional synthesis methods of nanomaterials

Macroscopically, the synthesis of metal nanomaterials can be
categorized into two main approaches “top-down” and “bottom-
up”. Top-down methods involve reducing large metal structures
into smaller nanoparticles through destructive physical or chemi-
cal processes. These methods typically disrupt the van der Waals
forces between stacked crystal layers [1]. Examples of top-down
synthesis techniques include machine grinding (or ball-milling)
[31], laser ablation [32], sputtering [33], ion beam etching [34], and
pyrolysis [35]. While top-down synthesis is relatively easier to per-
form, it may not be suitable for producing very small and uniform
MNPs. For instance, after 70 h of grinding, the minimum particle
size of coconut shell carbon powder can be reduced to as small
as 4.32nm [36]. Additionally, the polydispersity of colloidal noble
metal nanoparticles often remains relatively large (o > 10%) after
laser [37].
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Fig. 2. Top-down and bottom-up approaches to the synthesis of MNPs.

Bottom-up approaches involve the assembly of atoms, ions, or
smaller-scale particles into nanoparticles through the breaking and
coupling of ionic or covalent bonds. Chemical deposition (gas and
liquid phase) [38], electrochemical precipitation [39], sol-gel syn-
thesis [40], spinning techniques [41], and biological synthesis [1],
are included in the bottom-up approaches. While the aforemen-
tioned synthesis methods consume significant amounts of energy
and contribute to carbon footprints, biosynthesis of MNPs is widely
recognized for its environmental friendliness, biocompatibility, and
cost-effectiveness [42]. Fig. 2 summarizes the different approaches
for the synthesis of MNPs, offering a direct comparison of their ad-
vantages and disadvantages. Biological synthesis methods of MNPs
contain highly compelling potential for further development.

3. Biosynthesis of nanomaterials by wild-type microorganisms

Currently, various microorganisms, including bacteria, fungi, mi-
croalgae, viruses and secreted biomolecules have been reported to
synthesize a wide variety of MNPs with diverse types, morpholo-
gies, and particle sizes. A summary of typical wide-type microor-
ganisms and the MNPs they have synthesized can be found in Ta-
ble S1 (Supporting information). As shown in Table S1, wild-type
microorganisms have demonstrated the capacity to synthesize dif-
ferent types of MNPs. However, within a single species, the mor-
phology of the synthesized MNPs is often limited, and the range of
particle sizes can be quite broad.
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3.1. Microbial synthesis of MNPs

3.1.1. Biosynthesis mediated by bacteria

Bacteria have received significant attention in the field of bi-
ological synthesis of nanomaterials due to their ease of isolation,
survival, and cultivation. Currently, there are numerous bacterial
genera have been reported to synthesize MNPs, including Bacil-
lus, Escherichia coli, Pseudomonas, Klebsiella pneumonia, Actinobacil-
lus and Lactobacillus [43]. It is known that bacteria can mediate the
biosynthesis of a wide range of MNPs, such as Au, Ag, CuO, TiO,
and CdS NPs [44]. Furthermore, several extremophilic archaea have
been reported to reduce and then accumulate MNPs. For instance,
Haloferax sp. and Halogeometricum sp., can synthesize Ag NPs and
Se NPs, respectively [45]. The thermophilic and acidophilic archaea
Metallosphaera sedula and Sulfolobus tokadaii can separately synthe-
size W NPs and Pd NPs through redox processes [46,47].

3.1.2. Biosynthesis mediated by fungi

Fungi and yeasts offer unique advantages over prokaryotic mi-
croorganisms, such as high tolerance, bioaccumulation capability,
and efficient metabolism for heavy metal ions [48,49]. The addi-
tional surface area provided by mycelium enhances the nucleation
and conversion of metal ions kinetically, while extracellular en-
zymes facilitate the synthesis of predominantly extracellular MNPs
[50,51]. Dozens of fungal strains, along with their filtrate contain-
ing reductases, have been shown to synthesize Ag NPs and Au NPs
with varying size distributions [52-54]. Additionally, metal oxide
NPs (e.g., ZnO, CuO, FexOy, Zr0,), and metal sulfide NPs (e.g., ZnS,
PbS, CdS, MoS) can be synthesized, with many of them being pro-
duced by Fusarium sp. Notably, fungal spores from Fusarium oxys-
porum have the capability to synthesize ternary nanocomposites,
including BaTiO3 and Bi, 03 [55,56].

