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metal solution, reduction of the metal ions 
leads to the generation of metal atom clus-
tering generating nanosized particles. A 
characteristic of biosynthetic NPs is their 
high stability as the organisms provide 
their own biomolecular capping agent(s).[1]

While plant-based production of NPs is 
now considered a scientific curiosity rather 
than a promising biotechnology,[2] bacteria-
mediated NP biosynthesis offers better 
chances, in light of the poorly characterized 
microbial diversity and the complex chem-
istry of enzymes in metal-reducing bacteria. 
Two recent works focused on directed bio-
fabrication of CdSe-nanoparticles through 
regulating extracellular electron transfer[3] 
and the biosynthesis of highly active copper 
NPs (CuNP) by Shewanella oneidensis.[4] 
However, the description of molecular 
mechanism(s) involved in the biosynthesis 
of NPs has received little attention, which 
is the focus of this review.

2. Microbial Synthesis of Metal Nanoparticles

2.1. Silver

2.1.1. Use of Cell-Free Culture Filtrates and Extracts (CFCF)

The CFCF or culture supernatants (CS) of bacteria mediate the 
synthesis of AgNPs[5] as presented in this section. The CFCF 
from the family Enterobacteriaceae reduce silver ions to AgNPs 
(Table 1). CFCF of Klebsiella pneumoniae, Escherichia coli, and 

Metal nanoparticles (NPs), chalcogenides, and carbon quantum dots can 

be easily synthesized from whole microorganisms (fungi and bacteria) and 

cell-free sterile filtered spent medium. The particle size distribution and the 

biosynthesis time can be somewhat controlled through the biomass/metal 

solution ratio. The biosynthetic mechanism can be explained through the ion-

reduction theory and UV photoconversion theory. Formation of biosynthetic 

NPs is part of the detoxification strategy employed by microorganisms, either 

in planktonic or biofilm form, to reduce the chemical toxicity of metal ions. In 

fact, most reports on NP biosynthesis show extracellular metal ion reduction. 

This is important for environmental and industrial applications, particularly 

in biofilms, as it allows in principle high biosynthetic rates. The antimicrobial 

and antifungal effect on biosynthetic NPs can be explained in terms of reactive 

oxygen species and can be enhanced by the capping agents attached to the NP 

during the biosynthesis process. Industrial applications of NP biosynthesis are 

still lagging, due to the difficulty of controlling NP size and low titer. Further, 

the environmental assessment of biosynthetic NPs has not yet been carried 

out. It is expected that further advancements in biosynthetic NP research will 

lead to applications, particularly in environmental biotechnology.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/ppsc.201900419.

1. Introduction

In view of the increasing applications and demand of nano-
materials, synthesis of nanoparticles (NPs) mediated by micro-
organisms can be adopted once the method is commercially 
explored and the underlying molecular mechanisms are fully 
understood. To synthesize metal atom NPs, an aqueous solution 
of a metal salt, for example, AgNO3 for silver NPs (AgNPs) and 
AuCl4 for gold NPs (AuNPs), is prepared. Thereafter, the micro-
bial culture, cell extract, or sterile filtrate is mixed with this 
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Enterobacter cloacae reduced silver ions from AgNO3 to AgNPs 
within 5 min.[6] In another study, AgNPs were synthesized by 
adding the supernatant of an E. coli culture to a solution of 
AgNO3.[7] Singh et al. reported the bacteria Brevibacterium frigo-
ritolerans DC2 induced extracellular synthesis of AgNPs.[8] Simi-
larly, culture filtrate of Pichia fermentans JA2, a bacterial strain 
isolated from spoiled fruit pulp mediated the synthesis of silver 
and zinc oxide NPs (ZnO NPs) extracellularly.[9]

Studies have shown that the microbial NP synthesis is 
strongly influenced by the type of CFCF, its concentration, pH, 
and temperature which gives the possibility to control the size 
and shape of the formed AgNPs. For example, the CFCF of  
A. kerguelensis failed to synthesize the AgNPs at 37  °C, while
P. antarctica mediated the AgNP synthesis at this tem-
perature.[30] The CFCF of B. flexus S-27 has been reported to
mediate the AgNP synthesis in an aqueous silver nitrate solu-
tion, and yielded anisotropic AgNPs of spherical and triangular
shape, measuring 12 and 65 nm in size, respectively.[31] The cul-
ture filtrate of Pseudomonas aeruginosa, Arthrobacter kerguelensis,
A. gangotriensis, P. antarctica, P. meridiana, P. proteolytica
(psychrophilic bacteria), Bacillus cecembensis, and B. indicus
(mesophilic bacteria) successfully induced the extracellular syn-
thesis of AgNPs of 6–13  nm size at reaction temperatures of
7 and 22 °C.[30] The AgNPs remained stable up to eight months
in a suspension stored in the dark, indicating effective biocap-
ping that prevents aggregation.

2.1.2. Bacterial Biomass

The bacterial cells separated from the fermentation broth have 
also been used to synthesize AgNPs (Table 2). The bacterium 
B. licheniformis mediates the biosynthesis of 50  nm sized
AgNPs at pH 7 and 37 °C.[32] Law et al. reported that silver ions
in the form of AgCl were reduced to insoluble AgNPs when
the culture of Geobacter sulfurreducens was added to the solu-
tion.[33] They proposed that AgNPs were precipitated extracel-
lularly, a reaction depending on c-type cytochromes (see also
Section  3.3.5). The authors propose to exploit this process to
recover AgNPs from contaminated water.

2.1.3. Fungus-Mediated Biosynthesis of Silver Nanoparticles

Many fungal strains have been tested to mediate the synthesis 
of AgNPs. However, in contrast to bacteria, in most cases 
only the fungal biomass has been used to synthesize the NPs, 
whereas the culture filtrates have been scarcely explored, as 
shown next.

Fungal Biomass: The biomass (liquid cultures) of several 
plant pathogenic, saprophytic, and mycoparasitic fungi have 
been reported to reduce silver ions to AgNPs from an aqueous 
AgNO3 solution (Table 1).[12,14,15,42,43] The biomass of Aspergillus 
niger generated AgNPs from silver nitrate at 25 °C in the dark 
after a pretreatment including incubation, washing and filtra-
tion.[12] Vahabi et al. achieved the formation of 5–50 nm diam-
eter spherical AgNPs using the culture of Trichoderma reesei.[44] 
For this, the fungus was first grown in glucose casein medium 
at 25–28 °C under continuous mixing conditions at 150 rpm for 

72 h and the settled mycelia were used for the AgNP synthesis. 
Fourier transform infrared spectroscopy imaging of the syn-
thesized AgNPs showed the presence of fungal protein around 
the particles that is assumed to impart the stability to the NPs 
in the suspension.[44] The cultures of Fusarium oxysporum also 
induced reduction of silver ions to AgNPs of 5–15 nm in size.[45] 
Interestingly, the fungus synthesized both tryptophan and 
tyrosine, which likely increase the stability of the particles in 
the solution. The role of aromatic amino acids will be further 
discussed in Section 3.3.

Fungal Culture Filtrate: The cell-free culture filtrate/superna-
tant of fungi has also been used to synthesize AgNPs (Table 1). 
For example, AgNPs were formed when CFCF of a fungus, 
Pleurotus ostreatus, was added to an AgNO3 solution.[46] The 
reaction was carried out in darkness and 6–23 nm AgNPs were 
formed within 72 h. The synthesis of AgNPs was optimized for 
F. solani and AgNO3 yielding AgNPs of 8–15  nm diameter at
25 °C after 24 h.[47]

Based on these studies, Fusarium, Aspergillus, and Tricho-
derma species may be exploited for the commercial synthesis of 
AgNPs. However, the relative performance of different strains/
isolates of these fungi is influenced by factors like solution 
concentration, pH, temperature, etc., and require individual 
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optimization of the NP yields. Furthermore, the chemical iden-
tity of the reducing agents or biochemical mechanisms involved 
remained largely unknown.

2.2. Gold

Some fungi, bacteria, and yeasts have been used to synthe-
size AuNPs. Synthesis of AuNPs in good yield was achieved 
with the Thermomonospora sp., an extremophilic bacteria.[48] 
Shewanella sp., synthesized AuNPs using H2 as an electron 
donor.[49] Rhodopseudomonas capsulate produced 10–20 nm size 
AuNPs.[50] The supernatant of P. aeruginosa culture reduced the 
gold ions extracellularly[51] whereas G. sulfurreducens formed 
the NPs intracellularly.[52] Synthesis of AuNPs has also been 
found efficiently mediated by the fungi Collitotrichum sp.,[53] 
Volvariella volvacea[22] as well as Verticillium spp.[54]

A few yeasts have been found equally effective in synthe-
sizing AuNPs. The biomass of Pichia jadinii was added to the 
aqueous gold solutions of different concentrations, and AuNPs 
were synthesized intracellularly. The NPs were of triangular, 

hexagonal, and spherical shape with an average diameter of 
100 nm. Both biomass and yeast extract yielded AuNPs within 
24 h after careful pretreatment.[55] In addition to the cell wall 
components, the proteins released by the yeast cells are appar-
ently involved in the formation of AuNPs and in their sta-
bilization.[56] Lengke et  al. used a CFCF of cyanobacterium 
Plectonema boryanum to synthesize AuNPs of 10–25 nm size.[57]

2.3. Platinum and Palladium

Extracellular synthesis of PtNPs was achieved by using bio-
mass of F. oxysporum to produce 5–30  nm size NPs.[58] Metal 
ion-reducing bacterium, Shewanella algae has also been found 
to produce platinum nanoparticles (PtNPs).[59] The cell sus-
pension of S. algae under a N2-CO2 (80:20, v/v) atmosphere 
reduced aqueous [PtCl6]2− ions to PtNPs of 5  nm size, largely 
formed on the surface of the bacterial endospore (Figure 1). 
Brayner et  al. have reported the synthesis of palladium and 
platinum NPs by adding the cyanobacteria Anabaena, Calothrix, 
and Leptolyngbya to solutions containing these metal ions. The 

Table 1. Fungi-catalyzed synthesis of nanoparticles and antimicrobial effects of NPs.

