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Supplementary Tables 
 
Table S1 | Summary of biosynthesized alkali metal- and alkaline earth metal-based NMs using 
microalgae, bacteria, fungi, and bacteriophages. 

NM Size (nm) Shape Microorganism 
classification 

Species Ref. 

Amorphous 
Li 

950±150 Polygon, Disk Bacteria Pseudomonas aeruginosa 
SM1 

1 

LiFePO4/C 50−400 Hierarchical Microalgae Spirulina 2 

CdCs Atypical Spherical Genetically engineered 
bacteria 

Escherichia coli 3 

MgO <30 Spherical, Oval Bacteria Lactobacillus sp. 4 

MgO 45.12−95.
37 

Heterogeneous Fungi Trichoderma viride 5 

CaCO3 42.1 Spherical Bacteria Bacillus subtilis 6 

CaCO3 20−30 Hollow 
spherical 

Bacteria Proteus mirabilis 7 

SrCO3 20−70 Irregular Bacteria P. mirabilis 8 

SrCO3 10−50 Needle Fungi Fusarium oxysporum 9 

SrTiO3 10−30 Wire Genetically engineered 
bacteriophage 

M13 bacteriophage 10 

SrPr 3.26−3.98 Spherical Genetically engineered 
bacteria 

E. coli 3 

SrGd 8.09−9.71 Spherical Genetically engineered 
bacteria 

E. coli 3 

Amorphous 
BaCO3 

300 Rod Bacteria P. mirabilis 7 

BaCO3 5.02±0.15 Spherical Genetically engineered 
bacteria 

E. coli 11 

BaTiO3 20−80 Spherical Bacteria Lactobacillus sp. 12 

BaTiO3 4−5 Spherical Fungi F. oxysporum 13 

BaTiO3 20−30 Anisotropic Genetically engineered 
bacteriophage 

M13 bacteriophage 14 

The symbol (−) indicates that the data is not available. 
  



Table S2 | Summary of biosynthesized transition metal-based NMs using microalgae, bacteria, 
fungi, and bacteriophages. 

NM Size (nm) Shape Microorganism 
classification 

Species Ref. 

Ti/TiO2 5.81−8.95 Spherical Bacteria Pseudomonas putida 15 

Ti/TiO2 2−16 Spherical Fungi Trichoderma harzianum 15 

TiO2 28−54 Spherical, 
Uneven 

Bacteria Aeromonas hydrophila 16 

TiO2 15.23−87.6 Spherical Bacteria Bacillus amyloliquefaciens 17 

TiO2 16.3±5.5 Spherical Bacteria B. licheniformis 18 

TiO2 66−77 Spherical, Oval Bacteria B. subtilis 19 

TiO2 24.63±0.32 Spherical Bacteria Lactobacillus sp. 20 

TiO2 62−74 Spherical, Oval Fungi Aspergillus flavus 21 

TiO2 6−13 Spherical Fungi Fusarium oxysporum 22 

TiO2 12.57±0.22 Spherical Yeast Saccharomyces cerevisiae 20 

C-doped 
TiO2/SiO2 

10 (TiO2) − Microalgae Cocconeis placentula 23 

Cr 4−50 Spherical Bacteria Bacillus subtilis 24 

Cr2O3 8 Spherical Bacteria Bacillus cereus XMCr-6 25 

Mn 13.65±8.60 Spherical Genetically 
engineered bacteria 

Escherichia coli 26 

MnO2 10−70 Spherical Yeast S. cerevisiae 27 

Mn3O4 3.93±1.29a), 
20.84±1.39b) 

Spherical, Square Genetically 
engineered bacteria 

E. coli 11 

γ‐MnS 2000-3000 Hexagonal Bacteria 
Clostridiaceae bacterium 
SH021 

28 

Fe 20.5±5.33 Flake Bacteria Pseudomonas aeruginosa 
SM1 

1 

Fe 8.73 − Genetically 
engineered bacteria 

E. coli 3 

Fe 10-24.6 Spherical Fungi Aspergillus oryzae TFR9 29 

FeCO3 10−3000 − Bacteria Geobacter sp. 30 

β‐FeOOH 200 Spindle Bacteria Acidithiobacillus 
ferrooxidans 

31 

Fe2O3 19 Spherical Bacteria Desulfovibrio 
desulfuricans aestuarii 

32 

Fe2O3 9.74±1.19a), 
10.38±2.04b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