3.1.3. Biosynthesis mediated by microalgae

Microalgae contain various active metabolites that serve as re-
ducing and capping agents for MNPs, including polysaccharides,
pigments, alkaloids, quinones, and terpenoids [57,58]. Chaudhary’s
review indicates that 49 species of green algae, 38 species of
brown algae, 23 species of red algae, and 21 species of blue-green
algae are capable of generating various MNPs [59]. Furthermore,
Chlorella vulgaris has been suspected of synthesizing several rare
MNPs such as Ir, Ru, and Rh NPs, which are typically challeng-
ing to biosynthesize [60]. It has also been reported that microalgae
can produce a more diverse array of the shapes of MNPs compared
to fungi and bacteria [44]. Consequently, microalgae appear to be
promising hosts for the synthesis of MNPs.

3.1.4. Biosynthesis mediated by viruses

Viruses are used as biological templates for the synthesis of
MNPs due to their unique size and structure. Notable examples
include, Tobacco mosaic virus (TMV), M13 virus, fd virus, cowpea
mosaic virus (CPMV) and T4 virus [61]. In many cases, additional
reducing agents (such as DMAB, NH,OH, NaBHy4, or UV irradiation)
are required to reduce the metal precursor. Nevertheless, the re-
duction of metal ions with high positive reduction potentials, in-
cluding Au3t, Agt and Pt2*, can be achieved through the exposed
amino acid residues (cysteine, tyrosine, lysine) on the protective
capsid protein structure of viruses.

3.1.5. Biosynthesis mediated by microbial EPSs

Extracellular polymeric substances (EPSs) are complex mixtures
of high macromolecular polymers secreted by both prokaryotic and
eukaryotic microorganisms. They consist of polysaccharides, pro-
teins, nucleic acids, lipids, humic acids, and other biomolecules
[62-64]. EPSs-mediated synthesis of MNPs is gaining recognition
as a simple, convenient and environmentally friendly method. For
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instance, xanthan gum, a kind of heteropolysaccharide EPSs, has
demonstrated the ability to produce spherical Ag, Au, and Pd NPs
with excellent catalytic properties [65-67]. Additionally, purified
carboxyl gel has been utilized as a stabilizer or reductant to syn-
thesize homogeneous and monodisperse Se NPs as well as spher-
ically agglomerated ZnO NPs [68,69]. Schizophyllan (SPN) isolated
from the macro-fungus Schizophyllum commune, has played a cru-
cial role in the synthesis of one-dimensional Au nanowires and Ag
NPs/SPN nanocomposites [70,71]. EPSs from the terrestrial cyano-
bacterium Nostoc commune and the micro-algae Scenedesmu sp.
have demonstrated the ability to compose and stabilize Ag NPs
[72,73]. In the case of complex microbial communities, EPSs ex-
tracted from freshwater biofilms have been shown to stabilize and
modify CeO, NPs and Ag NPs [74]. Sludge EPSs have been reported
to increase the stability of CuO NPs [75], while EPSs from anaer-
obic granular sludge form an organic layer on Se NPs, stabilizing
them in colloidal suspension [76]. Although microbial synthesis is
considered a green and attractive method for synthesizing MNPs,
effectively controlling the shape, size, and composition of MNPs
remains a significant and urgent challenge in the industrial pro-
duction of bio-MNPs.

3.1.6. Biosynthesis mediated by natural microbiomes

Additionally, a few natural microbiomes have been reported to
contain the capability to synthesize MNPs. Lichens, a kind of nat-
ural microbiome composed of several fungal and algal symbioses,
have been reported to mediate the synthesis of various MNPs, in-
cluding Au NPs, Ag NPs, metal oxides (e.g., iron oxide and zinc ox-
ide NPs), bimetallic alloys (Au-Ag NPs), and nanocomposites (e.g.,
Zn0@Ti0,@Si0, and Fe30,@Si0, NPs) [77]. High moisture con-
tent containing in surface of human body results in the prevalence
of microorganisms as commensals. Cultivable microbiota collected
from healthy human skin have been shown to synthesize spher-
ical Au NPs [78]. Similarly, human intestinal microbiota cultured
in vitro can biosynthesize near-spherical bio-Ag NPs ranging with
a size of 34+10nm on the cytoplasmic membrane or within the
cytoplasm [79]. The symbiotic members of the microbial commu-
nity can also reduce the toxicity of metal ions through quorum
sensing and metabolic interactions [80]. In theory, symbiotic mem-
bers of the microbiome can perform complex functions that cannot
be achieved by a single strain, through information exchange and
metabolic interaction. But there have been no studies on the con-
struction of microbiomes specifically designed for the production
of MNPs, according to the literature investigation.