Synthesis of nanoparticles Antimicrobial effects Ref.

Metal Size [nm] Synthesized by Target microorganism Zone of inhibition [mm]

Ag – Agaricus bisporus Escherichia coli, Klebsiella sp., Pseudomonas sp., Enterobacter sp., Proteus sp., 

Staphylococcus aureus, Salmonella typhi, S. paratyphi

14–22 [10]

Ag 5–30 Aspergillus flavus E. coli, S. aureus, Micrococcus luteus, Enterococcus faecalis, P. aeruginosa, 

Acinetobacter baumannii, K. pneumoniae, Bacillus spp.

14–15 [11]

Ag 20 A. niger, A. fumigatus P. aeruginosa, S. aureus, Salmonella typhae, E. coli 16–28 [12]

Ag 55–73 Bipolaris tetramera A. niger, Trichoderma sp., E. coli, S. aureus, B. cerus 12–14 [13]

B. subtilis, P. erogens 7–8

Ag 5–50 Corynebacterium glutamecum – – [14]

Ag 25–75 Corelus versicolor, P. bravicom-

pactum, P. fellutanum

– – [14,15]

Ag 30–70 Cryphonectria sp. S. aureus (ATCC-25923), S. typhae (ATCC-51812), E. coli (ATCC-39403) 12–16 [16]

Ag 78 Fusarium oxysporum S. aureus (MRSA101), S. aureus (MRSA107) 500 × 10−6 m [17]

E. coli (ESBL176), E. coli (ESBL 192) 250 × 10−6 m

E. coli (ESBL167), E. coli (KPC131), E. coli (ESBL 169), E. coli (KPC133), 

A. baumannii (CR01)

125 × 10−6 m

Ag 25 F. solani, F. oxysporum – – [18]

Ag 16–70 F. oxysporum NGD Enterobacter sp., P. aeruginosa, K. pneumoniae, E. coli 19–31 [19]

Ag 5–40 Macrophomina phaseolina E. coli (DH5α-MDR), Agrobacterium tumefaciens (LBA4404-MDR) 3.0–3.3 [20]

Ag 10–15 Penicilium polonicum A. baumanii 21.2 [21]

Au 20–25 Phoma glumerulata – – [22]

Ag 27–50 Rhizoppus spp. E. coli 15–22 [23]

Ag 5–50 Tricholoma crassum E. coli (DH5α), A. tumifaciens (LBA4404) 18–20 [24]

Ag 1–50 Trichoderma Viride A. baumanai, Schigella sonnei, S. boybii, S. typhaemurium 20–28 [25]

Ag 5–40 T. viride E. coli, S. typhi, S. aureus, M. luteus 16–36 [26]

Zn – – P. aerogenosa 22 [27]

Cu – – S. aureus, E. coli 1.1–1.7 [28]

Ag 15 Volvariella volvacea – – [22]

Ti 5–28 F. oxysporum Aspergillus niger – [29]
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NPs were produced intracellularly in the substrate, and the poly-
saccharides synthesized by the cyanobacteria were suggested to 
help in the stabilization and easy recovery of the NPs.[60]

2.4. Copper

To date, CuNPs have been mostly produced biogenically using 
various plant[61] and fruit extracts.[62] Addition of P. stutzeri to 
CuSO4 solution yielded spherical CuNPs. In this study, it was 
recognized that the bacteria not only provided the reducing 
chemistry but also the organic capping layer.[63] In another 
study, cell-free supernatant of P. fluorescens yielded CuNPs of 

49  nm.[64] Kimber et  al. concluded in their study that S. onei-
densis facilitated the bioreduction of Cu2+ to elemental copper. 
Bioreduction of Cu2+ may valorize waste waters from mining 
and industries.[4]

2.5. Base Metals

Most base metal ions are generally not reduced to their zero-
valent state and form binary metal compounds with nonmetals. 
Limited information is available on microbe-mediated NP syn-
thesis of Zn-, U-, and Cd-containing NPs. The synthesis of zinc 
oxide nanoparticles with bacteria Aeromonas hydrophila was 
successfully achieved.[65] The particles were crystal-like, oval, or 
spherical in shape, and on average 58 nm in size. Prasad and 
Jha used Lactobacillus sporogens for the synthesis of ZnO NPs 
(5–15 nm).[66] In one of the first early studies, CFCF of Micro-
coccus lactilyticus synthesized uranium oxide NPs by the reduc-
tion of hexavalent uranium ions to tetravalent uraninite NPs.[67]

The synthesis of cadmium sulfide NPs (CdS NPs) has been 
reported by using microbial biomass of yeasts, Candida glu-
brata and Schizosaccharomyces pombe.[68] The yeasts induced 
the formation of a metal–thiolate complex with phytochelatins, 
which yielded spherical CdS NPs. Sweeney et  al. used E. coli 
to synthesize CdS NPs of 2–5 nm size.[69] Prasad and Jha also 
synthesized CdS NPs by using Lactobacillus spp.,[70] while Cun-
ningham and Lundie used Clostridium thermoaceticum.[71] The 
wilt fungus F. oxysporum was found to mediate the biosynthesis 
of cadmium selenide NPs.[72]

Bansal et  al. demonstrated that synthesis of titanium 
dioxide particles (TiO2) can be achieved by using the biomass 
of F. oxysporum.[73] A method for producing size-controlled 

Table 2. Selected examples of bacteria-catalyzed synthesis of NPs and antimicrobial effects of NPs.

Synthesis of silver nanoparticles Antimicrobial effects Ref.

Size [nm] Synthesized by Target microorganism Zone of inhibition [mm]

8–16 Aeromonas sp. THG-FG1.2 Bacillus cereus (ATCC14579), B. subtilis (KACC14741), Staphylococcus aureus 

(ATCC6538), Escherichia coli (ATCC10798), Pseudomonas aeruginosa (ATCC6538), Vibrio 

parahaemolyticus (ATCC 33844), Salmonella enterica (ATCC13076), Candida albicans 

(KACC30062), C. tropicalis (KCTC7909)

11–20 [34]

10–50 Anabaena diololum Klebsiella pneumoniae DF12SA (HQ114261), E. coli DF39TA (HQ163793), S. aureus 

DF8TA (JN642261)

33–36 [35]

24–46 Bacillus cereus E. coli, S. aureus, K. pneumoniae, P. aeruginosa 14–23 [36]

5–95 Bacillus safensis (LAU13) E. coli, K. granulomatis, P. vulgaris, P. aeruginosa, S. aureus 11–19

50 B. lichenoformis – – [32]

14–42 Bacillus sp. Staphylococcus epidermidis strain73 (pus), S. epidermidis strain 145, S. epidermidis strain 

152, S. aureus (MTCC87), Salmonella typhi, S. paratyphi,Vibrio cholerae (MTCC3906)

13–19 [37]

– E. coli K. pneumoniae, P. aeruginosa, S. aureus 14–19 [38]

6–13 E. coli, P. antarctica, A. kurkulensis, 

Bacillus sp., Pseudomons sp.

P. antatctica, B. indicus, P. protolotica, E. coli, Arthrobacter curgulenses, A. gangotriansis – [30]

30 Geobacter sulfurreducens – – [33]

100 Streptacidiphilus durhamensis E. coli, K. pneumoniae, S. aureus, B. subtilis, P. aeruginosa 6–10 [39]

20–70 Streptomyces K. pneumoniae (ATCC100603), K. pneumoniae, E. coli, Citrobacter 2–4 μg mL−1 [40]

23–48 Streptomyces sp. GUT21 E. coli (MTCC 9537), K. pneumoniae (MTCC109), S. aureus (MTCC96) 27–29 [41]

P. aeruginosa (MTCC1688) 10

Figure 1. TEM image of platinum nanoparticles produced on the sur-
face of the endospore of the bacteria, S. algae. Reproduced with per-
mission. Copyright Prof. Yasuhiro Konishi,  Department of Chemical 
Engineering, Osaka Prefecture University, Japan.
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magnetite (Fe3O4) NPs through the reduction of Fe3+ minerals 
by the anaerobic G. sulfurreducens was also demonstrated.[74] 
The average particle size and distribution was regulated by 
adjusting the amount of the whole-cell biocatalyst introduced at 
the start of the reaction. The higher concentrations of bacteria 
yielded particles with smaller size and a narrower size distribu-
tion. Higher biomass concentrations are thought to accelerate 
the higher nucleation rates due to an increase in Fe2+ availa-
bility that resulted in the production of smaller magnetite NPs.

2.6. Carbon Quantum Dots (CDs)

Carbon quantum dots are carbon NPs (<10 nm) and may con-
tain other elements like hydrogen and oxygen.[75] The superior 
characteristics for biocompatibility, water dispersity, and photo-
stability make the CDs an attractive photoluminescent mate-
rial.[76] CDs have broad applications in medicine especially in 
drug delivery and photothermal therapy. Further, CDs also have 
potential use as bioimagers and biosensors.[77] The CDs exhibit 
various surface passivation schemes,[78,79] chemical functionali-
zation with organic molecules,[79,80] and may show the quantum-
confinement effect.[81,82] Moreover, the CDs exhibit photoexcited 
properties and redox processes, which resemble conventional 
nanoscale semiconductors, for example, photoinduced charge 
formation of electrons and holes (radical anions and cations) 
and their fluorescence emissions.[79,81] The photogenerated 
radical anions and cations by carbon dots can catalyze various 
processes,[81] and are also responsible for strong photodynamic 
effects.[81,83] The intrinsically nontoxic character makes the CDs 
highly advantageous and environment friendly.[84,85] Generally, 
antibacterial chemicals present risks of environmental and 
human toxicity,[86] but CDs cause antibacterial effects largely 
through the photoinduced redox processes.[85,87]