γ‐Fe2O3 10 Spherical Bacteria Pseudomonas fluorescens 33 

γ‐Fe2O3 50 Spherical Bacteria Actinobacter sp. 34 

Fe3O4 50−150 Cubic Bacteria Actinobacter sp. 35 

Fe3O4 30−50 Hexagonal Bacteria Magnetospirillum 
magneticum AMB-1 

36 

Fe3O4 81±23c) 
58±20d) 

Rectangular Bacteria Magnetospira sp. 37 

Fe3O4 54±12.3a) 
43±10.9 b) 

Cuboidal Bacteria Magnetotactic bacterium 
WM-1 

38 

Fe3O4 113±34a) 
40±5b) 

Bullet-shaped Bacteria Magnetotactic bacteria 
HSMV-1 

39 

Fe3O4 ~30 Spherical Bacteria Magnetospirillum 
gryphiswaldense strain 
MSR-1 

40 

Fe3O4 40–50 Rectangular, 
rhombic, 

hexagonal  

Bacteria Shewanella oneidensis 41 



Fe3O4 30–43 Pseudohexagonal, 
Rhombohedral, 

Irregular 

Bacteria S. oneidensis MR-1 
 

42 

Fe3O4 4.46±0.27a), 
6.32±1.47b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

Fe3O4 20 Cubo-octahedral Genetically 
engineered bacteria 

Magnetospirillum 
magneticum AMB-1 

43 

Fe3O4 20–50 Quasi-spherical Fungi F. oxysporum 44 

Fe3O4 8–14 Wormhole-like Yeast Yeast cells 45 
FeS 19 Spherical Bacteria Actinobacter sp. 34 

FeS 40−60 Rod Bacteria Geobacter sp. 30 

FeS 30 Spherical Bacteria S. oneidensis MR-1 46 
FeS 2 Spherical Bacteria Sulfate-reducing bacteria 47 

Fe3S4 − − Bacteria Thermophilic 
magnetotactic bacteria 

48 

FeAg − Spherical Genetically 
engineered bacteria 

E. coli 3 

Fe-Mn oxide 370−400 − Bacteria Pseudomonas sp. QJX-1 49 

FeMn 4.47 Spherical Genetically 
engineered bacteria 

E. coli 3 

FeCoNi 8.73−13.53 Spherical Genetically 
engineered bacteria 

E. coli 3 

FeCoMn − − Genetically 
engineered bacteria 

E. coli 3 

FePt 10±5 Spherical Genetically 
engineered 
bacteriophage 

M13 bacteriophage 50 

Co 550±110 Flake Bacteria P. aeruginosa SM1 1 

Co(CH3CO
O)2 

85 Spherical, Oval Bacteria Bacillus thuringiensis 51 

Co3O4 5−7 Spherical Bacteria Brevibacterium casei 52 

Co3O4, β‐
Co(OH)2, 

7.06 ± 0.41 Spherical Genetically 
engineered bacteria 

E. coli 11 

CoFe2O4 − Spherical Bacteria G. sulfurreducens 53 

CoFe2O4 3-15 Spherical Yeast S. cerevisiae 54 

CoFe2O4 6.83±0.45a), 
7.69 ± 0.51b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

CoFe2O4 10 and 15 Wire Genetically 
engineered 
bacteriophage 

M13 bacteriophage 55 

CoPt 10±0.5 Wire Genetically 
engineered 
bacteriophage 

M13 bacteriophage 50 

NiS ~10 Spherical Bacteria D. alaskensis G20 56 

Ni 2.9±1.2 Polygon Bacteria P. aeruginosa SM1 1 

Ni 12.50±6.69 Spherical Genetically 
engineered bacteria 

E. coli 26 

β‐Ni(OH)2 25.11±2.67a), 
28.28±4.49b) 

Rod, Plate Genetically 
engineered bacteria 

E. coli 11 

Ni oxide 1.25-3.8 Spherical Fungi Hypocrea lixii 57 

NiFe2O4 6.23±0.54a), 
7.45±1.07b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

Cu 14.8 Spherical Bacteria E. coli 58 

Cu 10−30 Spherical Bacteria Kocuria flava M-7 59 

Cu 4−60 Spherical Bacteria Morganella 
psychrotolerans 

60 



Cu 49 Spherical, 
Hexagonal 

Bacteria P. fluorescens 61 

Cu 11.78±6.60 Spherical Genetically 
engineered bacteria 

E. coli 26 

Cu, CuO 5−20 Spherical Fungi Stereum hirsutum 62 

CuO 32 Spherical Microalgae Eichhornia crassipes 63 

CuO 5−45 Spherical Microalgae Bifurcaria bifurcate 64 

Cu2O 18 Spherical Bacteria Lactobacillus sp. 65 

Cu2O 17.69±3.23a), 
4.90±0.25b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