3.2. Mechanism of synthesis of MNPs by microorganisms

Microbial reduction of metal ions usually occurs as a detoxi-
fication mechanism, which can be achieved through intracellular
and/or extracellular pathways [81,82]. Various enzymes (such as
nitrate reductase, catalase, cytochrome reductase) and metabolites
(including amino acids, polysaccharides, sulfur-containing proteins)
secreted by microorganisms play important roles in the synthesis
and stable dispersion of MNPs [83,84]. These biomolecules possess
various functional groups (such as -NH,, -OH, -COOH, -CHO, and
-SH) with high affinity and reduction potential for metal ions [61].
Fig. 3 shows a schematic representation of the mechanism behind
microbial synthesis of MNPs. lon capping, transport, bioconjuga-
tion, and enzymatic catalysis are all integral processes in the re-
duction of metal ions by various microorganisms, with variations
in specific enzymes or transporters among them [12,85]. Within a
single microorganism, both intracellular and extracellular synthesis
of MNPs can occur, and the relative rates determined by environ-
mental conditions [12,86,87].

Intracellular synthesis of MNPs depends on ion transport fa-
cilitated by enzymes and channel proteins [12,13]. Electrostatic
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Fig. 3. Possible mechanism of microbial intracellular or extracellular synthesis of
MNPs.

interactions between metal ions and bacteria with electronega-
tive surfaces serve as the driving force for the extracellular-to-
intracellular ion transport [88]. Once inside the cells, metal ions
undergo reduction through the action of reducing substances, of-
ten represented by oxidoreductases, resulting in the formation
of MNPs within the cytoplasm [12,89-91]. Eventually, the MNPs
formed intracellularly may detach from the cell [92].

Extracellular reduction of metal ions can occur either on the
outer surface of the cell wall or within the culture medium [93].
This process is mediated by secretory reductases or reducing com-
ponents present in the cell wall [92,94]. Electronegative func-
tional groups on the cell wall attract metal ions, which will then
nucleate and be reduced, resulting in the biosynthesis of MNPs
[95]. Extracellularly secreted enzymes [96], polysaccharides [97],
quinones [98], proteins [88], and phytochemicals [99], all con-
tribute to the biosynthesis of MNPs. NADH-dependent nitrate re-
ductase is a typical reductant for the conversion of metal ions
into MNPs, particularly affecting the reduction of Ag® and Au3+*
[100-102].

As a unique metabolism-independent reduction, EPSs-mediated
synthesis of MNPs can be performed in the absence of an elec-
tron donor [12]. Abundant reactive functional groups and non-
carbohydrate substituents are contained in the EPSs, such as hy-
droxyl, sulfate, acetyl clusters in polysaccharides, amine, thiol, car-
boxyl groups in proteins and phosphate groups in nucleic acids,
endow an overall negative charge [103,104]. Among the numer-
ous polyanionic functional groups, hydroxyl, carboxyl, amino, and
hemiacetal groups have been proposed as mediators in the reduc-
tion of metal ions to form corresponding MNPs [105]. The oxida-
tion of hydroxyl groups to carbonyl, as well as the conversion of al-
cohol and aldehyde to carboxyl groups, are important factors in the
reduction process [106]. Moreover, EPSs protect the primary struc-
ture of MNPs, prevent agglomeration, and improve compatibility
between phases in the system, acting as a natural encapsulating
film and effective stabilizer [107,108].

3.3. Structure and characterization of bio-MNPs

A wide range of MNPs synthesized by various microorgan-
isms have been extensively explored. Well-studied bio-MNPs in-
clude various monometallic nanoparticles (e.g., Cu, Fe, Al) and no-
ble metal nanoparticles (e.g., Ag, Au, Pt) [109]. The biosynthesis of
magnetic nanoparticles, specifically Fe,0O3 and Fe304 was among
the earliest and most extensively studied metal oxide nanoparti-
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Fig. 4. Spiral periodic table of elements showing the metal and metalloid nanopar-
ticles that have been synthesized by microorganisms.

* The data involved are from Google Scholar

cles [110]. Successively, TiO,, Ag,0O, CuO, ZnO, MnO,, CeO, and
Bi,O3 NPs were also found to be biosynthesized [43]. PbS, ZnS,
CdS, MnS, NiS and HgS NPs can be biosynthesized through enzy-
matic catalysis or mediation of cysteines and peptides under lower
redox potential conditions [109]. Moreover, metal salt nanoparti-
cles such as PbCO3, CdCO3 and Zn3(PO4), NPs, can be fabricated
during CO, production by microorganisms or in the presence of
phosphate [23,24]. Fig. 4 summarizes the biosynthesized metal and
metalloid nanoparticles reported to date in the form of a periodic
table of elements. It demonstrates that the diversity of bio-MNPs
remains to be expanded, despite the wide range of metal or met-
alloid elements involved.