Liu et al. achieved the green synthesis of CDs utilizing some 
biomass from natural resources as a carbon source.[88] The 
exopolysaccharide (EPS), a bacterial derived product and some 
bacteria have also been used as a molecular precursor (carbon 
source) for the CD synthesis.[89] A simple and single-step 
hydrothermal method is commonly used to synthesize CDs 
from biomass.[90] Using this method, the fluorescent N-doped 
CDs were synthesized from bacterial amino EPS.[89] This CD 
synthesis involves hydrothermal reaction, which is a simple 
and single-step process and does not require any addition of 
a dopant or passivation agent. Lin et  al. successfully used the 
amino EPS obtained during the fermentation of L. plantarum to 
synthesize carbon dots.[89]  To synthesize fluorescent CDs by a 
single-step process,  B. cereus  was used as a carbon source.[91] 
Recently, Li et al. synthesized two types of luminescent carbon 
dots with the help of a hydrothermal process in which bacterial 
cellulose was used as a carbon source.[92]

2.7. Characterization Methods

Given the many different metallic or metal-containing nano-
particles that can be produced using microbes, their charac-
terization and identification is crucial. Powder X-ray diffraction 
(PXRD) allows to identify the chemical phase of crystalline 

nanoparticles as well as their average crystallite size, indepen-
dently if the nanoparticles are isolated or mixed with organic 
matter or cells/bacteria. Infrared (IR) and Raman spectroscopy 
are useful in cases where the nanoparticles exhibit vibrational 
features that can clearly be distinguished from the organic 
matter/cells. A method that can also be used in situ is UV–vis 
spectroscopy, which is helpful to analyze nanoparticle forma-
tion for colored species, e.g., metal NPs (based on their surface 
plasmon resonance) or quantum dots and allows to a certain 
extent to determine the size and shape of the nanoparticles, 
typically in suspension.[93,94] Static (SLS) and dynamic light scat-
tering (DLS) using laser light, X-rays, or neutrons on samples 
in suspension, as well as small angle X-ray scattering (SAXS) 
with frozen or dry samples can be useful tools to determine 
the particle size.[95] This can, however, be tricky in the pres-
ence of organic matter or entire bacteria as, e.g., bacteria also 
contribute to the scattering phenomena. Electron microscopy 
(scanning and transmission, SEM and TEM) might help in 
these cases to analyze the particle size and composition further, 
and to also determine the position of the nanoparticles, e.g., if 
they are inside of a cell, on the membrane or outside.[96,97] Since 
ultrahigh vacuum is typically required for electron microscopy 
techniques, it is important to take care that the entire (bacte-
rial) cells remain intact (e.g., using cryo-methods), and do not 
“explode” during the sample preparation, as this may lead to 
false conclusions.[98] These imaging techniques are suited to be 
combined with, e.g., electron diffraction and energy-dispersive 
X-ray spectroscopy (EDS). High-resolution TEM in combi-
nation with electron diffraction is useful to identify the com-
pound composition and phase as well as if a particle is made 
of a single crystal or multiple crystallites, while the second may 
even provide the elemental distribution over a given area of a 
sample. Both methods, extremely helpful and complementary 
to the visual identification of nanoparticles, should be used 
to give proper proof of the sample, guaranteeing thereby that 
the particles seen via TEM or SEM are truly the desired and/
or expected ones. Additional X-ray photoelectron spectroscopy 
(XPS) may also provide information about the oxidation state 
of the chemical elements. In the specific case of silver and gold 
nanoparticles, surface-enhanced Raman spectroscopy might be 
useful in some cases in which the characterization of the com-
pounds covering the nanoparticles (the corona, for example) 
is of interest.[99] Atomic force microscopy is another tool to 
determine the size and shape of nanoparticles, although it is 
likely less precise than SEM or TEM and may be more useful 
in the context of surface topology. Gas sorption measurements 
will give insights into the porosity of the nanoparticles, which 
might be important for their biological behavior and properties 
related to transport. Further methods include the determina-
tion of the surface charge of nanoparticles after isolation from 
the synthesis mixture, elemental analysis techniques such as 
atomic absorption spectroscopy (AAS) or inductively coupled 
plasma mass spectrometry or optical emission spectroscopy 
(ICP-MS or ICP-OES), aerodynamic particle sizer (APS), and 
scanning mobility particle sizer (SMPS), both for airborne 
particles, or matrix-assisted laser desorption/ionization mass 
spectrometry (MALDI-MS). An excellent review also gives 
more exotic and advanced methods, which are not always easily 
accessible.[100]
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What becomes clear is that a single method usually gives only 
partial information on the nanoparticles and one should com-
bine as many methods as possible for a full characterization.

3. Mechanisms of Microbial Synthesis  
of Nanoparticles

Although considerable research on the observation that 
microbes can synthesize NPs has been done, little effort has 
been made toward the understanding of this process, and most 
studies only postulate mechanisms. Common to all models 
are the following general steps after mixing bacteria/bacterial 
extracts with the metal ions: First, the metal ions tend to con-
centrate on or within the microbial cells. Thereafter, the ions 
are considered to be reduced to the zero-valence form leading 
to their aggregation into clusters of several atoms, which then 
further aggregate, eventually leading to nanosized stable parti-
cles. The initial reduction processes are likely by the action of 
enzyme(s) synthesized by the microorganism or their metabo-
lites. In case of a cell-free culture supernatant or a filtrate, the 
ions are directly reduced by reducing agents stemming from 
the microbial metabolism. In fact, the knowledge on the mech-
anism of the microbial synthesis is to a large extent still at a 
speculative state, yet some mechanisms have been hypothe-
sized.[101] In this review, the relevant information and potential 
theories of the mechanism that might be involved in the micro-
bial synthesis of NPs are discussed.

3.1. Ion Reduction Theory

Enzymatic reduction of metal ions into stable NPs is thought 
to be one of the most commonly occurring mechanisms 
of the microbial biosynthesis of NPs. It has been gener-
ally found that bacteria produce an integral transmembrane 
nitrate reductase enzyme (NRE), which is supposedly directly 
involved in the reduction of metal ions to the stable nano-
forms. Avazeri et al. demonstrated that NRE from E. coli could 
reduce selenate or tellurite to elemental form.[102] Kalimuthu 
et  al. reported that planktonic B. licheniformis produced NRE 
which was shown to reduce silver ions to metallic silver.[32] In 
this case, it is probable that the electron shuttle operated by 
the NRE is part of the metabolism leading to the reduction of 
silver ions. Additionally, the activity of NRE depends on the 
availability of electrons through the NADH electron transport 

system, and hence on the bacterial respiration. The NADH-
dependent enzymes and the cofactor NADH were indeed 
secreted by B. licheniformis[103] indicating that the dependence 
of NADH on NRE is possibly involved in the mechanism of 
silver ion reduction to AgNPs. Ahmad et al. suspected that F. 
oxysporum synthesized four high molecular weight proteins 
and a NADH-dependent reductase enzyme, which reduced 
silver ions to AgNPs (Figure 2).[45] Recent work by Lampis 
et  al. suggests that the intracellular reduction of selenite is 
mediated through a NADH alcohol dehydrogenase homo-
logue that is exported out of the cell.[104]

Sneha et  al. reported AgNPs or AuNPs that were formed 
on the surface of the mycelium when they used the bio-
mass of Verticillium sp.[14] They proposed that the metal ions 
being positively charged interact electrostatically with the 
envelope of the fungal spores or mycelium (being negatively 
charged due to the carboxylate groups) allowing to trap and 
accumulate silver ions on the microbial cells. It is, however, 
still unclear, how the metal ions coordinate exactly at the 
microbial cell wall. As the metal ions accumulate, the reduc-
tion-inducing enzymes are synthesized concurrently by the 
microbial cells/mycelia. Gold or silver nuclei are then formed 
by enzymes reducing the silver ions, which grow further and 
form stable NPs.[14]

The ion reduction mechanism is also involved in the syn-
thesis of nanomaterials from metal ions that have varying levels 
of toxicity to different microbes such as Co2+, Cu2+, Cd2+, Hg2+, 
Ni2+, Pb2+, and Zn2+. The microorganisms develop genetic and 
subsequent proteomic responses to tolerate the otherwise lethal 
concentrations of these metals by regulating the metal homeo-
stasis.[105] As a result, several metal resistance gene clusters 
have evolved, which work to detoxify the metal by the activa-
tion of mechanisms like complexation, sequestration, or reduc-
tive precipitation as well as nontransformative mechanisms 
of efflux to keep the intracellular concentration low.[106] Due 
to induction or activation of the resistance mechanism(s), the 
bacteria survive in the metal ion solution,[107] and mediate the 
formation of NPs from extracellular metal ions.

Besides enzymes, the noncatalytic proteins, enzymatic 
metabolites, and polysaccharides produced by the microor-
ganisms are also possible reducing agents involved in the 
formation of NPs. Wei et  al. treated the culture filtrate of  
B. amyloliquefaciens to deactivate the enzymes present in the fil-
trate.[108] The addition of this CFCF still induced the synthesis 
of AgNPs. They suggested that the bacterial proteins provided 
functional groups to induce the formation and stabilization 

Figure 2. Simplified schematic representation of the microbial synthesis of metallic nanoparticles by the reduction mechanism. Adapted with permis-
sion.[238] Copyright 2019, Wiley-VCH.
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of AgNPs. Similarly, the proteins synthesized by the fungus  
F. oxysporum induced the formation of AgNPs and provided 
stability to the particles.[45] Brayner et al. have proposed that the 
polysaccharides produced by cyanobacteria may bring about the 
formation and stabilization of NPs.[60]

From the above information, it can be concluded that pro-
teins, including the reduction-catalyzing enzymes produced by 
the microorganisms significantly contribute to the reduction of 
metal ions to the NPs. Aldehyde-containing sugars of the cell 
wall act as reducing agents and may also be involved in these 
redox processes. Other proteins and polysaccharides as well as 
cell wall secretions of the microorganisms can provide stability 
to the NPs most probably through coating, hence surface coor-
dination to the particles.