Cu2O 16 Spherical Yeast S. cerevisiae 65 

CuS 80.8c), 17.4d) Rod Bacteria S.oneidensis MR-1 66 

CuS 2−5 Irregular Fungi F. oxysporum 67 

CuS 10−40 Irregular Fungi F. oxysporum 68 

CuAlO2 5  Spherical Fungi Humicola sp. 69 

Cu2Se 100 Spherical Bacteria Pantoea agglomerans 70 

Cu2-xSe 80 Spherical Bacteria P. agglomerans 71 

Amorphous 
Y 

4.10±0.22 Spherical Genetically 
engineered bacteria 

E. coli 11 

ZrO2 7−8 Spherical Fungi F. oxysporum 72 

Amorphous 
Zr 

21.78±2.34a), 
34.89±3.38b) 

Irregular Genetically 
engineered bacteria 

E. coli 11 

MoO2 20.58±1.70  Rod Genetically 
engineered bacteria 

E. coli 11 

TcO2 2 Spherical Bacteria Anaeromyxobacter 
dehalogenans strain 2CP-C 

73 

a) NM synthesized in vivo; b) NM synthesized in vitro; c) width; d) length.  
The symbol (−) indicates that the data are not available. 
  



Table S3 | Summary of biosynthesized noble metal-based NMs using microalgae, bacteria, 
fungi, and bacteriophages. 

NM Size (nm) Shape Microorganism 
classification 

Species Ref. 

Ru 8.3±5.4 Spherical, Disk Bacteria Pseudomonas aeruginosa 
SM1 

1 

Rh 2.1±0.9 Polygon Bacteria P. aeruginosa SM1 1 

Rh 3.0−4.5 Spherical Bacteriophage T4 bacteriophage 74 

Pd 15−40 Spherical Bacteria Bacillus sp. GP 75 

Pd 
340.46 

Spherical Bacteria Shewanella oneidensis MR-
1 

76 

Pd 22.1±6.2 Polygon, Disk Bacteria P. aeruginosa SM1 1 

Pd 3-30 Irregular Bacteria Paracoccus denitrificans 77 

Pd 3-30 Irregular Bacteria Pseudomonas putida 77 

Pd 3.0−4.5 Spherical Bacteriophage T4 bacteriophage 74 

Pd 14.3 Spherical Genetically engineered 
bacteria 

Escherichia coli 58 

Pd 14.82±4.74 Spherical Genetically engineered 
bacteria 

E. coli 26 

Pd 10−50 Spherical Genetically engineered 
bacteria 

S. oneidensis 78 

Pd 16.9±4.0−
27.9±5.0 

Wire Genetically engineered 
bacteriophage 

E3-M13 bacteriophage 79 

PdPt 59.9 Flower Bacteria S. oneidensis MR-1 76 

PdPt 3−40 Spherical Bacteria S. oneidensis MR-1 80 

Pd/Fe3O4 5.5±2.2 Spherical, Rod Bacteria S. oneidensis MR-1 81 

PdAu/Fe3O4 10-18a)
, 

140-190b) 
Rod Bacteria S. oneidensis MR-1 81 

Ag 44±9c), 
8.4±12d) 

Sphericala), 
Ovalb) 

Actinomycetes Streptomyces sp. NH21 82 

Ag 5±3.9 Spherical Actinomycetes Streptomyces sp. LK3 83 

Ag 2-20 Spherical Microalgae Acutodesmus dimorphus 84 

Ag 5-30 Spherical Microalgae Chlorella pyrenoidosa 85 

Ag 9–11 Heterogeneous Bacteria Bacillus licheniformis 86 

Ag − Heterogeneous Bacteria Bacillus persicus 86 

Ag − Heterogeneous Bacteria Bacillus pumilus 86 

Ag 20-50 Spherical Bacteria E. coli 87 

Ag 6.3±4.9 Spherical, Disk Bacteria P. aeruginosa SM1 1 

Ag >200 Triangle, 
Hexagon 

Bacteria Pseudomonas stutzeri 
AG259 

88 

Ag 19.89±6.53 Spherical Genetically engineered 
bacteria 

E. coli 26 

Ag 9.86±1.96c)

, 
11.87±2.46

d) 