In addition to composition and type, MNPs can be distinguished
by particle size, shape, and structure as well. MNPs can take
on various shapes, including spheres, rods, cubes, triangles, and
hexagons. Sequential reduction for at least two metal ions can re-
sult in MNPs with a core-shell structure, whereas alloyed NPs are
formed [111]. Furthermore, properties such as surface area, ho-
mogeneity, stability, chemical composition, and crystal structure
can provide valuable insights into the potential functions of MNPs
[112,113]. Therefore, it is essential to characterize MNPs using a va-
riety of advanced techniques. Table 1 provides an overview of tar-
geted characterization techniques for different aspects of MNPs. In
practice, these techniques are typically complimentary, with factors
such as availability, cost, accuracy, and non-destructiveness often
influencing the choice of method.

4. Biosynthesis of MNPs by synthetic biology

To overcome the production limitations of MNPs by wild-type
microorganisms, synthetic biology represented by genetic engi-
neering is introduced [114]. The process of designing and con-
structing engineered microorganisms includes [115]: (1) Recogniz-
ing functional genes/enzymes involved in the synthetic pathways;
(2) importing target genes into appropriate chassis strains to con-
struct biosynthetic pathways; (3) identifying bottleneck pathways
that limit production and enhancing the tolerance of chassis strains
to various environmental stresses. Currently, the focus of geneti-
cally engineered microorganisms is primarily on simple biological
systems like bacteria and yeast.
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Table 1
Techniques for the characterization of MNPs.

Chinese Chemical Letters 35 (2024) 109651

No. Aspects Entity characterized Characterization techniques suitable

1 Morphological Size TEM, SEM, DLS, NTA, SAXS, TRPS, AFM, DCS
2 Shape TEM, SEM, HRTEM, AFM, FMR

3 Dispersity TEM, SEM, DLS, NTA

4 Agglomeration state TEM, SEM, zeta potential

5 (specific) Surface area BET

6 3D visualization 3D-tomography, AFM, SEM

7 Structural and chemical Composition XPS, EDX, ICP-MS, ICP-OES, NMR, LEIS, FTIR
8 Crystal structure XRD, EXAFS, HRTEM, STEM, Raman spectroscopy
9 Oxidation state XAS, EELS, XPS, FTIR, CV

10 Bonding XPS, FTIR, Raman spectroscopy

11 Surface charge Zeta potential, EPM

12 Density DCS, RMM-MEMS

13 Electronic and electrical Electronic state Raman spectroscopy, SERS, DRS

14 Electrical conductance DRS, Ellipsometry

15 Magnetic UV-vis, PL, DRS, EELS-STEM

16 Optical DSC, DTA, TGA, THW

17 Thermal UTM, DMA, nano-indentation

18 Mechanical UV-vis, PL, DRS, EELS-STEM

4.1. Biosynthesis by engineered bacteria

Bacterial cells contain a lower number of relevant enzymes,
non-enzymatic proteins, and peptides, resulting in a slower bio-
reduction process compared to other complex microorganisms,
such as fungi [116]. Therefore, it is a trendy strategy that using
genetically engineered microorganisms to enhance the efficiency
of metal ion reduction, achieve controllable synthesis of homoge-
neous MNPs, and expand the possibilities in bio-MNPs production.
E. coli, which contains a strong synthetic capacity for a variety of
substances, has gained widespread use as a chassis cell in genetic
engineering modifications.

The introduction of exogenous genes and cell reprogramming
to amplify the encoding genes of homologous or heterologous pro-
teins responsible for reduction is the central approach in construct-
ing synthesis-oriented genetically engineered bacteria. Previous re-
searches have reported the co-expression of metallothionein (MT)
and phytochelatin synthase (PCS) in engineered E. coli by introduc-
ing recombinant plasmids. MT is a metal-binding protein known
for its ability to bind metals such as Cu, Cd, and Zn through thiol
clusters [117]. Phytochelatin (PC) is a series of thiol-reactive pep-
tides containing gamma-glutamate-cysteine repeating units, syn-
thesized by PCS [118]. Both MT and PC are rich in cysteine, and
the thiol groups in cysteine act as efficient reducing agents for
metal ions. Recombinant E. coli co-expressing MT and PCS have
been used to synthesize more than 60 different nanomaterials, in-
cluding various combinations of semiconductors (Cd, Se, Zn, and
Te), alkaline earth metals (Cs and Sr), magnetic metals (Fe, Co, Ni,
and Mn), noble metals (Au and Ag) and lanthanide metals (Pr and

Gd), some of that have never been synthesized by chemical meth-
ods [25,27]. Similarly, genes encoding other reductases, such as
glutathione synthase or cysteine synthase, have been employed in
the construction of genetically engineered bacteria [119,120]. These
genetic manipulations have successfully enhanced the synthesis
and accumulation of bio-MNPs, breaking through the limitations
of biosynthesis to a certain extent [121-123]. With the increasing
sophistication of genetic engineering methods, the manipulation
of individual genes alone is no longer sufficient for the biosyn-
thesis of high-quality MNPs. The limited control over the proper-
ties or self-assembly of MNPs has been achieved through the con-
struction of genetic control circuits [124,125]. For example, an in-
ducible system has been constructed to synthesize rounded iron
oxide nanoparticles (IONPs) typically below 30nm in size, with
over 24 IONPs located on each intracellular chain [126]. This is a
major breakthrough in the controllable synthesis of MNPs. Repre-
sentative engineering bacteria and their manipulations during the
development are summarized in Table 2.