Shedbalkar et  al., described a common mechanism that is 
underlying the reduction of Au(III) ions to form AuNPs.[109] 
In this mechanism, secreted enzymes could be a key factor 
in the nucleation and growth of AuNPs from Au ions. Amino 
acids and proteins act as stabilization agents for the formed 
AuNPs. As for silver, the mechanism for the formation of 
AuNPs involves electrostatic interactions between the metal 
cation and the negatively charged cell wall, and enzymes 
associated with the cell surface provide electrons to the gold 
ions to form atomic aggregates and small NPs, which further 
diffuse through the cell wall to be finally found inside of the 
cell.[110]

From the above discussion, it can be concluded that in gen-
eral, the mechanism of NP synthesis may involve three phases, 
viz. activation, growth and termination (Figure  2). Some 
researchers have named these steps as trapping and bioreduc-
tion in comparison with metal biomineralization induced by 
fungi,[42] for which the metal ions are also said to interact elec-
trostatically with the surface of fungal spores. Therefore, one 
may also include a previous step of biosorption and import for 
those systems where the subsequent steps are intracellular. 
Metal reduction is then accomplished by enzymes that popu-
late the cell wall. After the reduction step, the reduced ions 
combine into small clusters that coalesce into nanoparticles by 
undergoing coarsening eventually reaching a stable shape and 
size of the formed nanoparticles. The particles are then further 
stabilized by an organic coating.

3.2. UV Photoconversion Theory

It was proposed by Wang et al. that AgCl could further react to 
form AgNPs by UV photoconversion mediated by DNA tem-
plates.[111] The photosensitivity of AgCl, like in silver photo-
graphy, was apparently responsible for the rapid production of 
AgNPs. This effect may be exploited using visible light irradia-
tion that may be enhanced by the specific dyes or color sensi-
tizers. According to this theory, a photon from visible light is 
absorbed by AgCl crystals. As a result, an electron–hole pair is 
generated, followed by combination of e− and Ag+ leading to 
the clustering of silver species in presence of peptides or pro-
teins (see also Section 3.3.3). Key proteins like metallothioneins 
that have the capacity to bind silver species and scavenging 
superoxide and hydroxyl radicals[112] could accelerate this photo-
conversion of silver ions to Ag0.

3.3. The Mechanism at the Molecular Level

Given that most of the literature in this field has mostly concen-
trated on exploring AgNPs, our examples are biased to this ele-
ment. However, the mechanism of the reduction of metal ions 
likely resembles the AgNP formation mechanism(s) in one or 
more steps. It should, however, be mentioned that for silver, only 
a one-electron reduction is required to obtain an atom, whereas 
for other metal ions like palladium, platinum, or gold, typically 
two or three electrons are needed to form the corresponding 
atom. An interesting synthetic challenge with silver is that it has 
no biological role in the body and that the Ag0 atom is easily reox-
idized, thus there is a potential rate-limiting step in obtaining the 
threshold amount of silver atoms to coagulate for nucleation and 
growth into an AgNP can take place, as explained in Section 3.3.1.

3.3.1. Molecular Mechanism of Biomineralization

While there are many examples of metal NP production using 
biotechnology, there is still a lack of understanding of this pro-
cess at the molecular level. As the most is understood about the 
biochemical processes for silver, we will primarily use recent 
examples of AgNPs for illustration. The process of metal NP 
formation by bacteria starting from metal ions is initiated by an 
electron transfer process mediated by a reducing agent. At this 
time, there are generally three different processes known:

a) Extracellular metal ion reduction is induced by one or several 
components of the medium surrounding the bacteria (e.g., 
the growth medium or by biomolecules released from the 
bacteria during their metabolism). This is considered as a 
direct chemical reduction, similar to processes with ascorbic 
acid, citric acid, NaH, or NaBH4 in the presence or absence 
of capping agents. Capping agents such as proteins, lipids, 
carbohydrates, or nucleic acids will bind to the metal ions and 
the surface of NPs and thus control their size and shape. This 
has been shown by others and will thus not be discussed in 
detail here further (for further reading and recent reviews see 
refs. [113–115]).

b) Reduction process driven by a light-induced electron transfer 
between biomolecules and the metal. As this is a biogenic 
process, it is also influenced by the presence of capping 
agents such as peptides/proteins. It can be differentiated 
between a light-induced reduction in presence or absence of 
chloride/halide, and we will give a short overview on this as-
pect in the next paragraph.

c) Direct contact with biomolecules on the surface of a living 
organism (e.g., cell wall, pili, flagella, membranes, proteins, 
enzymes, or extracellular polymeric substances). This is at 
first sight similar to case (a), but the biological reduction 
catalysts are directly associated with the cell and thus can 
harvest continuously electrons from the respiring cell for the 
reduction of the metal ions.

3.3.2. Light-Induced Formation of AgNPs in Absence of Halides

In this mechanism, the electrons needed for the reduc-
tion of the metal ion are provided by excited biomolecules 
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upon irradiation with light. In proteins, aromatic side chains 
of amino acids adsorb at wavelengths from 240 to 300  nm. 
Tyrosine with its phenol side chain undergoes deprotonation in 
the excited state resulting in a tyrosyl radical (Figure 3 and ref. 
[116]). Similar excited state chemistry is possible with trypto-
phan, where an electron is ejected in the excited state.[117,118] The 
tyrosyl radicals can then recombine to interconnect proteins via 
dityrosine or iso-dityrosine bridges. The leftover electron could 
be used to reduce a metal ion, such as Ag+. This is, for example, 
a possible route to AgNPs in the case of the previously men-
tioned fungus F. oxysporum,[45] which has a high tryptophan 
and tyrosine content.

For a metal ion to interact with a protein containing, e.g., 
tyrosine, it needs to be bound to the protein to ensure electron 
transfer at a reasonable rate. The single amino acids have been 
classified with respect to their theoretical binding constants 
to silver ions for a 1:1 complex formation,[119] with free energy 
values that indicate arginine, lysine, histidine, and glutamine as 
best chelators, even before methionine and cysteine. This is sur-
prising with respect to classical coordination chemistry where 
sulfur is often said to be the best binding partner for silver ions 
as compared to nitrogen or oxygen donors (likely based on the 
low solubility of Ag2S and the hard/soft acid/base theory).[120]

Several peptide sequences among a library of tetrapeptides 
bound to polymer beads as solid phase were found to be able to 
reduce silver upon irradiation with light.[121] Tyrosine was found 
in all these studied photoexcitable peptides along with histidine 
or serine. These results led to the assumption that the silver ion 
is coordinated by histidine or serine, and likely NH and CO from 
the peptide backbone and that the electron is then transferred 
from excited tyrosine to the metal ion to form AgNPs (Figure 4a).

To verify this hypothesis, follow-up studies used tetrapeptides 
His-X-Y-Tyr (1) and His-X-Y-Phe (2), replacing tyrosine with phe-
nylalanine, and where X and Y are Pro and Aib, respectively, were 
synthesized (Figure  4b and ref. [122]). NMR-titrations showed 
that the silver ion binds in a first step to histidine as confirmed 
by single-crystal X-ray diffraction.[123] In the case of His-X-Y-Phe, 
no reaction occurs upon irradiation, while with Tyr instead of 
Phe, the solution turns yellow. The coloration suggests the  

formation of AgNPs, with an absorption band at around 430 nm. 
However, the same absorption is observed for His-X-Y-Tyr when 
it is irradiated in absence of silver ions. This is due to the forma-
tion of a dimer with a dityrosine moiety as in Figure 3, which 
absorbs at a similar wavelength than AgNPs. This is one of the 
pitfalls when studying the biogenic formation of AgNPs solely 
with UV–vis. Indeed, the yellow solution obtained in the pres-
ence of silver ions after several minutes did not contain AgNPs. 
The AgNP formation only takes place over several hours if not 
days. This is because the formation of a single silver atom from 
a silver ion is an endergonic reaction (−1.8  V) and it takes an 
aggregation process of up to ≈10 silver atoms combined before 
the growth into AgNPs becomes energetically favored (>0  V, 
Figure 5). Völkle et al. reported and discussed a nucleation size 
of Ag13 as critical size.[124] Inorganic chemistry textbooks explain 
the influence of the metal ion ligand on the redox potential of the 
metal ion. Thus, in presence of a very strong silver ion binder 
like histidine, the reoxidation to silver ions and coordination by 
histidine is strongly favored in case of the His-X-Y-Tyr peptide. 
Hence, depending on the experimental conditions, it might be 
that the yellow coloration of the solution quantified by UV–vis 
spectroscopy is not enough to prove the formation of AgNPs. 
The presence of AgNPs needs to be further confirmed by elec-
tron microscopy combined with elemental mapping and ideally 
also electron (or X-ray) diffraction to confirm the presence and 
identity of the AgNPs. Unfortunately, many studies reported in 
the literature do not complement their work by using electron 
microscopy images to provide NP validation, which is now a 
standard requirement in the field.

Using less strong silver ion binding amino acids in place of 
histidine, e.g., serine, aspartate, asparagine, or lysine, leads to 
a faster formation of AgNPs, yet still the rate of the reaction is 
in the order of hours.[125] For such short peptides, one can con-
clude that strong metal ion binders, which favor Ag+, inhibit 
the aggregation of silver atoms and stabilize the metal cations 
rather than metal atoms. Longer peptides, e.g., decapeptides, 
induce faster AgNP formation, probably because they can bind 
more than one silver ion and favor reduced metal–metal ion 
(Ag0–Ag+) interactions.

Figure 3. Electrons can be generated from aromatic amino acids through absorbance of light in the UV range. Example here is with tyrosine.
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The rate of the light-induced formation of AgNPs can be 
increased if small quantities of reducing agents such as NaBH4 
are added. Then, the initially formed AgNPs, based on chem-
ical reduction, serve as nucleation points for the further and 
rapid addition of atoms from the light-induced reduction.[122] 
Thus, a synergic mechanism combining the chemical and the 
light-induced reduction of silver ions should be considered, 
taking into consideration the experimental conditions. Indeed, 
due to the variation in the composition of the growth media 
and buffer solutions in which the experiments are being carried 
out, reducing molecules may be present. Thus, comparisons 
between literature data are not always possible, and it is highly 
recommended to use as controlled conditions as possible, 
noting pH, ionic strength, temperature, etc. Also, reaction rates 
in the absence of light should be monitored to detect possible 
background reactions. For instance, it is unclear in the work by 
Xie et  al., if a light-driven mechanism is fully responsible for 
metal ion reduction or not as this is not properly detailed.[126] 
For completeness and in contrast to tyrosine-containing 
peptides, tri- and tetrapeptides with the motifs His-X-Met, 

His-X-Y-Met, or Met-X-Y-His can lead to light-stable silver com-
plexes in absence of halides with −log K values ranging from 
5.3 to 6.6, depending on X and Y residues.[127] The patterns of 
these sequences are found in the SilE protein that is part of a 
silver ion efflux pump found in silver-tolerating Gram-negative 
bacteria. It does not contain any tyrosine and is used as silver 
ion sponge and helps to transport silver ions out of the bacterial 
cell.[127] In this case, many silver ions can be bound to the pro-
tein without the danger of light reduction occurring as not 
enough light absorbing and subsequently reducing amino acids 
are found in the sequence of SilE.