Spherical Genetically engineered 
bacteria 

E. coli 11
 

Ag 16.7 Spherical Genetically engineered 
bacteria 

E. coli 58
 

Ag 5-70 Spherical Genetically engineered 
bacteria 

Ag-resistant E. coli 89 

Ag 2.0-13.8 Spherical Fungi Aspergillus terrerus 90 

Ag 50−200 Spherical Fungi Phaenerochaete 
chrysosporium 

91 

Ag 20−80 Spherical Yeast Candida utilis NCIM 3469 92 



Ag 15 Spherical Yeast Yarrowia lipolytica NCYC 
789 

93 

Ag2O 2−20 Spherical Bacteria Lactobacillus mindensis 94 

Ag2O 4−22 Spherical Bacteria Xanthomonas sp. P5 95 

Ag2O − − Fungi Aspergillus terreus VIT 
2013 

96 

Ag2TeO3 18.90±1.02
c), 21.21± 

0.81d) 

Spherical Genetically engineered 
bacteria 

E. coli 11
 

Ag2WO4 12.67±4.28
c), 

7.56±1.02d

)  

Spherical Genetically engineered 
bacteria 

E. coli 11
 

Ag2S >200 Triangle, 
Hexagon 

Bacteria P. stutzeri AG259 88
 

Ag2S 2–16 Spherical Bacteria S. oneidensis MR-1 97 
Ag2S 7.8±1.5 Spherical Bacteria S. oneidensis MR-1 98 

Ag2S 9±3.5  Spherical Bacteria S. oneidensis MR-1 99 

Ag2S 10.93±1.94
c), 

13.47±1.21
d) 

Spherical Genetically engineered 
bacteria 

E. coli 11
 

IrO2 − Wire Genetically engineered 
bacteriophage 

M13 bacteriophage 100 

IrO2/Au 5 (Au) Wire Genetically engineered 
bacteriophage 

M13 bacteriophage 100 

Pt 5 Irregular Bacteria Shewanella Microalgae  

Pt 265.945 Snowflake Bacteria S. oneidensis MR-1 76 

Amorphous 
Pt 

− Heterogeneous Bacteria Sulfate-reducing bacteria 101 

Pt 100−1000 Heterogeneous Bacteria Sulfate-reducing bacteria 102 

Pt 450 Spherical Bacteria P. aeruginosa SM1 1 

Pt 14.5 Spherical Genetically engineered 
bacteria 

Escherichia coli 58 

Pt 14.82 ± 
4.74 

Spherical Genetically engineered 
bacteria 

E. coli 26 

Pt 10-100 Hexagonal, 
Pentagonal, 
Spherical, 

Square 

Fungi F. oxysporum 103 

Pt 4-35 Spherical Fungi Neurospora crassa 104 

Pt 3.0−4.5 Spherical Bacteriophage T4 bacteriophage 74 

Au 8.25±0.64 Spherical Bacteria Streptomyces clavuligerus 105 

Au 8-12 Spherical Bacteria Sargassum wightii 106 

Au 10 Spherical Microalgae Euglena gracilis 107 

Au 2-100 Spherical Microalgae Galaxaura elongate 108 

Au 8-12 Spherical Microalgae S. wightii 106 

Au 5-30 Spherical Bacteria Bacillus sp. GP 75 

Au − Heterogeneous Bacteria B. persicus 86 

Au − Heterogeneous Bacteria B. pumilus 86 

Au 20-50 Spherical Bacteria E. coli 87 

Au 5–25 Spherical Bacteria Pseudomonas veronii 
AS41G 

109 

Au 50–60 Rod Bacteria Rhodopseudomonas 
capsulata 

110 

Au 20 Spherical Bacteria Vibrio fischeri 111 



Au 5–20 Spherical Genetically engineered 
bacteria 

E. coli 112 

Au 18.2 Spherical Genetically engineered 
bacteria 

E. coli 58 

Au 13.37±4.10 
Spherical Genetically engineered 

bacteria 
E. coli 26 

Au 20.06±2.27 
Spherical Genetically engineered 

bacteria 
E. coli 11 

Au 690±350 Horn Genetically engineered 
bacteria 

E coli 113 

Au 30 
Spherical Genetically engineered 

bacteria 
Pseudomonas syringae 111 

Au 40 
Spherical Genetically engineered 

bacteria 
Pseudomonas savastanoi 
P48 

111 

Au 15 
Spherical Genetically engineered 

bacteria 
Ralostonia solanacerum 111 

Au 20±2.0 Spherical Fungi Rhizopus oryzae 114 

Au 43-63 Spherical Fungi Aspergillus niger  

Au 20 Spherical Fungi A. niger  

Au 8.7±6 Spherical Fungi A. niger  

Au 6-37 Spherical Fungi Aspergillus oryzae  

Au 3.5±3 Spherical Fungi Aspergillus tamarii  

Au 5 Spherical Fungi F. oxysporum  

Au 7.7±4.3 Spherical Fungi Penicillium ochrochloron  

Au 75 Heterogeneous Fungi Penicillium sp.  