4.2. Biosynthesis by engineered yeast

Yeasts are rich in reducing biomolecules, such as glutathione,
metallothioneins and phytochelatins, which have been reported
to provide a better control over particle size distribution com-
pared to bacteria [28]. Several genetic engineering operations
have been conducted using yeast as a chassis cell for fungal
synthesis of MNPs. For example, transgenic Pichia pastoris strains
overexpressing the cytochrome b5 reductase enzyme (Cyb5R),
have been constructed to facilitate high-throughput accumulation,

Table 2

Representative engineering bacteria for the synthesis of MNPs.2
No. Chassis strain Manipulation MNPs Effects Ref.
1 E. coli DH15« Co-express MT and PCS 60 different NMs Extended synthesis [25]
2 E. coli DH15« Co-express PpMT and AtPCS various MNPs Extended synthesis [27]
3 E. coli JM109 Co-expressing SpPCS and GSHI* Cds First biosynthesis [119]
4 E. coli ABLE C Over-express GSS Cds 2.5x yield [120]
5 E. coli. 116AR CusCFBA Ag/Cu system Ag Accumulation [121]
6 E. coli DH15¢ Express MT Ag Increased yield [122]
7 R. rubrum ATCC 11170 Mam genes Fe304 Functional reconstruction [123]
8 E. coli MG1655 Genetic control circuits CdS, Au, Fe,Oy Sensing-triggered synthesis [124]
9 S. oneidensis MR-1 Genetic control circuits MnZnSP Controlled Mn doping [125]
10 M. magneticum AMB-1 Genetic control circuits Fe304 Control of size, shape and surface properties [126]

2 MNPs = Metal nanoparticles; NMs = nanomaterials.
b MnZnS means Mn-doped ZnS nanoparticles.
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transformation, and intracellular production of stable and highly
dispersed Ag NPs and Se NPs [127]. The recombinant P. pastoris
strains are also capable of synthesizing Au NPs and Pd NPs, each
around 100nm in size, even at toxic concentrations of Au3* and
Pd2* (10 mmol/L and 60 mmol/L, respectively) [128]. Furthermore,
through insertion of the inducible promoter PGAL1 into the
upstream region of the rate-limiting gene GSH1, PGAL1-GSH1
engineered yeast demonstrated a remarkable 5-fold increase in
CdSe QD vyields under galactose induction compared to the wild
type [129]. It is important to note that there are significant gaps
in the availability of genetic tools for synthesizing MNPs in fungi
and yeasts compared to bacteria.

4.3. Biosynthesis by modified viruses

The ability of viruses to synthesize MNPs is often determined
by the number of amino acid residues on the capsid protein [130].
Therefore, it is possible to enhance MNPs synthesis by specifically
modifying the capsid protein. For instance, introducing cysteine
and lysine residues to increase thiol groups has been shown to be
effective [131]. A7 and Z8 peptides were expressed in the form of a
pVIII fusion protein into the crystal capsid of the virus, resulting in
the synthesis of well-crystallized ZnS NPs and CdS NPs [132]. The
slow formation of large Au nanosheets was found to be promoted
by GASL and SEKL as biocatalysts [133]. A pair of tryptophan (SEKL-
WWGASL) was further combined to increase the synthesis speed of
Au NPs by more than five times and decrease the size of NPs from
over 500nm to about 40nm [134]. The successful biosynthesis of
10-40nm Au NPs was achieved by introducing SEKLWWGASL se-
quence into the surface-exposed loop of TMV capsid protein [135].
Additionally, TMV1cys and TMV2cys were constructed by inserting
one or two cysteine residues into the amino terminus of TMV cap-
sid protein, which could effectively improve the biological adsorp-
tion of metal ions and the biological synthesis of Ag, Au, Pd, and
Pd-Au NPs [136,137]. However, virus-mediated MNPs synthesis still
faces challenges such as limited genetic manipulation, safety and
biocompatibility.