3.3.3. Light-Induced Formation of AgNPs in Presence of Halides

A different rate for the light-induced formation of AgNP is 
observed in the presence of chloride (or a halide in general). 
With halides, AgNP formation takes place within minutes. 
The current explanation suggests the first step is not the 
coordination of a single silver ion, but rather the formation of 

Figure 4. a) Proposed reaction mechanism for light-induced AgNP formation by first binding a metal ion to the histidine moiety of (1) and subsequent 
reduction by light-induced electron transfer. b) Synthesized model tetrapeptides (1) and (2) with X = OH or H.

Figure 5. The first reduction steps during the formation of AgNPs from individual silver atoms are endergonic. It requires a minimum of at least ten 
silver atoms to drive the further reduction steps toward a spontaneous reaction.
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AgX-crystal colloids, which preaggregate the silver ions into a 
simple salt lattice. Upon irradiation, silver ions get reduced via 
the light-induced radical mechanism described in Section 3.2, 
and they rapidly find other silver atoms in close proximity for 
further aggregation into clusters and AgNPs. The intermediate 
steps still depend on the presence of proteins or peptides with 
aromatic amino acids.

For example, in presence of the model tetrapeptide 1, the forma-
tion of AgCl crystals with a random size distribution of particles 
between ≈20 and 400 nm before irradiation is observed.[122] After 
30 s of irradiation, the size distribution narrowed to ≈100 ± 50 nm 
and first AgNPs were detected (Figure 6). After 4 min of irradia-
tion, two types of NPs were observed: AgNPs of around 15  nm 
and AgCl NPs of ≈100 nm, and the TEM showed the formation of 
a nanocomposite of the two compounds. At 30 min of irradiation, 

only small AgNPs of ≈20 nm remained in the sample. This is a 
case where NPs get smaller upon irradiation, due to the decom-
position of AgCl into AgNPs. Using less effective silver ion 
binding amino acids instead of histidine, such as serine, aspar-
tate, asparagine, or lysine, the intermediate nanocomposites are 
not observed, but one directly observes formation of AgNPs, indi-
cating a faster nucleation and growth.[125] This again shows the 
potential of histidine to stabilize rather Ag+ than Ag0.

In some cases, no AgNPs are produced but solely AgCl NPs. 
This was observed in the case of microalgae Chlorella vulgaris, 
plant extracts, and bacteria.[128] In the case of the microalgae, a 
color change during the formation of AgCl NPs of the medium 
was observed in the dark, and only AgCl NPs were identified. 
Hence, the presence or absence of chloride (in general halide) 
is crucial during the irradiation-induced formation of AgNPs. 
Since chloride can hardly be avoided when living organisms are 
being used, this mechanism may be a contributor in all cases 
where there is no control of the chloride concentration nor the 
light.

3.3.4. Electron Transfer through Proteins and DNA

It has been reported that bacteria can form NPs of minerals, 
using electron transfer processes (Figure 7).[129] Therefore, it is 
likely that biomolecules such as sugars, proteins, or DNA are 
involved in this mechanism, as explained in more detail next. 
The process involving reducing sugars (aldehydes) has been 
described for several examples[130,131] and the classical Tollens 
reagent is well known in this context, using an aldehyde to 
reduce silver ions.

In nature, electron transfer can take place via super exchange 
mechanisms, typically over shorter distances than 10–15 Å, 
or via a hopping process, typically using biomolecule step-
ping stones, to cover long distance electron transfer.[132] One 
example is described for ribonucleotide reductase,[133] in which 
cysteine residues of the active site donate electrons to a diferric 

Figure 6. Time-dependent formation of AgNPs (TEM and corresponding size distribution) as a function of the irradiation time: A) initial AgCl particles 
formed with a random size distribution before irradiation; B) after 30 s of irradiation, the size distribution narrowed down to 100 nm on average and 
AgNP formation started; C) after 4 min of irradiation, nanocomposites of AgCl and AgNPs are observed; D) at 30 min irradiation time, all particles 
transformed into AgNPs of ≈18 nm diameter. Reproduced with permission.[122] Copyright 2015, Wiley-VCH.

Figure 7. Schematic examples of NPs biomineralization using bacteria. 
Reproduced with permission.[129] Copyright 2011, Elsevier.
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oxo-bridged entity that is 35 Å away from the active site. A 
tyrosine close to the diferric cluster is oxidized chemically (not 
with light) in a proton-coupled electron transfer (PTEC) process 
(electron transfer and loss of proton occur at the same time) 
(Figure 8). The tyrosyl radical can then react with a nearby glu-
tamate in a protein that is oxidized to glutamic acid, again in 
a reversible proton-coupled reaction. Such a proton-coupled 
electron transfer takes place via several amino acid side groups 
in the protein that can act as stepping stones, in particular 
tyrosine, histidine, tryptophan, as well as cysteine.

The time-resolved chemical mechanism has been studied in 
detail using nanosecond laser spectroscopy on model peptides 
(Figure 9) in which a ground state radical cation (electron hole) 
can be generated with a laser flash, inducing electron transfer. 
It was shown that the speed and direction of electron (respec-
tively hole) transfer can be influenced by the sequence of the 
amino acids, hence their relative redox potentials, their struc-
ture, hence their dipole moment, as well as by their relative 
distribution of charges.[135] In addition to the amino acids iden-
tified in the ribonucleotide reductase, they found cysteine and 
methionine as possible relay stations for electron transfer pro-
cesses in proteins, although the redox potential for methionine 
is not favorable.[136] Nevertheless, electron transfer can take 

place using methionine if a neighbor oxygen atom of an amide 
group can act as stabilizing agent in the delocalization of the 
radical (Figure 10). Neighbor group effects may also be respon-
sible for other amino acids being active in electron transport, 
yet to be confirmed. The case of phenylalanine, also stabilized 
by a neighbor group effect, is discussed further in Section 3.3.5.

These experiments are important puzzle pieces to under-
stand the metal ion reduction, as similar to the positive charge 
generated in these model peptides, the silver ion with its posi-
tive charge can also act as thermodynamic “sink” to which 
electrons flow through the protein to generate elemental silver 
atoms leading to AgNPs. Such electron transfer processes have 
also been studied in a similar way for the other important 
biopolymers, namely DNA and RNA, for which also a hopping 
mechanism was found for long distance electron transfer.[137] 
Indeed, the bases G and A can act as relay stations in the DNA 
for the transport of holes, while C and T are used for excess 
electron transfer[138] and this process should possibly be kept in 
mind and studied in more detail for the examples mentioned 
in this review in which DNA is discussed as playing a crucial 
role in or during the metal ion reduction or coordination.[139–141]

3.3.5. Metal Ion Reduction in Contact with Living Bacteria

Both aerobic as well as anaerobic microbes can reduce 
metal ions, and, in both cases, intracellular and extracellular 

Figure 8. Proton-coupled electron transfer mechanism for long-range electron transfer in E. coli ribonucleotide reductase. Reproduced with permis-
sion.[134] Copyright 2013, American Chemical Society.

Figure 9. Model peptide to study the kinetics of electron transfer through 
proteins.

Figure 10. A neighbor group effect can help methionine to act as a 
charge transfer agent in a protein chain. Reproduced with permission.[136] 
Copyright 2012, Swiss Chemical Society.

11

ht
tp
://
do
c.
re
ro
.c
h



reduction processes are observed. Intracellular reduction has 
been observed for AuNPs produced in B. subtilis,[142] and this 
might be due to the fact that the gold source most frequently 
used is AuCl4−, an anionic species for which there might be 
transporters in the cell membrane that permit this ion to cross 
the cell membrane similar to phosphate, sulfate, or nitrate. The 
negative charge and low charge density of AuCl4− may also favor 
a passive membrane diffusion. Overall, reduction at the outer 
membrane has been more frequently reported to date. There 
are several options on how metal ions can get reduced near or 
at the membrane: lipopolysaccharides may reduce metal ions 
if they contain reducing sugars, as mentioned above. In direct 
contact with the membrane, next to the previously mentioned 
NRE, outer membrane cytochromes have been discussed as 
places where the reduction can take place, and finally metal ion 
reduction was also observed at the pili of bacteria, suggesting 
that the latter can act as nanowires (Figure 11).[143]

Among the bacteria able to reduce metal ions at the outer 
cell membrane, S. oneidensis and G. sulfurreducens (dissimilatory 
metal-reducing bacteria) have been studied in the most detail.[144] 
Bacteria like Geobacter and Shewanella typically express a large 
variety of c-type cytochromes contained in the cell envelope and 
are considered to transport electrons from the inner membrane, 
taking their electrons from the quinone pool, to the outside. Sev-
eral different types of c-type cytochromes are at play: Some can 
act as electron carriers in the outer membrane with, e.g., 12 heme 
units, while others are smaller, e.g., with three heme units, acting 

as electron shuttles in the periplasm. Yet, the exact interplay 
between them[145] and electron flow within each cytochrome[146] 
is still under investigation. It has also been reported that small 
monoheme c-type cytochromes are excreted by G. sulfurreducens 
and might participate in the bioreduction of Fe3+ or transfer 
electrons to partner bacteria.[147] Recent measurements confirm 
the presence of cytochromes in the extracellular polymeric sub-
stances (EPS) and report an electron transfer rate of 0.026 s−1 for 
the microbial extracellular electron transfer that influences redox 
reactions of intact Shewanella cells.[148] For Geobacter, the octa-
heme outer membrane c-type cytochrome OmcZ was isolated 
extracellularly and shown to contribute to the electron transfer 
process to Fe3+ and other soluble metal ions in higher oxidation 
states like U6+, Cr6+, Au3+, and Mn4+.[149] Similar reduction tests 
with sterilized culture supernatants of Geobacter did however not 
yield AgNPs, while silver ions are reduced in contact with living 
bacteria.[33] This study also showed that if two cytochromes, 
namely the inner membrane bound periplasmic MacA and the 
outer membrane OmcF, are lacking; electron transfer to silver 
is slowed down. AgNP production is, however, never completely 
suppressed, indicating that other cytochromes are also involved 
in the electron transfer process, which was measured by moni-
toring the silver ion concentration in the supernatant over time 
and occurs at a rate of 7.26  μmol of Ag+ per milligram of pro-
tein dry weight per hour and Km being roughly 90  × 10−6 m.  
A direct proof for the participation of cytochromes in the silver 
ion reduction and formation of AgNPs in living bacteria was 

