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13 Abstract

14 The unique properties of nanomaterials enable them to unexpectedly interact with biological systems, which 

15 play a critical role in the biodegradation of organic waste and accelerate the metabolic activities of biofuel-

16 producing microorganisms. The present perspective illuminates the studies conducted for fermentative 

17 systems for biofuel production (FSBP) intensified with acquired catalytic activities of various 

18 nanomaterials. It discusses the recent nanoparticle-engineering-based development which includes the 

19 development of nanomaterials exhibiting a biocompatible, conductive, balanced zeta potential etc., which 

20 substantially determines the nanomaterials-microorganism interactions. Further, it highlights functionalized 

21 nanoparticles applicable for FSBP, where a wide variety of nanomaterials, including metal oxides, 

22 composite metal oxides, carbon-based nanomaterials, etc., have been explored to improve biofuel 

23 production. The applicability of functionalized nanoparticles in the production of biohydrogen, biomethane, 

24 bioethanol, and other hydrocarbon fuels is presented. Different types of nanoparticles and their possible 

25 functional mechanism are highlighted. Finally, the remarks on future perspectives for functionalized 

26 nanoparticles in FSBP are also discussed.

27 Keywords: Nanomaterials; Biofuel; Hydrogen; Biomethane; Bioethanol; Biodiesel 

28

29 1. Introduction

30 The fermentative systems for biofuel production (FSBP), are the globally popular ways to catalyze the 

31 biomasses transformations into chemical energy (H2, CH4, and ethanol); they can generate environmentally 

32 benign energy even from the pollutants sourced from organic wastes and wastewaters 1. FSBP has the 
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33 potential to produce biofuels from almost any organic source including complex polysaccharides, 

34 lignocellulosic materials, complex proteins, etc. 2.   Although the performance of FSBP has been 

35 significantly improved by providing optimal physio-chemical conditions and application of genetically 

36 engineered microbial strains, the overall system productivity to lead it at industrial levels facing as a major 

37 constraint 3.  Integrating nanostructure based catalytic systems with anaerobes microbiomes is a promising 

38 approach for providing sustainable bioenergy conversion from organic-rich waste biomasses 4. In particular, 

39 the technologies, harvesting stored chemical energy in the form of complex organic-rich biomass into 

40 biofuel in the form of hydrogen, methane, ethanol or other hydrocarbons paving the way towards potential 

41 realization of overcoming existing fossil-based fuel showing the recent milestones trying to achieve at 

42 industrial level 5. The intrinsic properties of these nanostructured metal ions and oxides with peculiar 

43 electro-chemical properties offer a promising tool to enhance the metabolic activities of a particular bacteria 

44 or bacterial consortium by electrostatic interactions between the cell surface and nanoparticles 6. Indeed, 

45 together with the size of nanoparticles, establishes whether the particles attach to microbial cell surface or 

46 internalizes into the cells, depending upon the nature of biofuel producing microorganism 7. 

47 The application of nanocatalyst technology has had a growing impact on FSBP in recent years. 

48 Indeed, the designing of a highly functionalized nanocatalyst is a nanoscale particle that having high 

49 electro-conductivity, oxidation-reduction potential and magnetic properties offers a promising new way to 

50 generate economically sound biofuel 8. Nanomaterials empower the FSBP by promoting the activity of the 

51 microorganisms of microbial communities which have an elite physio-chemical property 9. These 

52 nanomaterials incite the FSBP by intervening at different levels, which includes ‘Hydrolysis of complex 

53 matters’ 10 or ‘stimulation of the microbial membrane transport system 11’ through the ‘microbial 

54 nanoparticle interaction system’ or directly disseminating the electron transport system 12 in microbial 

55 metabolic systems. Nanomaterials were used either as matrix to immobilize the functionalized biofuel-

56 based microorganism or used as an additive to an FSBP, as depicted in Figure 1.  There are numbers of 

57 functionalized nanocatalysts that have been developed to improve biofuel production at the lab scale 

58 examinations. For example, zero valent iron and its oxides have been synthesized as catalysts to enhance 

59 microbial metabolic activities and subsequent increase in hydrogen productivity using organic waste as 

60 substrate 13. Indeed, metal-based catalysts such as. Ag, Au, Ti, Pd, Cu, Mn, Mg, and so on have been known 

61 for improved bio-catalytic activities 14. The catalytic potential of nanocatalysts has been identified as 

62 morphology and concentration-dependent and determined by the presence of active sites as well as low 

63 power electronic fluctuations 15. The transition metal based nanocatalyst accompanied by metallic non-

64 magnetic and loosely magnetic atoms, causes electronic oscillations to have been reported for high 

65 coordination statistics 16. These electronic fluctuations inside the nanoparticles are responsible for the 

66 catalytic reactions in FSBP. Therefore, designing and synthesis of these nanocatalyst is an important aspects, 
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67 by following the recent advanced of nanotechnology research various method were approached to 

68 synthesize them using a wide ranges of materials and methods as well, (can refer to 17).  Hydrothermal 

69 processes, liquid-phase separation, liquid-precipitation ’methods are the major way to prepare catalysts for 

70 biofuel (particularly H2) production  4, 18-21. As, the synthesizing of nanocatalyst is dynamic and complex, 

71 approaches such as  micro-emulsification, flame syntheses, Stoberr’s approach, sol-gel methods inspire the 

72 researchers for catalyst development for biofuel based reactions in particular biologically produced ethanol 

73 22, 23.  

74

75 Figure 1. Schematic representation of the mechanistic pathways of nanomaterials in in enhancing 
76 fermentative biofuel production, as derived from the literature ( Inspired by 24, 25 26 27-30).