4.4. Biosynthesis by modified microbial EPSs or programmable
biomolecules

As far as we know, there have not been any unexpected
advances in the synthesis of MNPs using genetically modified
EPSs, although it remains a possibility. For example, EPSs se-
creted by Arthrospira platensis can increase under gamma irradi-
ation stress, resulting in improved biosynthesis, dispersion and
capping properties of Ag NPs [138]. An engineered strain F2-
exoY-0, was constructed to produce EPSs containing significantly
higher levels of polysaccharides than the wild type, resulting in
higher Cr(VI) recovery rates due to the increased presence of
polysaccharides (mainly hemiacetal groups) [139]. Similarly, mu-
tants of Pseudomonas fluorescens with increased EPSs yield were
screened through treatment with atmospheric and room temper-
ature plasma (ARTP). These mutants exhibited higher floccula-
tion activity, which facilitated the effective uptake of Cr(VI) [140].
The regulatory mechanisms of EPSs biosynthesis based on quo-
rum sensing and c¢-di-GMP secondary messenger (activating pelD
and alg44), as well as regulatory gene clusters of EPSs in vari-
ous bacteria, have been summarized [141]. Additionally, a recent
study introduced an Al-driven multivariate optimization strategy
that combined h-SVM with RSM, to increase the EPSs produc-
tion of Bacillus licheniformis by approximately 5-fold through op-
timizing the culture medium [142]. Although the genetically engi-
neered bacteria mentioned above were not specifically constructed
for MNPs synthesis, they provide possible directions for future
design.
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Moreover, it is worth mentioning that other programmable
biomolecules, such as DNA, short peptides, and proteins, have
demonstrated exceptional capabilities in the controllable synthe-
sis of MNPs. The size, distribution, and elemental composition of
Au-TiO, nanocomposites can be precisely controlled by adjusting
factors such as DNA length, peptide nucleic acid (PNA) number,
and acridine binding sites on DNA for specific mineralization [143].
By changing the hydrophobicity, the number of carboxylates and
amino groups, and the side-chain position of the peptoid, it be-
comes possible to transform the shape of Au NPs from spherical to
coralloid [144]. It illustrates that a certain degree of predictability
and controllability of MNPs can be achieved through the design of
DNA or sequence-defined peptides.

5. Environmental applications of bio—-nanomaterials

Due to the advantages of green synthesis, metallicity and
nanoscale, bio-MNPs have been widely used in the field of environ-
mental remediation and heavy metal detection (Table S2 in Sup-
porting information). Representative environmental applications of
bio-MNPs and their remediation mechanisms are shown in Fig. 5,
which are concentrated in the field of water treatment.

5.1. Degradation of organic pollutants

Current researches highlight the removal of nitro compounds,
organic dyes and halogenated substances using bio-MNPs. Au NPs
are widely used in the removal of nitro compounds. For in-
stance, bio-Au NPs have been reported to exhibit powerful cat-
alytic reduction properties towards nitroanilines and nitrophenols
[145,146]. Bimetallic Pd-Pt NPs generated by S. oneidensis MR-1 us-
ing anthraquinone-2,6-disulfonate (AQDS) as a mediator are more
effective in the catalytic reduction of nitrophenols compared to Pd
NPs or Pt NPs [147]. Organic dyes pose environmental risks due to
their persistence and eutrophication potential. Biogenic Ag, Au, Pd,
and Mo NPs have found extensive use in catalyzing the effective
decolorization of organic azo dyes, such as methyl orange (MO)
and methylene blue (MB) [1]. Metal oxides and metal sulfides are
extensively applied in the photodegradation of organic pollutants,
thanks to their suitable band gaps that can absorb photoenergy
and excite electrons [148,149]. For example, SnO, NPs synthesized
by Erwinia herbicola achieved photocatalytic degradation rates of
93.3%, 94.0%, and 97.8% for MB, MO, and Erichrome black T (EBT),
respectively [150]. ZnO NPs and TiO, NPs also serve as excellent
photocatalysts for the degradation of MB and MO [151,152]. Simi-
larly, biosynthetic ZnS, CdS, and PbS NPs exhibit photodegradation
activities towards rhodamine B (RhB), diphenyl blue and MB, re-
spectively [153].

It has been widely reported that bio-Pd NPs exhibit excellent
catalytic reduction, dehalogenation, and hydrogenation properties.
During the dehalogenation of 2,3,4,5-tetrachlorobiphenyl, the re-
lease of chloride catalyzed by chemical Pd NPs is only 5% of
that by bio-Pd NPs [154]. Efficient pilot-scale dechlorination of
trichloroethylene (TCE) was achieved using bio-Pd NPs in combina-
tion with a membrane reactor or fixed-bed reactor [155,156]. Re-
cently, D. vulgaris strains were used as the adsorption carriers to
synthesize stably dispersed Pd NPs ranging from 3 nm to 6 nm.
These nanoparticles could catalyze both dechlorination and deflu-
orination reactions and were able to remove over 70% of CFC-11
within 15h [157]. Magnetic nanoparticles such as Fe;04 NPs have
been used for the adsorption of F~ ions from drinking water [158].
Consequently, there is potential to achieve complete removal of
fluorinated compounds by combining different biogenic MNPs.
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Fig. 5. Representative environmental applications of bio-MNPs.