Au − Spherical, Plate Yeast Yarrowia lipolytica NCIM 
3589 

115 

Au 5-25 Spherical Genetically engineered 
bacteriophage 

T7 phage 116 

Au/Fe3O4 10-18a), 
140-190b) 

Spherical, Rod Bacteria S. oneidensis MR-1 81 

Au/Ag 5-25 Spherical Bacteria Lyngbya majuscula 117 

Au/Pd/Ag − Wire Yeast Pichia pastoris GS115 118 

Au(CdSeZn) 1.25 Atypical pod-
like 

Genetically engineered 
bacteria 

E. coli 3 

a) width; b) length; c) NM synthesized in vivo; d) NM synthesized in vitro.  
The symbol (−) indicates that the data are not available. 
 
  



Table S4 | Summary of biosynthesized post-transition metal-based NMs using microalgae, 
bacteria, fungi, and bacteriophages. 

NM Size (nm) Shape Microorganism 
classification 

Species Ref. 

α‐Al2O3 20±2.1  Spherical Microalgae Sargassum ilicifolium 119 

ZnO 330 Flower Microalgae Chlamydomonas 
reinhardtii 

120 

ZnO 57.78 Spherical, 
Oval 

Bacteria Aeromonas hydrophila 121 

ZnO 7−19 Spherical Bacteria Lactobacillus plantarum 
VITES07 

122 

ZnO 100−120 Spherical Bacteria Rhodococcus 
pyridinivorans NT2 

123 

ZnO 10.51±1.71 a), 
6.62±0.35 b) 

Square a), 
Spherical b) 

Genetically 
engineered bacteria 

Escherichia coli 11 

ZnO – Square Fungi Pichia fermentans JA2 124 

Zn2(PO4)3 100 Needle Microalgae Scenedesmus obliquus 125 

ZnS ~2 Spherical Bacteria Thermoanaerobacter sp. 
X513 

126 

ZnS 6.5 Spherical, 
Irregular 

Bacteria Sulfate reducing bacteria 
(Desulfovibrio sp., 
Clostridiaceae sp., 
Proteiniphilum sp., 
Geotoga sp., 
Sphaerochaeta sp.) 

127 

α‐ZnS, β‐ZnS 8±2 (α‐ZnS), 
4±1 (β‐ZnS) 

Spherical Bacteria Clostridiaceae sp. 128 

ZnS 42 Spherical Fungi Fusarium oxysporum 129 

ZnS ~20 c), 600–
650 d) 

Wire Genetically 
engineered 
bacteriophage 

M13 bacteriophage 50 

ZnS 3−5 Wire Genetically 
engineered 
bacteriophage 

M13 bacteriophage 130 

ZnFe2O4 8.45±0.61 a), 
8.75±0.53 b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

SeZn 3.92 Spherical Genetically 
engineered bacteria 

E. coli 11 

β‐Cd(OH)2 4.16±0.37 a), 
54.71±7.40 b) 

Spherical a), 
Rod b) 