77 A wide range of literature supported the supplementation of nanoparticles for improved biofuel production. 

78 The nanoparticles have a significant impact of biological metabolic process including, biocompatibility, 

79 conductivity, zeta potential and so on31. The biocompatibility of nanomaterials is an important feature which 

80 preserves microbial cell and enzyme production from environmental stress during the microbial growth and 

81 during course of FSEP 32. Exemplarily, graphene oxides and other nanoparticles help to grow anaerobes 

82 owning the biocompatible feature of a certain concentration. The interactions of nanoparticles and microbial 

83 enzymes forming a structure known as ‘corona’ during continuous interaction due to absorption features of 

84 nanoparticles and surface property of this complex changed the formation of this structure and subsequently 

85 improved the enzyme stability (depending upon type and concentrations on applied nanoparticle to the 

86 system) 33. Besides, designing a nanocatalyst with high ‘conductivity’ (σ) for robust catalytic activity in 

87 biohydrogen production during FSEP in other aspects that need to be considered. Supplementation of the 

88 conductive nanomaterial are known  to be stimulated  through ‘direct interspecies electron transfer system’–

89 promoters and impacts the acetogenesis/methenogenesis 34. As hydrogen production catalyzes the 

90 hydrogenase enzyme reduction process, and nanoparticles such as Fe2+ and Ni2+  can augment the ferredoxin 
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91 oxidoreductase and hydrogenase enzymes involved in FSEP, evidenced by increased hydrogen yield by  

92 proportional increase in NAD+/NADH 35. The impacts of high conductive magnetic nanocatalyst  (Fe2+/3+) 

93 on metabolites flux balance of the system and metagenomics level during  homoacetogenic activity 

94 acquiring as key role of these conductive nanocatalyst 36. ‘Zeta potential’ (ζ-potential), a measurement of 

95 overall surface charge of all particles including nanocatalyst and fermentative microorganism (-20/-30 mV) 

96 is also important aspects in FSBP, as it provides an insight into the interaction of nanomaterials with 

97 microorganisms. Depending upon the specific membrane and nanomaterials structure, membranes  

98 interaction  with nanoparticles matter results in blabbing, and trubles formation or  creation and enlarging 

99 of membrane defects 37. In FSBP system a nanoparticle with negative zeta potential tended to electrically 

100 stabilize in the culture medium during incubation of microorganism. Interestingly, negative charged 

101 nanoparticles had both high compatibility and higher cellular uptake rate 38. Therefore, nanoparticles with 

102 significant characteristics of biocompatibility, conductivity, zeta potential, surface area, and morphological 

103 structures and others can aid in accelerative effects on microbial metabolic pathways in FSBP system for 

104 optimal performance. With the advancement of material designing and synthesis approaches the 

105 characteristics of nanoparticles can be tailored and can unravel the complexity associated with FSBP. The 

106 application of nanoparticles has significantly alleviated the uncertainty of low biofuel productivity and 

107 overall performance of microbial cells.  

108 2. Choosing functionalized nanomaterials for FSBP

109 2.1 Biohydrogen

110 Among many other valuable hydrocarbon biofuels, H2 is not only considered as a high calorific value 

111 biofuel but also a promising future fuel which combustion is environmentally friendly as it doesn’t result 

112 in the production of harmful gases 39. Augmenting the nanoparticles in the FSBP system is a promising 

113 approach where this nanoparticle interacts with hydrogen-producing anaerobes and enables microbial 

114 metabolites more efficiently 4, 40. Nanomaterials are positioned to play key roles in improving complex 

115 carbohydrate-glucose-hydrogenase-based metabolism 41. The enhanced substrate degradation, upsurging 

116 overall microbial activity by facilitating electron transfer, and ultimately leading to increased biohydrogen 

117 yields have been reported in a wide range of literatures 42, 43. The catalytic activities of nanoparticles to 

118 boost FSBP based on microbial metabolic activities, in particular the accelerations of in vivo-interspecies 

119 electron transfer process by facilitating the electron shuttles (Transfer of electron from organic substrate to 

120 biohydrogen producing anaerobes) 6. In course of exploration, nanoparticles such as gold nanoparticles 

121 (AuNPs) were used by Zang and Shen. In 2006, Zang and Shen reported pioneering work in which they 

122 use AuNPs to produce hydrogen through fermentation and reported 56% increment in hydrogen yield from 

123 wastewater compared to the control. The fermentative system was carried out by coupling the 
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124 polysaccharides, bacterial culture and hydrogen production using gold nanoparticles. As hydrogenases are 

125 the key enzyme in catalytic dark fermentative hydrogen production (Figure 2), that convert the NADH 

126 produced along the decomposition of glucose into Hydrogen and NAD+, mainly divided into [Ni-Fe] and 

127 [Fe-Fe] hydrogenases in view of the central active metals, and the former was more frequently found than 

128 later 44. 

129  
130 Figure 2. Representation of microbial metabolism of glucose mediated dark fermentative hydrogen 
131 production and nanomaterials (NPs) role. 

132

133 It has been reported that alkali-based magnetic nano-sheets to FSBP at mesophilic and thermophilic 

134 conditions increase the hydrogenases activity by 10.5 and 42.8% and their hydrogen yield by 65.4 and 

135 43.3 %, respectively 45. The nanoparticles and nanocomposite materials are less toxic to microbes than the 

136 pure metal NPs.  Besides, other examples also suggested the presence of Ni2+, Fe0, and Fe2+ and increased 

137 hydrogen yield by 55, 37 and 15% , in contrast to the control yield 46. Cobalt, a vital element of coenzyme 

138 B12 (C72H100CoN18O17P), and its adequate dosage can evidently alleviate the VFAs in FSBP, indicating 

139 that appropriate ‘Co’ induced FSBP reactions favor bacterial metabolic activities 46, 47. Further, the presence 

140 of Co3O4-ACNPs reported as a rise in hydrogen production rate up to 70mL/h, when the medium is 

141 supplemented with 0.02 g/L to 0.10 g/L. The increment in H2 production was attributed to an increased 

142 number of photocatalytic active sites. While high textural porosity and electrical conductivity of Co3O4-

143 ACNPs increased H2 production, and decreased when dosages increased up 0.12 g/L. And the decrease in 

144 hydrogen production were attributed to an excess of species, leading  to a more turbid mixing solution  and 

145 the potential of light scattering within the solution48 . Other reports from related studies indicated the 

146 increment in hydrogen yield as well as production rate, as exemplary highlighted a diverse variety of 

147 nanoparticles supplemented to fermentative medium in Table 1, signifying the important aspects of 

148 nanocatalyst for improving overall H2 productivity.  
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149 Table 1. Diversity in nanomaterials, application conditions and their impact on biofuels productivity. 

Nanomaterials Reaction Conditions Product type 
&Yielding

Remarks Re
f.