Figure 11. Possible electron transfer processes to the outer cell membrane of Gram-negative bacteria. Cytochrome-mediated transfer via periplasmic 
to outer membrane cytochromes (red arrows), or via proteins assembled into pili (blue arrow). Adapted with permission.[143] Copyright 2012, Portland 
Press.
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given by following the relative amounts of Fe2+ and Fe3+ hemes 
and the increase of the AgNP concentration by UV–vis spectro-
scopy.[125] While horse heart c-cytochrome alone, similar to the 
supernatant of G. sulfurreducens, is unable to reduce the silver 
ions due to the endergonic first reduction steps to elemental 
silver (see Figure  5), bacteria continuously produce electrons 
during their mineral respiration process, and possess thus 
enough “driving force” for the generation of AgNPs. This empha-
sizes that the availability of excess silver ions and electrons (i.e., 
supplied from the metabolism) are requirements to ensure the 
nucleation and growth of silver clusters for a successful AgNP 
synthesis. On a single protein level, further research is needed 
to clarify whether a single multiheme c-type cytochrome would 
provide enough electrons to form a stable silver nanocluster.

A second pathway for making AgNPs involves the pili of the 
bacteria. Pili are the long filaments made of assembled pilin 
protomer units that each contain ≈60 amino acids, including 
the key residues histidine, tyrosine, and phenylalanine 
(Figure 12).[150] They coil into a helical structure and interact 
with each other to build up the pili. Intermolecular interactions 
between oppositely charged amino acids and among aromatic 
groups are responsible for their aggregation and the electron 
transfer via a hopping mechanism.[151] The pilus of G. metallire-
ducens versus G. sulfurreducens shows increased conductivity by 
the pili, and is likely based on an increased amount of tyrosine, 
histidine, and phenylalanine near the C-terminus. The partici-
pation of phenylalanine is at first sight surprising, as its oxida-
tion potential is higher than that for tyrosine, for example, yet, 
it could be shown to participate in electron transfer processes 
due to a neighboring group effect, which occurs in proteins.[152] 
The recent discovery using cryo-electron microscopy showed 
that some pili from conductive G. sulfurreducens contain in 

the center of the filament a chain of head-to-tail stacked outer 
membrane OmcS, leading to a nanowire that is apparently also 
involved in long-range electron transfer.[153]

The third pathway through which bacteria may form AgNPs 
is via contact with extracellular polymeric substances as a 
source of aldehyde functional groups. EPS from S. oneidensis, 
P. putida, and A. hydrophila were isolated and exposed to 
1 × 10−3 m silver nitrate, which led to AgNP formation.[154] The 
formation process was slow (up to 18 d) compared to living bac-
teria (several minutes to hours). Matrix analysis indicated that 
c-type cytochromes and not the sugar units of the polysaccha-
rides may be the responsible for the synthesis of AgNPs in this 
case. All EPS-produced AgNPs had a similar shape and size of 
5–35  nm and the S. oneidensis produced AgNPs with highest 
crystallinity among the tested species.[154]

Overall, the process of metal nanoparticle formation is 
highly complex, and the field and understanding are still quite 
young. Careful focused investigations at the molecular level 
are required to properly understand the biomineralization pro-
cesses and molecular intermediates involved in the formation 
of metal NPs.[155]

4. Microbial Synthesis of Metal Nanoparticles 
in Biofilms

Biofilms are formed by microorganisms attached to surface 
and encased in a self-produced extracellular polymeric matrix, 
which confer mechanical stability to this microstructured com-
munity (Figure 13). Biofilms offer an ideal environment for 
numerous catalytic processes due to the proximity of the micro-
organism, which decrease diffusional limitations, and the high 

Figure 12. Top: Amino acid sequence comparison of the proteins forming the pili in G. sulfurreducens compared to G. metallireducens; Repro-
duced under the terms and conditions of the Creative Commons CC-BY License.[151] Copyright 2017, American Society for Microbiology. Bottom:  
A,B) Packing of proteins into pili; C) Examples of intra- and intermolecular interactions of aromatic side groups of amino acids tyrosine (Y) and phe-
nylalanine (F) moieties in pili. Reproduced with permission.[150] Copyright 2015, Royal Society of Chemistry.
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concentration of active microorganisms, which result in a high 
reaction rate. Plus, biofilm immobilization allows retaining the 
catalyst at the end of the biosynthetic process, thus facilitating 
the recycling and scale-up.[156]

These favorable characteristics have been explored to carry 
out microbial biosynthesis of metal nanoparticles. Metal 
bioreduction and consequent formation of nanoparticles is 
a well-known detoxification mechanism for dissimilatory 
metal-reducing microorganisms. Although the appearance of 
nanoaggregates of metals has been observed in early biogeo-
chemical studies,[157,158] they have not been specifically identified 
or termed nanoparticles and in most studies, NP biosynthesis 
was not proposed as an alternative to physicochemical synthetic 
methods.

Outside the metal-reducing bacteria, metal ions[120] and metal 
nanoparticles are well-known to have a strong inhibitory effect 
on planktonic cells and biofilms,[159] although the formation of 
biofilms and aggregates contributes to reduced metal and nano-
particle toxicity with respect to their planktonic counterpart.[160]

A recent review focuses on this issue.[161] However, few 
studies have been published since then. Considering that metal 
bioreduction and the consequent formation of metal nanopar-
ticles is a detoxification strategy for microorganisms, it is likely 
that NP biosynthesis in biofilms can be achieved only for metal-
tolerant strains or for biofilms where the extracellular matrix 
decreases NP toxicity, thus particular care should be used in 
designing NP biosynthesis studies in biofilms.

An anaerobic sludge consortium biofilm was used to synthe-
size small polycrystalline AgNPs (1–7  nm) from AgNO3 with 
sodium acetate as energy source.[162] The biofilm was formed 
by adhesion to carbon paper. Aggregates of AgNPs were rapidly 
synthesized in the extracellular space. In minimal medium, the 
bioreduction was likely due to the lack of oxygen and other extra-
cellular electron acceptors, which results in rapid formation of 

small AgNPs. Neither the toxicity of biosynthetic AgNPs on the 
anaerobic biofilm nor the long-term sustainability of this biore-
duction strategy was investigated. This is one of the few studies 
that does not employ dissimilatory metal-reducing bacteria. It 
is likely that lactobacilli involved based on the electron donor 
supplied in anaerobic sludge contribute to the bioreduction. 
As it is not uncommon to observe metal resistance in sewage 
microbial communities,[163] the use of such inoculants could be 
considered.

A recent study on metal-tolerant lactobacillus, Enterococcus 
faecalis, has shown the formation of reduced iron nanoaggre-
gates, both intracellularly and extracellularly in the biofilm 
matrix, as revealed by TEM imaging.[164] This bioreduction 
process was defined to occur by extracellular electron transfer 
through the membrane-associated quinone dimethyl menaqui-
none [DMQ]. The extracellular biosynthesis of selenium 
nanoparticles has also been published for this strain, although 
no TEM images of the extracellular material were reported.[165] 
Enterococci are known for their tolerance to multiple toxic 
metals,[166,167] which play a role in their nanoparticle biosyn-
thesis capability.

While the properties of bacterial biofilms are well-defined 
and consistently reported in the literature, there is less agree-
ment on the definition of fungal biofilms. However, biofilms of 
Candida sp.[168] and Fusarium sp. have been extensively inves-
tigated in implant-related infections.[169] Evaluation of pellicle 
biofilms of Candida sp. showed morphological changes upon 
exposure to multiple metals[170] and differences in individual 
cells versus mycelium,[171] but unfortunately these studies did 
not evaluate if nanomaterials were produced. In other micro-
organisms, such as Aspergillus sp. and Pneumocystis sp., single 
cells appear embedded in the extracellular matrix, which 
is part of the biofilm phenotype, but lacks the other biofilm 
properties.