Genetically 
engineered bacteria 

E. coli 11 

CdCO3 20–30 Irregular Bacteria Proteus mirabilis 131 

CdS 120−175 Spherical Microalgae Scenedesmus-24 132 

CdS 2−5 Spherical Bacteria E. coli 133 

CdS 10 Spherical Bacteria E. coli 134 

CdS 3–15 Spherical Bacteria E. coli 135 

CdS 8.01±0.25 Spherical Bacteria Rhodopseudomonas 
palustris 

136 

CdS 35.8±12.9 Spherical Genetically 
engineered bacteria 

E. coli 137 

CdS 2–6 Spherical Genetically 
engineered bacteria 

E. coli 138 

CdS 10 – Genetically 
engineered bacteria 

E. coli 139 

CdS – Spherical Yeast Schizosaccharomyces 
pombe 

140 



CdS 20 Spherical Genetically 
engineered 
bacteriophage 

M13 bacteriophage 130 

CdS/CdSe 16.7±0.67 Spherical Bacteria E. coli 141 

CdZn 3.02 Spherical Genetically 
engineered bacteria 

E. coli 3 

CdSe 3.31 Spherical Genetically 
engineered bacteria 

E. coli 3 

CdTe 2−3 Spherical Bacteria E. coli 142 

CdTe 7.01 Spherical Genetically 
engineered bacteria 

E. coli 3 

CdTe 4.8 Spherical Genetically 
engineered bacteria 

E. coli 143 

CdTe 15−20 Spherical Fungi F. oxysporum 144 

CdTe 2-3.6 Spherical Yeast Saccharomyces cerevisiae 145 

CdCs – Atypical Genetically 
engineered bacteria 

E. coli 3 

CdSeZn 5.01 Spherical Genetically 
engineered bacteria 

E. coli 3 

CdSeZnTe 
– – 

Genetically 
engineered bacteria 

E. coli 3 

In(OH)3 3.82±0.33 a), 
31.69±2.85 b) 

Spherical a), 
Square b) 

Genetically 
engineered bacteria 

E. coli 11 

SnO2 15-40 Spherical Bacteria Erwinia herbicola 146 

SnO2 5.17±0.33 a), 
7.72±1.41 b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

Hg 2-5 Spherical Bacteria Enterobacter sp. 147 

Amorphous 
Hg 

5.25±0.28  Spherical Genetically 
engineered bacteria 

E. coli 11 

HgS 1−100 Spherical Bacteria Bacillus cereus MRS-1 148 

Hg−Se 4.3±0.79 Spherical Bacteria Shewanella putrefaciens 
200 

149 

Hg3TeO6 14.09±2.74 a), 
42.71±13.80 b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

Pb 5-20 Spherical Fungi Aspergillus sp. 150 

Amorphous Pb 7.04±0.39 a), 
4.94±0.24 b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

PbS 2−5 Spherical Yeast Rhodosporidium 
diobovatum 

151 

PbS 2−5 Spherical Yeast Torulopsis sp. 152 

Pb3(NO)3(OH)

5, 
Pb2(NO)3(OH)

3 

204.57±43.86 Plate Genetically 
engineered bacteria 

E. coli 11 

PbSe 20−160 Rod Fungi Aspergillus terreus 153 

Pb5(VO4)3OH 9.60±1.46 a), 
1318.31±171.

05 b) 

Spherical a), 
Rod b) 

Genetically 
engineered bacteria 

E. coli 11 

PbMoO4 9.91±0.46 a), 
13.01±1.28 b) 

Spherical, 
Square 

Genetically 
engineered bacteria 

E. coli 11 

PbWO4 18.61±3.59 a), 
42.38±4.81 b) 

Spherical Genetically 
engineered bacteria 

E. coli 11 

Bi 3 Rod Bacteriophage Thiolated-M13 
bacteriophage 

154 

Bi2O3 5−8 Spherical Fungi Fusarium oxysporum 155 



Bi2S3 100 Rod Bacteria Clostridiaceae bacterium 
SH021 

156 

Bi2S3 6−500 Hexagonal Bacteria Clostridium 
acetobutylicum 

157 

Bi2Se3 100 Sheet Bacteria Lysinibacillus sp. ZYM-1 158 

Bi2Se3 50−100 Spherical Bacteria Pseudomonas stutzeri NT-
I, Pseudomonas sp. RB, 
Stenotrophomonas 
maltophilia TI-1, 
Ochrobactrum anthropi 
TI-2, and O. anthropi TI-
3 

159 

BiMnO3 50 Spherical Fungi Humicola sp. 160 

a) NM synthesized in vivo; b) NM synthesized in vitro; c) width; d) length. 
The symbol (−) indicates that the data are not available. 
 
  



Table S5 | Summary of biosynthesized metalloid-based NMs using microalgae, bacteria, 
fungi, and bacteriophages. 

NM Size (nm) Shape Microorganism 
classification 

Species Ref. 

C-doped 
TiO2/SiO2 

10 (TiO2) − Microalgae Cocconeis placentula 23 

Si/SiO2 10 Spherical Bacteria Actinobacter sp. 161 

Si/SiO2 1.52−8.73 Spherical Bacteria Pseudomonas putida 15 

Si/SiO2 5-9 Spherical Fungi Trichoderma harzianum 15 

SiO2 5−15 Spherical Fungi Fusarium oxysporum 22 

As 20−30, 500 Spherical, 
Fiber 

Genetically 
engineered bacteria 

Arsenic-resistant Escherichia 
coli 

162 

Amorphous 
As−S 

50−100 Spherical Bacteria Desulfotomaculum 
auripigmentum sp. nov. 