Biohydrogen 
α-Fe2O3 NPs 100 

mg/L/Glucose/anaerobic 
sludge *

2.45 mol 
H2/mol.substrate

49

α-Fe2O3 NPs 200 mg/L/Glucose/C. 
species *

213 ml H2/g. glucose 50

NiO2/Fe2O3 NPs 100 mg/L/ 
Glucose/Lactobacillus 
delbreuckii*

1.94 mol. 
H2/mol.glucose

42

Sulfur-doped 
carbon 
nanoparticles 

 NPs 0.4 g/L/Glucose-
Sucrose/Clostridium 
butyricum 

4354.99 ±43.96 µmol 
H2/g.glucose

38

Ca0.5Mg0.5Fe2O4 NPs 400 mg/L/Glucose/ 
anaerobic sludge*

171.9± 2.5 ml 
H2/g.glucose

51

LaMn0.7Ni0.3O3 NPs 100 mg/L/Complex 
organic/anaerobic sludge*

246.10 mL H2/ 
g.glucose

52

LaMn0.7Fe0.3O3 NPs100 mg/L/ Complex 
organic/anaerobic sludge*

223.08 mL g.glucose 
/g.glucose

1. Type and dose of nanomaterials significantly affect 
H2-yielding.
 
2. Low levels of doses  increased the overall H2-yielding 
(hormetic effects).

3. Composite and immobilization improve the catalytic 
behavior of nanoparticles.  

52

Biomethane
(1.5%) Fe3O4-
granular 
activated 
carbon 

Not 
available/Glucose/anaerobic 
sludge**

388.1 ml CH4/g COD 53

AgNPs
 NPs 50 mg/Kg paddy 
soils/Paddy soil-
cambisols/microcosm Paddy 
soil-Ultisols/microcosm**

*0.097 µg kg-1h-1/*0.17 
µg kg-1h-1

54

Sn-Mn-Fe NPs 100 mg/L/animal waste/ 
microbial consortium**

231.2 % increment 
CH4

55

AlFe2O4 NPs 1.5 g/L/ Refinery 
Wastewater/activated 
sludge**

135 mL CH4/g.COD 56

MgFe2O4 NPs 1.5 g/L/ Refinery 
Wastewater /activated 
sludge**

80 mL CH4/g.COD 56

Fe3O4@CNTs NPs 500 mg/L/Complex 
organic biomass / microbial 
consortium**

5.07 %increment in 
CH4

1. Nanomaterials alter the functional and structural 
dynamics of anaerobic dynamics.

2. Pairing metallic oxides with other metallic oxides 
influences the electroactive methanogens.
 
3. Microbial-material interfaces and their dynamics are 
dependent on nanomaterials’ dose. 

57

Bioethanol
CoFe2O4@SiO2
-CH3

Magnetic composite 
nanoparticles/ Synthetic 
medium/Clostridium 
ljungdahlii*

C2H5OH/213.3% 
increment

58

NiO 0.05wt%/ Synthetic 
medium/Saccharomyces 
cerevisiae BY4743/***

1.19-fold increment in 
C2H5OH

59

AuNPs Enzyme-NPs 
composite/Aquatic weeds/ G. 
arilaitensis*

50.1% increment in 
C2H5OH

60

Pt-Ru/RGO 
NPs

 NPs 1.0 mg/L/ Algal 
biomass/ Saccharomyces 
cerevisiae*

1.46-fold increment in 
C2H5OH

61

g-C3N3 NPs 150 mg/L/Potato peel 
waste/ Saccharomyces 
cerevisiae*

22.61% increment in 
C2H5OH

62

Ca-Fe NPs Immobilized Magnetic 
nanoparticles/ Wheat 
straw/immobilized 
Saccharomyces cerevisiae***

36.11% increment in 
C2H5OH

1. Nanomaterials augmentation   been shown effectively 
in bioethanol production.

2. Nanomaterials characteristics such as nature, 
concentrations, type of substrate, inoculum etc. are 
determining factors of bioethanol productivity,   

63

150

151 Several modes of interactions have been proposed where the nanomaterials interact with anaerobic H2 

152 production bacterium. Direct experimental evidence from transmission electron microscopy (TEM) has 
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153 validated the physical attachment of single walled carbon nanotubes by adsorbing them at lower ionic 

154 strength 64. When it reaches the exterior membrane of microbial cells, they interact with the components of 

155 plasma members or extracellular matrix and enter the cell, through endocytosis. The engulfment’s of 

156 nanoparticles in membrane invagination  followed by their budding and pinching off to form endocytic 

157 which later sorted/trafficked in particular cellular organelles 65. Beyond physical attachment to microbial 

158 cell surface several other mechanisms have been inferred from indirect evidence or proposed based on 

159 theoretical grounds. Exemplarily, C. butyricum known for its ability to transfer electron out of the cell, with 

160 the help of c-type cytochromes on the outer cell surfaces which later channelized by the nanoparticle 

161 supplemented in fermentative system 66. Stimulations of enzymes participating in hydrogen production 

162 system are often hypothesized with direct and indirect evidence. For insistence, iron oxides prompts the 

163 electric conductivity of electron transport system’ and intracellular electron transfer in mixed microbial, 

164 and thereby overall dark fermentative system (DF-system) performance 67. The extent of quantum size of 

165 hypothetically co-related with the rate of electron transfer between nanomaterials and enzymes hydrogenase 

166 catalyzing the conversion of H2 to proton and vice versa, either acted as electron sinks or by delivering 

167 reducing power from H2 oxidation (H2 ↔2H+ + 2e-) 68. The direct and indirect mechanism of nanoparticles 

168 is plausible, the direct proof for this reason remains elusive as DF-system’s microbial metabolic complexity, 

169 the interaction modes based on the available literature are categorized  into membrane interactions, enzyme 

170 stimulations, Microbial immobilizations and electron transport. To clarify the distinction between 

171 established and proposed mechanisms, the various microbe interaction modes based on available literature 

172 are summarized in Table 2. 

173 Table 2. Established and proposed mechanism, the various nanoparticles-microbes interaction.

Microbes-
nanomaterials 

Proposed mechanism Level of evidence Key supporting evidence/ technique Ref.

Physical disruption of the 
membrane  by nanoparticle 
adhesion 

Directly observed TEM, AFM imaging showing nanoparticle-
membrane contact

64Membrane 
interactions 

Induction of lipid 
peroxidation via ROS 

Strangely Inferred Assay _malondialdehyde(MDA); gene expression 
of oxidative  stress markers

69

Allosteric activation of 
extrasellar enzymes 

Hypothesized Molecular docking simulations; some preliminary 
kinetic data  

70Enzyme stimulation 

Co-factor mimicry Not cleared Conflicting reports on Wheater nanoparticle can 
substitute for natural co-factors 

71

Microbial 
Immobilization 

Aggregation of cells via 
nanoparticle bridging 

Directly observed SEM imaging, light microscopy showing large cell-
nanoparticles aggregates 

72

Acting as an electron 
conduit between cells  are 
to an electrode 

Strongly Inferred Cyclic voltammeter, chronoamperometry showing 
enhanced current  

73, 
74

Electron transport 

Direct electron 
donation/acceptance 

Hypothesized Theoretical calculations: requires further 
spectroscopic validation  