5.2. Removal of heavy metals

There have also been excellent performances of bio-MNPs in
the field of heavy metal removal. Pd NPs synthesized by Geobac-
ter sulfurreducens strains can reduce carcinogenic Cr(VI) to the
less toxic Cr(Ill) [159]. Hollow rod-shaped bio-CuS NPs were ca-
pable of removing 95% of Cr(VI) in just 40 min, with a maximum
adsorption capacity reaching up to 28.5mg/g [153]. Furthermore,
biogenic ZnO NPs showed excellent adsorption capacity for Cd%*,
Co%*, and Pb?*, with maximum adsorption efficiencies of 85.63%,
71.23%, and 95.35% at different pH levels [160]. In addition to ion
adsorption and reduction, iron oxide NPs synthesized by Aspergillus
niger removed chromium ions from aqueous solutions by form-
ing Fe(II)-Cr(Ill) complexes and precipitates, such as Cr(OH), and
Cr,03 [161]. It is obvious that bio-MNPs have great potential for
the removal of heavy metal ions, and further design of nanomate-
rials to achieve higher removal efficiency is a promising perspec-
tive.

5.3. Sterilization and disinfection

Nanoparticles exhibit a certain degree of toxicity to microor-
ganisms due to their size effect. Ag, Au, CuO and ZnO NPs are
the most prominent among the reported bio-MNPs with antibac-
terial properties. The release of Ag*t from Ag NPs leads to the
generation of reactive oxygen species (ROS), disrupting cell struc-
tures, genetic substances, and interfering with energy metabolism
to achieve sterilization [162]. Extracellular Ag NPs synthesized by
S. oneidensis MR-1 exhibit stronger antibacterial activity against
Bacillus subtilis compared to chemically synthesized colloidal sil-
ver [163]. Au NPs exert bactericidal effects primarily through two
mechanisms inhibiting ATPase activity and hindering transcription
[164]. Bio-Au NPs have been reported to possess significant an-
tibacterial activity by disrupting the cell membrane, comparable to
standard antibacterial and antifungal drugs [165]. Significant an-
tibacterial activity of bio-ZnO NPs was reported against pathogens
such as Pseudomonas aeruginosa, Aspergillus flavus, and Enterococcus
faecalis [166]. Bio-CuO NPs were capable of completely removing
pathogens from infected drinking water (16,000 colonies/100 mL)
within 30 min at a concentration of 40 mg/mL [167]. Furthermore,

biosynthetic MgO NPs and TiO, NPs possess certain antibacterial
activity due to the production of ROS [49].

Bio-MNPs can enhance the effectiveness of conventional antibi-
otics in addition to their intrinsic antibacterial activity. For ex-
ample, when combined with levofloxacin, Ag NPs prove effec-
tive against a variety of pathogens, including E. faecalis, E. coli,
Salmonella typhi and Vibrio cholerae [168]. Similarly, when bio-Ag
NPs are used in conjunction with oleandomycin, rifampicin, or
penicillin G, the antibacterial efficacy against pathogenic strains is
enhanced for all antibiotics [169].

5.4. Indicators of contaminants

Mercury is a highly hazardous heavy metal element to the en-
vironment. When Au NPs synthesized by Trichoderma harzianum
come into contact with Hg2* in a solution, the color of the re-
action system changes from ruby red to gray-blue [170]. This dis-
coloration occurs because Hg2t has a higher affinity for -SH than
the Au-S bonds formed between Au NPs and cysteine. Therefore, a
method was investigated for rapid detection of HgZ* with a mini-
mum detection limit of 2.6 nmol/L using the colorimetric response.
Similarly, Ag NPs are highly sensitive to HgZ* and Mn2*, just same
as Au NPs are to Pb2*. These Ag NPs and Au NPs are stabilized by
L-tyrosine under light, and they exhibit colorimetric detection lim-
its as low as 16 nmol/L [171]. These convenient colorimetric meth-
ods can be used for the preliminary detection of some heavy metal
ions, expanding the environmental applications of MNPs.