Figure 13. Life cycle of a typical baterial biofilm.
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Algal biofilms are relevant to ecosystem biogeochemistry in 
both freshwater and seawater.[172] Algal biofilms concentrate 
nanoparticles in their extracellular matrix, thus are relevant to 
the environmental fate of metal nanoparticles.[173] Extracellular 
biosynthesis of AuNPs in diatoms biofilms has been reported 
as a metal detoxification mechanism.[174] Similar observations 
were reported for two other diatom biofilms, Navicula atomus 
and Diadesmis gallica, where AuNPs were formed in the extra-
cellular polymeric substance.[175]

While most studies were performed in cell suspension, a 
small number of studies reported extracellular biosynthesis 
of NPs, where the EPS play a major role in the formation and 
immobilization of the NPs. The mechanism appears like those 
for biosynthesis in cell suspension and is explained with metal 
detoxification of the environment surrounding the cells. This 
is in agreement with the general observation that planktonic 
and biofilm cultures tend to have similar susceptibility to most 
metals.[176] This is in contrast to organic antibiotics that typi-
cally have less efficacy against biofilms.[177] It is assumed that 
the extracellular matrix would concentrate NPs to high levels 
and thus biofilms could be used for the scale-up of NP pro-
duction in industrial applications. This could however lead to 
larger sized crystal formation as obtained for silver or copper 
microcrystals observed in mixed community biofilms under 
high metal load.[178]

5. Antimicrobial Efficacy of Nanoparticles

5.1. Antimicrobial Efficacy of Nanoparticles on Bacteria

A wide range of bacterial species have been found sensitive to 
NPs (Table 2). However, effects of NPs have been largely tested 
on the bacteria that are pathogenic for humans.[179] Therefore, 
we have a poor appreciation of the full microbial ecological 
consequences. These studies were generally done using some 
form of an antibiotic sensitivity test method, typically, the 
zone of inhibition of the bacterial colonization is measured 
or the ability to continue to grow on plate or in liquid culture 
(minimum inhibitory concentration). Effects of NPs, in gen-
eral, have been found to depend on the NP concentration,[180] 
physiology, and metabolism[181] of the given species, as well as 
the selective permeability of intracellular membranes and the 
kind of bacterial cell.[182] A comparative study of silver salts to 
different silver oxide NPs showed that the silver formulations 
led to varied efficacies toward planktonic- and biofilm-grown 
cultures.[183] AgNPs suppressed the colonization of E. coli,  
K. pneumoniae,[184] Staphylococcus aureus,[185] and P. aeruginosa.[46] 
Among these four bacteria, the highest antimicrobial activity 
of AgNPs was found against E. coli and S. aureus, although 
one should be careful with comparing studies using different 
strains and growth conditions. There are several other findings 
on the suppressive effect of microbially synthesized metallic 
nanoparticles on pathogenic microorganisms.[186] The biogenic 
AgNPs obtained from Brevibacterium frigoritolerans DC2,[8] 
Bhargavaea indica DC1,[187] and Sporosarcina koreensis DC4[188] 
caused antimicrobial effect against B. anthracis, B. cereus,  
C. albicans, E. coli, Salmonella enterica, and Vibrio parahaemolyticus. 
Similarly, the CuNPs synthesized by Sida acuta suppressed 

the colonization of E. coli, Proteus vulgaris, and S. aureus.[189] 
It was further reported that when the biogenic nanoparticles 
were applied along with common synthetic antibiotics novo-
biocin, penicillin G, rifampicin etc., the antimicrobial activity 
was synergized. The zinc oxide NPs also proved suppressive to 
P. aeruginosa, E. coli, and S. aureus.[190]

A hybrid material, polyvinyl pyrrolidone with AgNPs 
(AgNPs/PVP) suppressed the colonization of P. aeruginosa,  
B. subtilis, E. coli, and S. aureus.[191] The antimicrobial activity 
of AgNPs (20 mm zone of inhibition) against E. coli, S. aureus, 
K. pneumoniae, and P. aeruginosa performed by the well-diffu-
sion method revealed the highest inhibition zone of 30  mm 
on the former two microbes.[184] The AgNPs were found more 
suppressive to Gram-positive (2.8  mm zone of inhibition)  
than Gram-negative bacteria (2.0  mm).[192] Interestingly, 
macro phages are not affected at 100  × 10−6 m concentrations 
that are usually lethal to bacteria.[193,194] Further, S. typhi and  
P. aeruginosa (Gram-negative) were also found to be more sensitive 
to AgNPs (4–9 mm zone of inhibition)[195,196] than B. subtilis and 
Micrococcus luteus (Gram-positive, 10–11  mm inhibition zone).  
The greater sensitivity was attributed to the structural difference 
in the cell wall of these two bacteria groups. The AgNP size and 
type of bacterial species are further parameters influencing the 
antimicrobial activity.[197] For example, AgNPs showed maximal 
antimicrobial activity against S. aureus (19.0 mm zone of inhibi-
tion), followed by B. subtilis (17.0 mm), P. aeruginosa (14.0 mm), 
and E. coli (12.0 mm).[196] Salem et al. found antibacterial activity 
of ZnO NPs and silver ions against V. cholerae and enterotoxic 
E. coli.[198] Hungund et  al. reported that biosynthesized spher-
ical AgNPs of 45–50  nm were highly effective against E. coli, 
S. typhimurium, K. pneumoniae, and S. aureus using the agar 
well-diffusion method.[199] The largest zones of inhibition were 
observed for E. coli (8  mm), S. typhi (6  mm), K. pneumoniae 
(8 mm), and S. aureus (5 mm), respectively. The above Gram-
positive bacteria inhibition zone of 5–6  mm seems to be less 
sensitive than Gram-negative bacteria inhibition zone of 8 mm 
to the same AgNPs.[200]

Spherical ZnO NPs of 57.7  nm have been found suppres-
sive to P. aeruginosa and caused a maximum inhibition zone 
of 22  ±  1.8  nm with 25  ng mL−1 ZnO NPs.[65] Tangwatcharin 
et  al. used the Gram-negative model organism Campylobacter 
jejuni to examine the antimicrobial effects of ZnO NPs on 
bacteria.[201] The cells of these bacteria are spiral and motile, 
and highly sensitive to different environmental stresses. In 
response to a stress, C. jejuni undergoes morphological modi-
fication producing coccoid cells instead of spiral-shaped ones 
as was observed with the ZnO NPs.[202] Antibacterial activity 
of ZnO NPs has also been observed against S. aureus, E. coli,  
P. aeruginosa, P. mirabilis, and B. cereus with 25, 29, 32, 30, and 
30 mm zone of inhibition, respectively.[203,204]

The CuNPs have been found to suppress to colonization of 
Gram-positive and Gram-negative bacteria,[205] in particular 
by S. aureus, B. subtilis (Gram-positive), P. aeruginosa, and 
E. coli (Gram-negative). In another study, biologically synthe-
sized CuNPs greatly suppressed the colonization of E. coli and 
S. aureus causing 1.1 and 1.7 mm inhibition zones, respectively.[28]

For NPs combined with antibiotics, the antimicrobial effects 
were found to be increased considerably.[206] Gandhi and Khan 
reported enhanced antimicrobial activity of AgNPs in the 
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presence of bacitracin against E. coli and S. paratyphi (con-
trol 0  mm, test 22 and 18  mm inhibition zone, respectively), 
ampicillin against Corynebacterium diphtheria (control 0  mm, 
test 14 mm), kanamycin against K. pneumoniae (control 19 mm, 
test 30  mm), for gentamycin against P. aeruginosa (control 
18  mm, test 34  mm), and bacitracin, gentamycin, erythro-
mycin, and ciprofloxacin against S. aureus (control 0, 14, 19, 
and 21 mm, test 12, 29, 32, and 30 mm, respectively).[38] Singh 
et al. found an antimicrobial activity of biosynthesized AgNPs 
against B. anthracis, B. cereus, E. coli, C. albicans, V. parahaemo-
lyticus, and S. enterica.[207]

Shaikh et  al. presented the mechanism involved in the 
antimicrobial action of cefaclor conjugated AuNPs.[208] They 
reported that the antibactericidal effects resulted due to syn-
ergism between cefaclor and AuNPs. The cefaclor enhanced 
membrane porosity by interacting with the outer peptidoglycan 
layer, whereas AuNPs created holes in cell walls. As a result, 
the cefaclor-capped AuNPs efficiently penetrated the bacte-
rial membranes and interacted with the DNA. The penetrated 
AuNPs hindered DNA unwinding and transcription.[209,210] The 
conjugated treatment also led to inflow and buildup of high 
concentrations of cefaclor in the bacterial cells.[210]

5.2. Effect of Nanoparticles on Fungi

Less information is available on the effects of NPs on fungi. How-
ever, fungi have also been found sensitive to NPs.[211,212] Mostly, 
the researches have used silver or ZnO NPs, and the effects 
are largely tested against soil-borne plant pathogenic fungi.[5] 
The AgNPs were found to be suppressive to plant pathogenic 
fungi, F. oxysporum (MTCC 8608) and Sclerotinia sclerotiorum 
(MTCC 8785).[213] Chauhan et  al. reported an inhibitory effect 
of biosynthesized AgNPs on the colonization of A. tereus strain 
JAS1 (17 mm inhibition), Scedosporium sp. JAS1 (17 mm), C. trop-
icalis (14), and Fusarium sp. (15 mm).[9] The AgNPs at 15 mg L−1 
concentration suppressed the colonization of plant pathogenic 
fungi, Alternaria alternate and Curvularia lunata.[214] The coloni-
zation of root rot and mold causing fungi, viz., S. sclerotiorum, 
Macrophomina phaseolina, Rhizoctonia solani, and Botrytis cine-
real was inhibited due to AgNPs. Besides plant pathogens, some 
yeasts, C. albicans, C. krusei, C. tropicalis, C. glabrata, and a mold, 
A. brasiliensis have also been reported to be AgNPs/PVP.[191]

Phanjom and Ahmed synthesized AgNPs at 1 and 10 × 10−3 m  
concentrations by using the fungus biomass (A. oryzae).[215] A 
relationship between the AgNO3 concentration and particle 
size was also recorded. The AgNO3 up to 8 × 10−3 m concentra-
tions yielded nanoparticles of 7.22–17.06 nm size, whereas 9 and 
10 × 10−3 m AgNO3 concentrations produced 45.93 and 62.12 nm 
sized NPs, respectively. This indicates that when the AgNO3 
concentration was increased the functional groups available 
for the reaction were lacking.[216] Gudikandula et  al. reported 
that 15  nm size silver nanoparticles were synthesized within 
12–48 h (reduction time) by using the biomass of the fungus, 
Ganoderma enigmaticum (3.9–5.2 g/100 mL solution) in AgNO3 
at 60  μL of 1.5  × 10−3 m concentrations.[217] The synthesized 
Ag NPs caused strong antimicrobial effects against B. subtilis,  
S. aureus, M. luteus, B. cereus, B. megaterium, E. coli, E. aerogens, 
K. pneumonia, P. vulgaris, P. aeruginosa, and S. paratyphi.[217]

6. Possible Mechanisms of the Antimicrobial 
Activity of Nanoparticles

Limited work has been done on the mode and mechanism of 
NP action as an antimicrobial agent. The studies that investi-
gate this aspect are largely confined to the NPs of silver, gold, 
and zinc oxide. The data to date are conflicting and differ with 
the NP type and the species strain studied.[218] However, there 
are some general ideas emerging that we summarize in the fol-
lowing sections.