163 

As−S 20−100 Tube Bacteria Shewanella sp. strain HN-41 164 

As−S − Tube Bacteria Ten different Shewanella 
strains 

165 

As4S4  − Wire Bacteria Shewanella sp. 166 

As−S 411 ± 125 Spherical Genetically 
engineered bacteria 

Escherichia coli 167 

Au/As-S − Tube Bacteria Shewanella sp. 168 

Sb2O3 3−12 Spherical Bacteria Lactobacillus sp. 169 

Sb2O3 2−10 Spherical Yeast Saccharomyces cerevisiae 170 

Sb2S3 10−35 Spherical Bacteria Serratia marcescens 171 

Te 200 Rod Bacteria Bacillus selenitireducens 172 

Te − Rod Bacteria Ochrobactrum sp. MPV1 173 

Te 781±189 Rod Bacteria Rhodococcus aetherivorans 
BCP1 

174 

Te 463±147 Rod Bacteria R. aetherivorans BCP1 175 

Te 600−700 Rod Bacteria Rhodobacter capsulatus 176 

Te 10−200  Rod Bacteria Shewanella oneidensis MR-1 177 

Te 100–200  Rod Bacteria Shewanella sp. 178 

Te 240 Rod Bacteria Shewanella sp. 178 

Te 50 Spherical Bacteria Sulfurospirillum barnesii 172 

Te 7.78−28.42 Rod Genetically 
engineered bacteria 

E. coli 3 

Te 35.49±9.16 Rod Genetically 
engineered bacteria 

E. coli 11 

The symbol (−) indicates that the data are not available. 

  



Table S6 | Summary of biosynthesis nonmetal-based NMs using bacteria and fungi. 
NM Size (nm) Shape Microorganism 

classification 
Species Ref. 

Se 185–190 Spherical Bacteria Agrobacterium sp. 179 

Amorphous Se 50–400 Spherical Bacteria Bacillus mycoides SeITE01 180 

Crystalline Se 50–400 Spherical Bacteria Bacillus subtilis 181 

Se 80–220 Spherical Bacteria Bacillus sp. MSh-1 182 

Se 140–200 Spherical Bacteria Duganella sp. 179 

Crystalline Se 100 Spherical Bacteria Enterobacter cloacae SLD1a-1 183 

Se 24–122 Spherical Bacteria Escherichia coli K-12 184 

Se 90–320 Spherical Bacteria Klebsiella pneumonia 185 

Se − Spherical Bacteria Lactobacillus acidophilus 186 

Se >250 − Bacteria Lactobacillus plantarum 187 

Se − Spherical Bacteria Ochrobactrum sp. MPV1 173 

Se 118±36, 
324±89 

Spherical, 
Rod 

Bacteria Ochrobactrum sp. MPV1 188 

Se 90-140, 
513 ± 92 

Spherical, 
Rod 

Bacteria Ochrobactrum sp. MPV1 189 

Se 178.3±11.
5 

Spherical Bacteria Proteus mirabilis YC801 190 

Se 140 Spherical Bacteria Pseudomonas aeruginosa 191 

Se 50–500 Spherical Bacteria Pseudomonas alcaliphila 192 

Crystalline Se 555 ± 308 Rod Bacteria Rhodococcus aetherivorans BCP1 193 

Crystalline Se 300 Spherical Bacteria Sulfurospirillum barnesii 194 

Crystalline Se 300 Spherical Bacteria Selenihalanaerobacter shriftii 194 

Se 100 Spherical Bacteria Shewanella oneidensis MR-1 195 

Se 439 Spherical Bacteria Staphylococcus carnosus 196 

Crystalline Se 30–400 Wire Bacteria Stenotrophomonas bentonitica 
BII-R7 

197 

Se 160–250 Spherical Bacteria Stenotrophomonas maltophilia  
SeITE02 

198 

Se 179 ± 56 Spherical Bacteria S. maltophilia  SeITE02 188 

Se 28–123 – Bacteria Streptomyces microflavus 199 

Se 220 Spherical Bacteria Synechococcus leopoliensis 200 

Se 150 Spherical Bacteria Thauera selenatis 201 

Crystalline Se 30–150 Spherical Bacteria Zooglea ramigera 202 

Amorphous Se 105.25±16
.05 

Spherical Genetically 
engineered bacteria 

E. coli  11 

Se 47 Spherical Fungi Aspergillus terreus 203 

Se 30–100 – Fungi Saccharomyces cerevisiae 204 

Crystalline Se 70−90 Spherical Yeast Magnusiomyces ingens 205 

  



Table S7 | Summary of biosynthesized lanthanide- and actinide-based NMs using bacteria and 
fungi. 

NM Size (nm) Shape Microorganism 
classification 

Species Ref. 