6. Machine learning guidance for metal nanomaterials

As a branch of artificial intelligence, machine learning (ML) uses
algorithms to infer mathematical models for performing certain
tasks from a mass of data. Till date, numerous structure descrip-
tors, including molecular structures, mechanical properties, and re-
action conditions, have been developed for ML to analyze struc-
tural defects and assist in the design of desired chemical nanoma-
terials [172,173]. A computational method based on Monte Carlo
tree search and recurrent neural networks has made significant
contributions to the design of promising new metal-organic frame-
works (MOFs) [174]. A platform for autonomously driven synthe-
sis of nanoparticles based on ML algorithms was constructed by
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Chen et al., to achieve a hierarchical evolution from spherical Au
NPs to nanorods and then to octahedral nanoparticles by contin-
uously optimizing and exploring the conditions required to syn-
thesize various shapes of Au NPs [175].When coupled with data
mining techniques, ML can also enable rapid screening of novel
application-specific NMs from structural databases [176]. In con-
clusion, ML tools are useful for designing the structure of nano-
materials to enhance their adsorption or catalytic properties [30].
Furthermore, a bio-MNPs synthesis model based on classical nu-
cleation theory has been achieved, providing mechanistic insights
into how cells direct reactions for the formation of nanomaterials
[177]. It indicates that the combined use of ML and omics technol-
ogy is likely to be the future approach for intelligent and control-
lable synthesis processes.

The potential risks and toxicity of bio-MNPs to organisms and
the environment should be carefully considered prior to their
engineering applications. ML algorithms like SVM, decision tree,
and regression algorithms are widely used to study the toxicity
of metal oxide-based nanomaterials [178]. Deep neural networks
(DNN) have been utilized in a few studies to enhance the predic-
tive quality of other ML models for nanotoxicity [179]. Moreover, a
synthetic gene circuit comprising four heat shock promoter (HSP)
regions and a gene sequence encoding reporter proteins, was con-
structed to serve as a biosensor for nanomaterial-induced toxicity
[180]. There are still significant gaps in detecting toxicity for com-
plex bio-MNPs. Combining genetic circuits and ML methods for an
accurate toxicological analysis presents a highly promising research
approach.

7. Limitations and challenges

Currently, the biological synthesis of MNPs is primarily con-
ducted at the laboratory scale. Wild-type microbe-mediated syn-
thesis of MNPs remains limited by factors such as biosynthesis cy-
cle, yield and structure of nanoparticles. While some recombinant
microorganisms have been constructed to increase yield and con-
trol the size, shape, and chemical component of the MNPs to some
extent, the types of chassis cells or molecules are intended to be
expanded. Moreover, there is still significant room for improve-
ment in the controllability of composition, structure, and synthesis
process of bio-MNPs, especially for polymetallic nanomaterials.

Despite the remarkable green and low consumption advan-
tages of biosynthesis, the admixture of biomolecules tends to affect
some properties of MNPs, resulting in properties that are generally
lower than those produced by chemical synthesis. Another chal-
lenge arises from the toxicological effects of MNPs in the environ-
ment [181]. The transportation of nanoparticles into cells can lead
to oxidative stress and cellular toxicity [182]. Currently, toxicolog-
ical analyses still rely primarily on long-term and costly biological
experiments, with virtual toxicological predictions serving only as
a secondary reference.

8. Conclusions and future prospects

Bio-MNPs play an important role in environmental remediation,
with providing a means to utilize hard-to-recycle metal ions at
the nano-resource level. The synthesis of MNPs by physicochem-
ical methods tends to be toxic and energy-intensive compared to
biological methods. However, the limited synthesis capability and
product structure of a single wild-type microorganism inhibit the
scale-up of bio-MNPs to some extent. Currently, there is a con-
siderable interest in developing more efficient methods for the
synthesis of bio-MNPs. Several recombinant microorganisms have
been constructed through techniques such as overexpression, co-
expression, and gene circuit engineering, leading to breakthroughs
in both yield and controllability of MNPs synthesis. Microalgae are
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able to grow and reproduce rapidly in nutrient-poor environments
and synthesize MNPs of abundant types and shapes. It is of great
value to utilize them as chassis cells in the future to construct
modified microalgae for the synthesis of nanomaterials, taking ad-
vantage of their unique properties. Meanwhile, high-dimensional
synthetic biology methods, such as synthetic microbiomes, have
not been explored. Members of them may achieve complex func-
tions that cannot be performed by a single strain by exchanging
information and metabolic interactions. Constructing synthetic mi-
crobiomes is expected to improve production efficiency by decreas-
ing the metabolic burden of a single strain. Machine learning is
of great significance in guiding the design of targeted metal nano-
materials and predicting their toxicological effects. A pathway for
combining in vivo cellular action with the guidance of computer
has been established. Further controllable synthesis of bio-MNPs
may depend on the combination of more complex genetic con-
trol circuits with ML tools. Moreover, there is a need for the de-
velopment of rapid, simple, and cost-effective methods based on
characterization data and ML modeling for toxicological analysis of
bio-MNPs. In the foreseeable future, Al-driven machine learning is
poised to lead the way in achieving more “intelligent” synthesis
and toxicity prediction of bio-MNPs.
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