75

174

175
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176 2.2 Biomethane

177 Figure 3 illustrates some possible mechanistic approach by which these nanomaterials can influence the 

178 metabolic activities associated with methane (CH4) production. The biochemical pathways to reduce CO2 

179 to CH4 within the ‘hydrogenotrophic-methanogenic pathway’ involved several co-enzymes and metallic-

180 cofactors that serve as redox carriers in the form of co-substrates or prosthetic groups. Targeting these redox 

181 carriers (coenzyme420, FAD, molybdopterin, iron-sulfur clusters, cobalamin and other methanogenic 

182 enzymes, the nanocatalyst development could be useful to increase methane productivity 76. The occurrence 

183 of direct interspecies electron transfer (DIET) between the microbial communities and interference by the 

184 presence of conductive nanoparticles has been explored in recent years in anaerobic digestion system (AD-

185 system) for improved methane production. Notwithstanding this fact, many studies have reported improved 

186 methane production in AD-systems amended with nanoconductive materials such as metal oxides, carbon 

187 nanotubes etc. These material are highly stable, exhibiting large surface area, better adsorption capacity, 

188 high electric conductivity and so on 77. Following these options in literature, metal oxides and zero-valence 

189 nanoparticles are the most common additives in AD-system to improve CH4 production. In recent studies, 

190 ZnO, CuO, SiO2, Al2O3, Fe3O4, TiO2, Fe0 have been widely applied in the AD-system 78. Exemplarily, 

191 Methanogens in AD-system, are higher coercively with magnetic nanoparticles with paramagnetic 

192 properties, assumed that trace metal nanoparticles play an important role by enhancing their metabolic 

193 pathways. Metallic nanomaterials  such as Fe, Co, Ni are favorable for enhancing the output and constancy 

194 in the AD-system of organic biomasses.  Supplementation of Ni-Co-ferrite or Ni-ferrite to the AD-system 

195 improves biogas production 79. In another study, Ni and Co NPs supplements ameliorate reported the 

196 improved decomposition of total solids and subsequently improved biogas production 80. Iron-based 

197 nanoparticles are effective in regulating H2S toxicity and facilitating the solubilization of substrate in AD-

198 system  and hence improve biogas productivity 81.
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199

200 Figure 3. Nanomaterials mediated metalloenzymes and metabolic pathways involved in methanogenesis 
201 [This figure has been adapted from ref  82 with the permission of Elsevier, copyright ©2022 Elsevier Ltd.].

202
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203 Studies suggested the inclusion of nanoparticles in AD-system promotes the synthesis of short-chain fatty 

204 acids (acetate, butyrate, formate, valeric acid, etc.)  that are necessary during production of biomethane 

205 production 83. The group of eleven different nanoparticles e.g. CeO2, CuO, Mn2O3, FeO, TiO2, AgO, Al2O3, 

206 CuO, ZnO, Fe2O3, and SiO2 have been investigated for its effect on methanogenesis in AD-syystem by 

207 Gonzalez_Estrella et a. (2013). They reported, except CuO and ZnO, remaining all metal oxides shown 

208 influenced effects on methanogenesis 84. Notable influences of metallic nanoparticles and their derivatives 

209 on the performances of AD are summarized in Table 1. The improvement in CH4 productivity during AD-

210 system is ascribed through different aspects. The significant impact of metal ions, such as Fe²⁺ and Fe³⁺, on 

211 the growth of anaerobic microbial populations, as well as their role in reducing the lag phase during AD, 

212 contributes to enhanced methane productivity. While, metal oxides at optimal concentrations such as Cr, 

213 Cd and Zn  exerted positive effects and also reported their interference with biogas production, signifying 

214 the negative effects of nanoparticles on biogas production 85. Reports from Rana et al.,  analyzed the impact 

215 of iron oxides with emphasis on α-Fe2O4 on the microbial growth and biogas production, and elucidated 

216 that the addition of  30 mg/L of FeNPs, raises-up  methane yield by 70 % 86.  Other studies in bio-stimulating 

217 impact on methanogenesis have been reported by additives of aluminum ferrite (AlFe2O4) and magnesium 

218 ferrite (MgFe2O4). Where, the AD was supplemented with AlFe2O4 and MgFe2O4, and observed increased 

219 in methane yield by 88% by MgFe2O4  56. This implies nanosized catalyst has significant influences on the 

220 AD process compared to bulk-size additives, and it is reported that they can stick/penetrate the surface of 

221 the microorganisms due to their negative surface charges, break down complex organics, increase biomass 

222 for microorganisms, and thus facilitates the metabolism in different phases of AD 9, 37. Incorporating 

223 nanomaterials in AD-system based CH4 seems essential to overcome slow rate of microbial’s Direct 

224 interspecies electron transfer. However, a nuanced and accurate understanding of nanotechnological role in 

225 microbial  often overshadows the significant research highlighting their limitations and even detrimental 

226 effects 87, 88.  The supplementation of nanomaterials to AD-system has been proposed to enhance DIET in 

227 a syntrophic microbial community, their practical is still complex and operational conditions dependent 89. 

228 The studies have also reported the inhibitory effects and acknowledging their crucial limitations 87. For 

229 instance, The antagonistic effect of zinc oxide nanoparticle (1.0 mM) on AD-system evidenced by Zhu et 

230 al (2020),  where the  positive zeta potential of ZnO was observed 18±0.64 mV and it effected the stability 

231 of nanoparticles (Zhu et al., 2020) and releases Zn2+ to the aqueous phase and their by  inducing oxidative 

232 stress and antibacterial properties in AD-system 90. In another study, stronger inhibition Ag NPs and CuO 

233 NPs  (30 mg/g TS) has been reported by Abdulsada et al (2025), revealing the potent effects on bacterial  

234 diversity  and inhibition of dominant bacterial species during anaerobic digestion of sludge. The increase 

235 relative abundance of microbial community particularly responsible for the hydrolysis and acidogenesis , 

236 and simultaneous decrease in relative abundance of the microbial community responsible for acetogenic 
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237 process of AD-system signified their antagonistic effects at higher concentration 91. The potential of NPs 

238 mediating DIET and their characteristics are important and could be based on several key factors. For 

239 instance,

240 (a) Nanotoxicity and cellular stress: high surface-area-to-volume  ration and quantum confinement affect 

241 the reactivity of NPS and can be toxic to microbial community to AD-system. As, nZVI/ AgNPs/ TiO2 

242 produces reactive oxygen species (ROS) in aqueous medium and induces oxidative stress and 

243 ultimately leads the inhibition of metabolic activities 92-94. Besides, the NPs are not perfectly reflected 

244 as  stable materials and can leach metal ions to AD-system and sudden release  at higher concentration 

245 of  the ions may lead metal overload toxicity and disrupt enzymatic functions.