Amorphous La 14.31±1.14 Spherical Genetically 
engineered bacteria 

Escherichia coli 11 

La(OH)3 28.99±1.87a), 
32.11±1.57b) 

Rod Genetically 
engineered bacteria 

E. coli 11 

C-doped LaCoO3 − − Bacteria Bacillus licheniformis 
R08 

206 

Cu-doped 
LaCoO3 

− − Yeast Pichia pastoris 
GS115 

207 

Amorphous Ce 16.18±1.95 Spherical Genetically 
engineered bacteria 

E. coli 11 

CeO2 8.02 Spherical Bacteria Bacillus 208subtilis  

CeO2 5−20 Spherical Fungi Aspergillus niger 209 

CeO2 12−20 Spherical Fungi Humicola sp. 210 

Ce(OH)3, CeO2 4.09±0.31a), 
32.95±1.81b) 

Sphericala)

, Rodb) 
Genetically 
engineered bacteria 

E. coli 11 

CePO4 50 Needle Yeast Saccharomyces 
cerevisiae 

211 

Amorphous Pr 14.82±2.03 Spherical Genetically 
engineered bacteria 

E. coli 11 

Pr(OH)3 67.44±5.19a), 
59.25±5.30b) 

Rod Genetically 
engineered bacteria 

E. coli 11 

PrGd 6.51 Atypical Genetically 
engineered bacteria 

E. coli 3 

Amorphous Nd 12.75±1.45 Spherical Genetically 
engineered bacteria 

E. coli 11 

Nd(OH)3 61.19±4.17a), 
80.58±2.63b) 

Squarea), 
Rodb) 

Genetically 
engineered bacteria 

E. coli 11 

Amorphous Sm 11.16±1.75 Spherical Genetically 
engineered bacteria 

E. coli 11 

Sm(OH)3 171.77±15.47a)

, 173.83±4.53b) 
Rod Genetically 

engineered bacteria 
E. coli 11 

SmPO4 20-200 Atypical Bacteria Pseudomonas 
fluorescens, Bacillus 
subtilis 

212 

SmPO4 20-200 Atypical Yeast S. cerevisiae 212 
Eu − Rod Bacteria Clostridium sp. 2611 213 

Amorphous Eu 15.27±1.35 Spherical Genetically 
engineered bacteria 

E. coli 11 



Eu(OH)3 6.52±0.93a), 
6.89±0.57b) 

Rod Genetically 
engineered bacteria 

E. coli 11 

EuSe 2.58±0.29 Spherical Genetically 
engineered bacteria 

E. coli 214 

Amorphous Gd 15.53±1.20 Spherical Genetically 
engineered bacteria 

E. coli 11 

Gd(OH)3 5.49±0.50a), 
6.89±0.57b) 

Rod Genetically 
engineered bacteria 

E. coli 11 

Amorphous 
YbPO4 

5-200 Atypical Yeast S. cerevisiae 215 

U(IV) 18–200 − Bacteria Desulfovibrio 
alaskensis G20 

216 

U(IV) − − Bacteria Geobacter 
sulfurreducens 

217 

U(VI) 50–100c) Needle Bacteria Streptomyces 
sporoverrucosus dwc-
3 

218 

U(VI) 2–5d) Wire Bacteria Shewanella 
oneidensis MR-1 

219 

U(VI) 50–100c) Needle Fungi Geotrichum sp. dwc-1 220 

UO2 5 Spherical Bacteria Anaeromyxobacter 
dehalogenans 

73 

UO2 1.5−2.5 Spherical Bacteria Desulfosporosinus sp. 221 

UO2 1–5 Spherical Bacteria S. oneidensis MR-1 222 

UO2 ~2.5 Pseudosph
erical 

Bacteria S. oneidensis MR-1 223 

UO2 0.9–5 Spherical Bacteria Shewanella 
putrefaciens CN32 

224 

UO2 − − Bacteria Pseudomonas 
aeruginosa 

225 

HUO2PO4·4H2O 1000-2000 Needle Yeast Saccharomyces 
cerevisiae 

226 

H2(UO2)2(PO4)2·8
H2O 

− − Yeast S. cerevisiae 227 

H3OUO2PO4·3H2

O, UO2, 
K(UO2)PO4·3H2

O 

− − Bacteria Bacillus 
mucilaginosus 

228 

NH4(UO2)PO4·3
H2O 

− Needle Bacteria Bacillus cereus 12-2 229 

a) NM synthesized in vivo; b) NM synthesized in vitro; c) length; d)width. 
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