6.1. NP Decomposition into Metal Ions

While acting on the microorganisms, the NPs may revert 
to the predecessor state, i.e., the ionic form.[219] This would 
allow for all metal ion specific chemistry to occur, potentially 
enhanced due to the high localized ion concentration from the 
NP delivery. Feng et al. reported that the AgNPs decomposing 
into silver ions, is what caused the antimicrobial effect on 
the bacterial cells.[220] Silver ion release from AgNPs was also 
studied by others, showing that this process also depends on 
the medium.[221] The silver ions readily enter the bacterial cells, 
causing damage to the cell and inhibited several vital func-
tions.[222,223] Besides, inducing other abnormalities, the silver 
ions, while inside the cell, possibly inhibited the respiratory 
enzymes. Silver and other soft metal ions may also act upon the 
thiol groups of the bacterial enzymes and cause their inactiva-
tion. Silver ions are furthermore discussed not only to interact 
with the cell wall and with N-, O-, and S-donor atoms of pro-
teins, but also to replace protons in the DNA hydrogen bonds, 
holding the double-helix together, thus inhibiting cell replica-
tion as a possibility—a hypothesis yet to be proven.[119,120]

Lewis acid-base reactions may be an important mechanism 
that may operate in the antimicrobial action of NPs in a mech-
anism similarly reviewed by Lemire et  al. for the free metal 
ions.[120] A strong acid reacts with a strong base, similarly, a soft 
acid interacts with a soft base. Sulfur and phosphorus are fre-
quently found in the cell as sulfides and phosphates, respec-
tively, and are Lewis basic in nature, whereas silver is a Lewis 
acid. These soft bases and soft acids react together, e.g., in vital 
proteins, and result in their inactivation and subsequent death 
of the cell.[224] Depending on how the atoms are presented on 
the particle, AgNPs may also react with the DNA.[225,226] Since 
phosphate is a major component in the backbone of DNA, the 
AgNPs may react with these anionic bases, leading to struc-
tural alterations of the DNA potentially leading to changes in 
transcription and translation.[222] As a result, cell growth and 
replication may function abnormally, leading to less fit micro-
organism. Yet, to date there does not seem to be evidence that 
silver has a mutating effect to the DNA directly.

6.2. Reactive Oxygen Species (ROS)

Silver ion exposure to cells may generate ROS.[227] It has been 
suggested that the silver ions disrupt [FeS] clusters in respira-
tory enzymes releasing the Fe which then can catalyze Fenton 
reactions leading to ROS.[228] Yet, one does not always see ROS 
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production upon silver exposure[228] and some groups have 
not observed Fe release.[227] This suggests that microbial strain, 
growth conditions, metal speciation, and the ROS sensor used 
in detection lead to different outcomes. Although not all metal 
atoms catalyze Fenton and subsequent Haber–Weiss reactions, as 
NPs have different properties from the free ions, at this time we 
cannot rule out that some transition metal NPs may also cause 
intercellular generation of ROS such as H2O2, OH , and O2

−. 
The H2O2 is highly damaging to living cells. The UV and visible 
light activate TiO and ZnO NPs, and as a result, ROS species are 
generated. The negatively charged ROS likely remain on the cell 
surface, as they do not penetrate the cell membrane. However, 
positively charged ROS, i.e., protonated H2O2 can penetrate the 
membrane.[229] Although Zn2+ does not lead to intracellular ROS 
production,[228] the ZnO NPs have been reported to generate ROS 
in C. jejuni, a Gram-negative bacterium.[202]

6.3. Specific Cellular Process Affected

6.3.1. Disruption of the Cell Membrane Integrity

The AgNPs can penetrate the cell wall of the bacteria by disrup-
tion of the wall.[222,223] The particles first adhere to the surface 
and cause aberrations on the cell membrane. The aberrations 
may affect the permeability of the membrane to an extent that 
may lead to cell death. When aberrations are formed nearby each 
other, they may coalesce forming micropits on the surface of the 
cell in which NPs may subsequently accumulate. The aberrations 
on the bacterial cell wall caused by AgNPs may also be formed 
by ROS, which has been suggested by electron spin resonance 
spectroscopy studies.[230] At this time one cannot define if this 
effect is specific to NPs or from the silver ions released locally.

6.3.2. Signal Transduction Disturbance

NPs may also interfere in the signal transduction in the exposed 
bacterial cells.[231] One of the major factors in the signal transduc-
tion is the phosphorylation of proteins. When the cells of Gram-
negative bacteria were exposed to AgNPs, dephosphorylation 
took place on the tyrosine residues.[232] As a result of this, signal 
transduction was disturbed, and growth of the bacterial cell was 
ceased. Overall signaling processes have not been specifically 
investigated in response to NPs, and specific hits in omic studies 
have not highlighted interference with response coupling.

6.3.3. Chemotaxis and Motility

Chemotaxis and motility are important characteristics through 
which the bacteria respond quickly to the chemical changes in 
the altered environment. Both these characteristics are regu-
lated by genes, in which signaling across the cell is crucial. In 
the cell membrane of bacteria, the sensory receptor proteins 
are encoded by the genes tar, str, and tap. Likewise, the compo-
nents of flagella involved in the bacterial motility are produced 
in the response of the encoding of the genes fliG, fliN, and fliM, 
whereas the movement signaling is accomplished by encoding 

genes cheW, cheB, cheY, cheZ, cheR, cheA, and motB.[233] The 
swarm plate assay has demonstrated that AuNPs influenced 
the chemotaxis and motility in the bacteria. However, both the 
characteristics varied with duration of NP treatment. A large 
swarm colony of E. coli was formed in the medium amended 
with AuNPs within 4 h.[234] However, after 8 and 20 h, E. coli 
showed slowed motility. The increasing concentration of 
AuNPs gradually reduced the colony (swarm) size, although at 
the early stage, the colonies were bigger than the control. This 
indicates that the bacteria initially respond rapidly to AuNPs, 
but the motility, which is ATP dependent, could not continue 
likely due to an exhaustion of energy.

7. Conclusion

Microbial synthesis of NPs may play a role in the commercial 
production of NPs, if some important aspects such as low yield 
and particle size/shape heterogeneity are worked out. Fur-
ther, the microbial capping agents may incite some synergism 
during antimicrobial action, which may partially prevent ther-
apeutic applications of biosynthetic NPs. In general, this eco-
friendly method is simpler than chemical approaches, however, 
the efficiency in terms of quantitative yield, uniformity, and 
stability of NPs, and the economics of the process still need to 
be worked out and ascertained. Various organisms were found 
to be quite versatile in synthesizing metal atom-based NPs, but 
efficient strains have not yet been identified/categorized for 
commercial exploitation.

More research is also required to establish, which bioreactor 
systems will turn out to be more efficient, planktonic or biofilm 
systems. We may find that both have their use for selected NP 
features. Some efforts have been made to optimize the condi-
tions to increase the synthesis yield of NPs, but the develop-
ment of commercial protocols of microbial synthesis methods 
needs to be driven forward. Further, there is a significant gap of 
knowledge and understanding on the mechanism(s) involved 
in the microbial synthesis, and the available insights into the 
molecular mechanisms are important puzzle pieces on the way 
of understanding of the bigger picture(s).

The applicational landscape of biogenic NPs is also still in its 
infancy. The primary application that most studies explore is that 
of antimicrobial activity where AgNPs show promise and are 
already in use in some countries. However, comparing the effec-
tiveness is problematic due to diverse assay protocols, growth 
conditions and strains. For this, we highlight the comments from 
Duran et  al., where specific protocols for NP characterization 
as well as antimicrobial efficacy in use of standardized strains 
and methods are necessary.[235] To their recommendations we  
suggest authors clear information on particle size, shape, poly-
dispersity, and a full disclosure of the associated bioorganic 
capping material that may or may not influence the antimicrobial 
activity and specificity.

8. Future Prospects

To date, no comparative data are available on cost of production 
of NPs through chemical versus microbial methods. We assume 
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that the most important contributions to cost are: a) materials 
(precursor and catalyst/biocatalyst); b) capital and operative cost 
of the reactor; c) downstream processing (separation and stabi-
lization of NPs). For the chemical synthesis, the cost of catalyst 
is much higher than the biocatalyst and the operative condi-
tions of the chemical synthesis result in higher operative cost 
for the chemical synthesis.[236] However, the low titer of NPs 
in the biosynthesis and the presence of biological material in 
the reactor broth after the biosynthesis require more expensive 
downstream processing than in the chemical synthesis. Finally, 
environmental cost and impact of the two processes should be 
considered. We think that the biosynthesis of NP may result in 
lower costs for specific environmental and antibacterial appli-
cations.[237] However, life cycle analysis and life cycle costing 
of biosynthetic NP are needed to establish economic feasibility 
and ecological sustainability of the microbial NP synthesis pro-
cess. Further, concerted research efforts are needed to develop 
industrial protocols to commercialize the microbial synthesis 
techniques. For the fundamental research, a priority toward 
understanding the molecular mechanisms involved in the syn-
thesis of NPs is needed and not just more reporting of other 
organisms doing the same thing. Directed careful studies are 
required to establish the antimicrobial effects of NPs on a wide 
range of microorganisms; but these experiments must be done 
with the same strains and protocols in all labs in order to com-
pare results. In vitro and in vivo effects of NPs on saprophytic 
and symbiotic microorganisms are also needed, so as to exploit 
the antimicrobial potential of nanomaterials in the plant disease 
management. With the specific process understood, exploring 
defined strains versus mixed species as biofilms is key to moving 
forward to understand antimicrobial efficacies as well as exploi-
tation of bioproduction in biofilm reactors. Research moving for-
ward understanding the microbial ecology of exposure of NPs in 
the response of the beneficial soil organisms such as phosphate-
solubilizing microorganisms, nitrogen-fixing bacteria, mycor-
rhizal fungi, and organisms such as protozoans and earthworms 
as well as toxicology studies on higher level organisms including 
humans. Before utilizing such NPs in high amounts, we need to 
appreciate the effects on plant growth system(s) and the stability 
and lifecycle of the NPs to clearly envision any and all potential 
of environmental contamination concerns.
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