246 (b) Aggregation and loss of functionality: applied NPs to the AD-system, are theoretically electron 

247 conduits and depend on the dispersion  and maximized interactions with microbial cells/microbial 

248 community, however the complexity of  AD-system  are prone to aggregation95. The aggregation 

249 reduced the bioavailability, physical encumbrance, and negatively influenced the AD-system physio-

250 chemical parameters (pH, ionic strength etc.) and thereby, inhibiting DIET rather than promoting 87, 96.  

251 (c) Context dependency of NPs: the performance dependency AD-system and NPs application is not 

252 universal, and highly dependent on the delicate balance of NPS characteristics (composition, size-

253 shape, surface coating), microbial community and operational conditions. 

254 While the positive effects of conductive nano-additives on methane production in anaerobic digestion 

255 systems are well-documented, their ideal application remains a challenge 97. Realizing their full potential 

256 for enhancing DIET and overall system performance requires further exploration into key factors. These 

257 include optimizing material characteristics to ensure both high conductivity and biocompatibility, and 

258 defining operational conditions based on the precise interplay between the nanoparticles and the specific 

259 microbial community.

260 2.3 Bioethanol

261 The nanomaterials integrations offer a promising way to overcome the challenges associated with 

262 fermentative bioethanol (C2H5OH) production. Nanosized catalysts such as metals, metal oxides, nanorods, 

263 CNT, and nanowires are widely reported in literature to ease and improve bioethanol production process 

264 using a diverse range of cellulosic and lignocellulosic biomasses 98, 99. The pretreatment and enzymatic 

265 hydrolysis of complex organic biomasses before fermentation are considered as key steps. Therefore, 

266 various approaches to accelerate these pathways and reduce toxic products (having inhibitory effect), by 

267 applying nanocatalyst is successfully reported in literature 100. The unique physical and chemical properties 

268 of these nanoparticles have diversified their applications in bioethanol generations and some of them are 

269 summarized in Table. 1. These nanosized catalyst  has ability to increase enzymatic hydrolysis process 
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270 during fermentation by improving enzyme activity or gas fluid mass transfer rate 17. Exemplarily, Kim et 

271 al., reported that the supplementing CoFe2O4@SiO2-CH3 and methyl-functionalized silica nanoparticles 

272 during syngas fermentation by increasing water mass transfer to increase bioethanol production 58. Another 

273 study, by Sanushi et al., reported the supplementation of NiO nanoparticles increases the 1.60 fold of 

274 bioethanol production and a simultaneous  2.10 fold decrease in acetic concentrations 59 . Bioethanol 

275 production using microorganisms immobilized in nanoparticles is documented in literature. Cherian et al. 

276 studied bioethanol production by cellulose immobilization on to MnO2 nanoparticles. The microbial culture 

277 of Asperzilus fumigatus immobilized on MnO2, provides supports and increases’ the catalytic activity of 

278 cellulase enzyme for hydrolysis process 101. Use of nanoparticles for better bioethanol production in syngas 

279 fermentation using clostridium ljundahlii, Kim et al, examined six different type of nanoparticles i.e. 

280 palladium on alumina, palladium on carbon, hydroxyl-functionalized SWCNT, silica, iron (III) oxide, and 

281 alumina, where the presence of silica nanoparticles performances better mass-transfer in the gas liquid 

282 system. SiO2 with methyl functionalization enhanced the concentrations of CO2, CO, and H2 by 200.2 5, 

283 272.9%, and 156.1 %, respectively, and provided better activity than silica nanoparticles that were 

284 unmodified or iso-propyl-functionalized for mass transfer enhancement 102. Beniwal et al. immobilized the 

285 B-galactosidase in SiO2 nanoparticles for hydrolysis of whey and cultured of Kluyveromyces marxianus 

286 and Saccharomyces cerevisiae. This approach resulted bioethanol yield of 63.9 g/L and reused up to 15 

287 times without losing the enzymatic catalytic activities 103. Lee et al. demonstrated that it is possible to 

288 immobilize β- glucosidase enzymes using polymer magnetic nanofibers to improve bioethanol production 

289 using cellulosic biomass. They suggested that that the attachment of β- glucosidase on these polymeric 

290 nanomaterials stabilizes the enzymatic activity and also improves its reusability 104. Song et al., reported 

291 the co-immobilization of two cellulose enzymes i.e. β- glucosidase and cello-biohydrolase using super-

292 magnetic nanoparticles which exhibited improved activity of 67.1% and 41.5%, respectively and 

293 subsequently bioethanol production 105. Desai and Pawar (2020) also investigated  and reported  improve 

294 thermal stability and operational temperature rages of cellulase with bacterial originated nanomaterial 

295 bearing hematite 106. In general, nanoparticles have the ability to stabilize enzymes and enhance microbial 

296 activity to improve bioethanol production. In this context the nature of nanomaterials  is an important factor 

297 that affects the hydrolysis and conversion process of complex organic matters which subsequently improves 

298 productivity, Therefore, technique to development of effective, economic viable nanocatalyst is important 

299 that needs to be understood for bioethanol production. 

300 2.4 Biodiesel

301 Biodiesel is known for its strong potential as a cleaner green fuel from energy efficacy and feasible 

302 economic perspectives compared with other bioenergy resources. The incorporation of nanoparticles due 
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303 to the intrinsic properties of a larger surface-area-to-volume ratio to achieve a higher yield of biodiesel is 

304 an emerging technology, particularly in the transesterification process.  Biodiesel (a methyl or ethyl ester 

305 of fatty acids), from feedstocks such as Jatropha, Pongamia, Mahua, and Edible and non-edible vegetable 

306 oils is produced via the esterification process, where the triglycerides react with alcohol in the availability 

307 of desired catalyst  107. These nanomaterials channelize biodiesel production in various means, which 

308 include reducing activation energy (in the case of the transesterification process) or improving reaction 

309 kinetics (microalgal metabolism that leads to increased biomass, heterogeneous solid, and enzymatic-based 

310 reactions) 108. The uses of nanoparticles to grow algal cultures and improve ultimate yield in lipid extraction 

311 for biodiesel production has been reported in a number of studies. For biodiesel production, Jeon et al ( 2017) 

312 reported in a fermentative system to use of silica oxides (SiO2)  and methyl-functionalized can increase the 

313 growth of  microalgal species of Chlorella vulgaris for higher lipid extraction, and the value was 3 times 

314 higher than the control one 109. A similar approach has also been reported earlier by Sakai et al (2010) 

315 during the production of butyl-biodiesel production. Where the electrospun polyacrylonitrile fibers were 

316 used to immobilize Pseudomonas cepacian lipase and observed an 80% of conversion  rate at 2.4 mg/mL 

317 of  nanocatalyst 110. Use of functionalized Fe3O4@silica core-shell nanoparticles in a one-pot microalgae 

318 conversion to biodiesel has also been explored, where dried algae, algae oil and algae concentrated resulted 

319 97.5% of biodiesel yield in the presence of nanocatalyst from algae oil 111. Fe3O4/ZnMg(Al)O magnetic 

320 nanoparticles have been evaluated for its effect on biodiesel production and reported increased  yield up to 

321 94% production using microalgae oil 112. The usefulness of iron oxide nanoparticles support immobilizing 

322 the lipase enzyme enzymes (Lipase: triacylglycerol hydrolases)  Eversa Tranform as a stale catalyst has 

323 been explored and reported 88.1 % of conversion of biodiesel when the oleic acid and ethanol were 

324 subjected as substrate 113. The Immobilization of Lipase enzyme to increase transesterification in biodiesel 

325 production system has consolidated in the recent study. Where, Lish et al., (2025) Silica coated magnetic 

326 nanoparticles were functionalized with epoxy and amine groups and covalently immobilized the Candida 

327 antarctica lipase B (CALB), which enables the  20 mg of CALB on 1 g of supports results 92% of biodiesel 

328 conversion from the rapeseed oil 114. Nowadays a wide range of nanocatalyst are synthesized and 

329 investigated for biodiesel production from algal and other feedstocks. In particular, various approaches have 

330 been innovated to emphasize enzymes-immobilized nanoparticles hybrid nanoparticles, magnetic and 

331 supra-magnetic nanoparticles, carbon dotes, and others to facilitate the selective and efficient conversion 

332 of biodiesel. However, the efficacy of nanoparticle-associated biodiesel production has been successfully 

333 reported in various studies at the laboratory level, the aptness and reusability of nanocatalyst opted to 

334 overcome the technological barriers by using selective and versatile nanocatalyst.

335
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336

337 3. Interactive prospects of nanomaterial in anaerobic digestion

338 The interaction between nanomaterials and AD-system or Fermentation underpins many of the 

339 challenges and is considered not as a linear relationship in biological system 51. The indispensable role of 

340 nanomaterials in AD-system and their interactive effects could be comprehended in the following aspects. 

341 (a) Fermentative microbes (acidogens and acetogens) are the biological catalyst that are responsible for 

342 hydrolyzing and biotransformation of complex organic matter, and (b) the muddling of dose dependent 

343 biocidal interpretation, a critical factor to govern their applicability in AD-system. Typically, the gram-

344 positive anaerobes have been found to be more sensitive to potentially toxic nanomaterials at higher 

345 concentration, and this increased sensitivity is likely to be attributed to differences in bacterial cell 

346 membrane composition and cell wall structures 115. For instance, in an investigation on the toxicity of 

347 AgNPs and CuONPs on AD-system after induction of 30 mg/g TS concentrations to AD-system a sharp 

348 inhibitions in bacterial community (particular responsible for hydrolysis and acidogenesis) is being reported 

349 91. In another assessment on CeO2, (200 mg/g TSS) added to AD-system, reported a dispersibility and 

350 prompted Ce4+ dissolution and later intensified toxicity to microbial community which distorted the AD 

351 process 116. Contrary, the lower dose of nanomaterial is in efficient to exert a significant biological effect 

352 and the microbial metabolic activity remains largely unchanged 117. However, a moderate concentration of 

353 nanomaterials to the system, or within the narrow-concentrations ranges, boost metabolic activity either 

354 slow release of essential metal ions  that are co-factors for the key metabolic enzymes 118 and thereby the 

355 fermentation/AD-system. Exceeding the threshold concentration of nanomaterials exerts the negative 

356 effects and leading to a sharp decline in microbial activity, eventually microbial cell death 119. This toxicity 

357 can be exerted in a different manner e.g. (a) excess doses cause nanotoxicity  with response to type 

358 nanomaterials used in AD-system, leading formation of reactive oxygen species like hydroxyl ions (OH). 

359 (b) physical membrane disruption resulted by sharp edge or high surface energy of nanomaterials leading 

360 destabilization of microbial cell wall and membrane  and ultimately  leakage of intra cellular content 120. 

361 Therefore, a careful  system-specific optimization to identify  the optimal ranges is necessity to get benefited 

362 from precise dosing in AD-System.

363 Log-term exposure of mixed microbial consortia enables the entire consortium to behave more 

364 efficiently. However, in AD-system where the microbial community represents a complex collective 

365 behavior; the presence of nanomaterials triggers a chronic shift towards the adaptive and selective pressure 

366 in response to nanomaterials 121, 122. The microbial community shifting in response to nanomaterials can be 

367 modulated in different ways. For example, (a) selective elimination: some anaerobic species sensitive to 

368 specific metal ions and exerted oxidative stress for example  decline in methanogenic bacteria in microbial 
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369 community is being reported when the AD-system was supplemented with 0.46 mM or 1 mg/g VSS of 

370 cadmium (cd) 123.(b) dominancy of resistance bacteria: As many bacterial species robust with the 

371 antioxidant dense system (e.g. high level of catalase and superoxidase) or possess ability to produce 

372 protective extra cellular polymeric substances (EPS) 124, 125. From the nano-ecotoxicology perspective when 

373 the nanomaterials encounter the AD-system’s microbial community the surrounding matrix such as pH 126, 

374 ionic strength of the medium 127,  presence of sulfides 128 and organic matters 129 are significant that influence 

375 the nanoparticles behavior. The interaction between nanomaterials in anerobic environment (AD-system), 

376 can affect the nanomaterials surface chemistry and physical state as well 130. For example, the tendency of 

377 nanomaterials remains dispersed in liquid medium versus clumping  results in agglomeration, that can affect 

378 the surface charges, dissolutions and thereby bioavailability . Variation in system’s pH of aqueous medium  

379 can trigger the surface charge modification of the respective surface functional groups. e.g. metal oxides 

380 TiO2, CuO, ZnO have the functional group (-OH) that possess the ability of protonation and deprotonation 

381 depending on the system pH 131. The microbial cell surfaces are typically negatively charged at neutral pH, 

382 and the changes in nanomaterials (+ve charged) will be electro-statistically attracted to microbes and 

383 increase interaction and potential toxicity. Besides, the ionic strength of AD-system, which exhibits the 

384 potential of dissolved salts (such as Na2+, Ca2+, SO4
2- etc.)  can create an ‘electrical double layer’ and 

385 mediate a repulsive force between the particles 132. This can weaken the repulsive forces between the 

386 nanomaterials and lead to rapid aggregation and sedimentation of nanomaterials in the AD-system. These 

387 aggregations can further lead to reduced bioavailability and thereby overall microbial performance in the 

388 AD-system. The presence of sulfides in anaerobic environment particularly  in AD-systems, are common 

389 in particular wastewater treatment plants 133. The integration of nanomaterials into AD-system, in the 

390 presence of sulfides  the nanomaterials such as ZnO exerting higher affinity to sulfide ions  and forms a 

391 highly insoluble  metal sulfide. This transformation in nanomaterials  preventing the release of required 

392 metal ions that modulates the metabolic pathways in AD-system. 

393 Besides, organic matter such as humic acids and fulvic acids can also be observed in AD-system 

394 134. These bulky organic molecules physically keep the nanomaterials from getting aggregated and cause 

395 steric hindrance. Organic matter readily absorbs onto the surface of nanomaterials and form biological 

396 envelopes, which further exerts electrostatic repulsion and thereby prevent direct contact between the 

397 nanomaterials  and microbial cell membrane 135. The trade-off of stipulations of microbial metabolic 

398 performance at lower doses of nanomaterials exposure and inhibition of performance  at higher dose, known 

399 as ‘hormesis effect’ 136, 137, considered as critical concept to understand the rea world impact of 

400 nanomaterials integration into Fermentative/AD-system 138. In AD-system, the microbial chain reaction is 

401 performed by diverse ranges of microbial consortium  and independent of  consortium. The entire process  

402 relies on a fragile balance and efficient electron transfer between the intermediates careers. Therefore, 
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403 exposure of nanomaterials to the AD-system modulates the overall system either with ‘stimulation’ or 

404 ‘inhibition’ depends on type of nanomaterials and concentration  and their environmental transformations139. 

405 Considering the ‘stimulation’ side of Trade-off, the requirement of trace metal oxides which are essential 

406 for enzymes growth , maturations and functionality e.g. hydrogenases, co-enzymes, co-factors etc. 

407 reflecting their dose dependent stimulatory effect. For example, exposure of AD-system to the iron 

408 nanomaterials (FeO/Fe2O3) with mild dose increase over all methane  yield; the optimal dose of Fe3O4 

409 nanomaterials enhances iron bioavailability  supported long term CH4 production in AD-system; Iron based 

410 nanocomposite enhances the system stability and reducing metal toxicity and offers a sustainable 

411 environmental efficiency at minimal environmental impacts 140 . The Inhibition side of the trade-off (high 

412 dose effect) reflects the increased nanomaterials positive effects  on AD-system quickly overshadow by 

413 overwhelming toxicity. For example, higher dose on TiO2 triggers oxidative stress by generating increasing 

414 production of ROS thereby inhibiting growth of sensitive methanogens in AD-system 141. Physical 

415 disruption and adsorption  due to higher nanomaterial concentrations leads to adsorption onto microbial 

416 cell surfaces. These alter the membrane transport channels essential for nutrient uptake  and waste excretion. 

417 It also deviates the syntrophic relationship within the microbial community. Although the ‘hormesis’ 

418 concept is essential for practical application of nanoparticles into AD-system, available literatures are still 

419 limited, and the hormesis-oriented approach to explore nanoparticle-assisted AD remains fascinating for 

420 transformative industrial technology. The impact of these environmental factors in response to 

421 nanomaterials are not independent because they effect in concert manner.  The exposure to nanomaterials 

422 is complex and can restructure the microbial community structure, while the critical physicochemical 

423 matrix results changes in the nanomaterial behaviors. Therefore, understanding the transformation of 

424 nanomaterials after exposure to the AD-system is absolute essential  to predict long term fate and effects in 

425 anaerobic microbial eco-system .

426 4. Bridging-gap in practical considerations in nanomaterial-assisted AD-System

427 The use of NPs in anaerobic digestion/fermentation has reflected a significant promise, with studies 

428 reporting an enhanced H2/CH4 yield, AD-system and process stability, and accelerated microbial 

429 metabolism (hydrolysis, acidogenesis, acetogenesis, methanogenesis). However, a substantial research gap 

430 still exists between these promising bench-scale observations with industrial-scale implementation. Before 

431 nanoparticle-assisted AD-system can be considered practically approachable, there are some critical 

432 considerations that are related to scalability, economic feasibility, long term stability, environmental impact 

433 that needs to be explored.  

434 (a) Scalability and homogenous application: the scaling up of nanoparticle-assisted anaerobic digestion to 

435 the industrial level from milliliter to thousands of cubic matric, presents a formidable challenge such as cost 
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436 of synthesis vs. scale 142. The synthesis of functionalized high purity nanomaterials  is complex and 

437 expensive and economically  prohibitive than conventional additives like trace metals.

438 (b) Techno-economic perspectives: In considering integration and adaptation of nanotechnology to AD-

439 system, the compelling return on investment is an important aspect. Besides the retaining or recycling  for 

440 continuous redosing may add-to-operational expenditure,  therefore, cost-benefit analysis  can favor this 

441 integrative technology 143.

442 (c) Long term stability: Due to continuing operations of industrial AD plants, timescales rarely replicated 

443 in lab scales observation/studies. As, over time the active site oof nanomaterials become fouled by biomass, 

444 extracellular polymeric substance (EPS) and leads to mineral precipitation 144. In addition, a highly 

445 reductive and chemically complex AD-system environment can lead to an alteration in nanoparticle 

446 characteristics itself. For instance, the presence of Fe3O4 or zerovalent ions rapidly corrodes and lose their 

447 activity  in long term exposure to the AD-system 145. 

448 (d) Environmental prospects and regulatory policies: The induction of nanomaterials into anaerobic 

449 digestion system raises significant safety and environmental concerns. Such as nanomaterials augmented 

450 AD sludge (digested) are used as agricultural fertilizer, these accumulated nanomaterials may enter into 

451 food chain, by impacting  the soil health 146. This further leads to a potential risk of soil and water 

452 contamination. Therefore, a regulatory landscape for the use of nanomaterial in AD-system and to provide 

453 clear guidelines and potential classification  of nano-contaminated digested 147 as a special waste category 

454 are still required for the assessment of environmental fate and associated risk.

455

456 5. Future perspective of functionalized nanoparticle for FSBP

457 Biofuels produced from waste biomass through biologically metabolic systems paving sustainable energy 

458 as alternate of fossil-based hydrocarbon. However, the challenge to produce it from an economic 

459 perspective still remains. Integration of emerging advanced technological systems such as nano sized 

460 catalysts to the biologically controlled processes have advantages too with higher production rate as well 

461 as yield. The fabrications of nanosized metal oxides and their derivatives were successfully synthesized via 

462 variety of methods which have shown great potential for biofuel production. These fabricated nanosized 

463 metal catalyst exhibited a significant improvement in electron transport systems of bacterial metabolism 

464 which subsequently improves the biofuel production in FSEP. The current research trends (Table, 1) have 

465 testimony that recognizing the potentials of nanosized material catalyst for improve biohydrogen yield and 

466 process efficiency. These examples identifying the various types of nanoparticles have been investigated in 

467 context to H2 production (above section: biohydrogen) in which metal nanocatalyst, bimetallic nanocatalyst, 

468 zero-valent ion , immobilized nanomaterials with bacterium, and carbon-based nanoparticles emerge as 

469 prominent categories. Despite the progress that has been made to accelerate production rate and yield of 
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470 biohydrogen, Methane, ethanol etc., there are several issues that still need to be addressed by future research. 

471 Particularly, when the nanosized metal oxides signifying its ability to increase hydrogen production via 

472 FSBP system, factors that need to be considered are the ‘low-cost production and facile synthesis of 

473 nanomaterials’, nanoparticles aggregation’ and ‘microbial toxicity’ that hindering its word-wide application 

474 in industrial levels.  The impact and efficiency of nano sized catalyst in biogas production via anaerobic 

475 digestion. As discussed in the aforementioned section, the anaerobic digestion is composed of hydrolysis, 

476 acidogenesis, acetogenesis and methanogenesis, and each stage can be affected by the presence of metal 

477 NPs. Iron based nanoparticles, to reduce ORP of the AD-system, increase the cell wall permeability and 

478 enhance the DIET and subsequently stabilizes acetogenesis and methanogenesis and results in higher yield 

479 of CH4. The addition of nanoparticles claimed to improve biogas production in most of the studies, but 

480 apparently the performance of these nanoparticles depends upon size, shapes, quantities, toxicity, 

481 nanoparticle-bacterial interaction and other unexplored factors. The integration of nanomaterials, 

482 particularly in in AD-system demonstrations a clear process for the overall process enhancement thorough 

483 hormetic stimulation. However, unpredictable interactions with the bacterium or microbial community as 

484 well as system physiological condition such as pH, ionic strength, presence of salt and sulfites and organic 

485 matter constituent  hindered the widespread application of this technology. Quantifying the bioavailability 

486 and the nature of nanomaterials once exposed to complicated AD-system, it transformed in AD-system, 

487 and their downstream impact on agricultural land  in oxygenated conditions poisoning environmental risk? 

488 Therefore, understanding of material complexity and their transformation into complex medium of 

489 anaerobic systems are subjects that need to be explored. Most of the abovementioned literature measures 

490 the process-level impact and respective increment in biofuel production and (H2, CH4, C2H5OH, biodiesel) 

491 yielding, therefore, a community level tracking  using 16s rRNA gene sequencing  could help  to understand  

492 the metagenomic shift and molecular level mechanism that drives the specific biological effects. 

493 Fundamental studies on assessing the interaction between nanoparticles and microorganisms with detailed 

494 techno-economic analysis can provide further deep understanding of entire AD-system. Research based on 

495 integrative analysis  considering the development of specific nanoparticles modulating  the performance of 

496 AD-system, strengthen the feasibility to operate at large-scale industrial level. Owning the properties to 

497 increase the fermentative microbial metabolic rate, various nanoparticles (aforementioned section: 

498 bioethanol) have been reported for successful improvement in bioethanol production.  The approaches to 

499 use enzymes immobilized in nanoparticles, and contribution of engineered nanoparticles favors improved 

500 catalytic activities of cellulase, lipases and other biocatalyst favor to reuse of enzymes and allowing 

501 continues use enzymes imparted in waste hydrolysis and bioethanol production. Therefore, the development 

502 of economic and efficient nano-supports for the biocatalyst nanoparticles is imperative for economic 

503 feasibility of the FSEP system to produce bioethanol. Despite the advances in nanomaterial for biofuel 
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504 production, there are concerns about excessive and uncontrolled use, which could exert another negative 

505 effect on the health of our ecosystem system that can be stimulated due to a negative concerned to dispossess 

506 for used nanoparticles due to unlimited exposures of nanoparticles to the naïve environment.  

507 6. Conclusion 

508 The unique physicochemical properties of nanomaterials make them highly promising for biotechnological 

509 applications, particularly in fermentation technology for enhancing biofuel production. This review has 

510 documented a wide spectrum of nanomaterials with the potential to improve the yield of biohydrogen, 

511 biomethane, bioethanol, and related biofuels. Collectively, the evidence indicates that nanomaterials, at 

512 optimal concentrations, can effectively redirect microbial metabolism to favor biofuel synthesis. These 

513 materials influence FSBP systems through three primary mechanisms: a physicochemical mechanism, 

514 where nanomaterials interact directly with biomolecules in biological fluids; a structural mechanism, which 

515 involves modifying cellular integrity or enhancing system interfaces; and a catalytic mechanism, leveraging 

516 active ions on nanoparticle surfaces to drive excessive metabolite production. Despite this potential, 

517 integrating nanoparticles into FSBP systems faces significant challenges, including the inefficient 

518 bioconversion of complex feedstocks into simple sugars, overall low process efficiency, and constrained 

519 metabolic activity of key microbial consortia such as hydrolytic bacteria, acidogens, acetogens (H₂ 

520 producers), and methanogens (CH₄ producers). To facilitate the broader application of nanomaterials in 

521 FSBP systems, future research should prioritize two key areas: first, more studies are needed to elucidate 

522 the fate of nanomaterials—including their migration, aggregation, dissolution, transformation, and 

523 interactions with organic matter—within complex anaerobic environments, as current understanding 

524 remains limited; second, given the potential for unexpected biological interactions, transcriptional response 

525 analyses are essential to unravel the molecular mechanisms by which nanomaterials improve organic waste 

526 biodegradability and biofuel production. Addressing these knowledge gaps will be crucial for advancing 

527 the efficient and sustainable application of nanotechnology in biofuel fermentation.
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