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Abstract: Bioethanol is a promising renewable energy source with the potential to reduce global
reliance on fossil fuels and mitigate greenhouse gas emissions. Lignocellulose, a complex and
abundant biomass composed of cellulose, hemicellulose, and lignin, represents a sustainable
feedstock for bioethanol production due to its widespread availability and non-competition with
food resources. However, the efficient conversion of lignocellulose to bioethanol faces challenges,
including the recalcitrance of its structure and the need for effective pretreatment, enzymatic
hydrolysis, and fermentation processes. This review evaluates the role of microbial biofilms in
enhancing lignocellulose-to-bioethanol conversion. It explores the potential of biofilms in improving
pretreatment efficiency, facilitating enzymatic hydrolysis, and optimizing fermentation processes.
Additionally, the review highlights the application of biofilms in enzyme immobilization and
bioreactor design, emphasizing their ability to enhance process stability, productivity, and cost-
effectiveness. By leveraging the unique properties of biofilms, this review provides insights into
advancing bioethanol production from lignocellulosic biomass.
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Introduction

Bioethanol is a promising renewable energy source that can reduce global dependence on fossil
fuels and mitigate greenhouse gas emissions. The global bioethanol market is projected to grow
significantly, from USD 94.77 billion in 2025 to USD 158.02 billion by 2033, with a CAGR of 6.60%
during this period (Bothare, 2025). This growth is driven by increasing concerns over carbon
emissions and the transition towards renewable energy sources. Governments worldwide are
implementing stringent environmental regulations and blending mandates, such as the Renewable
Fuel Standard (RFS) in the U.S. and the European Union’s Renewable Energy Directive (RED), which
are accelerating bioethanol adoption. Bioethanol is a cleaner and greener alternative to traditional
fossil fuels. Its combustion generally produces lower greenhouse gas emissions than gasoline,
contributing to a reduction in overall carbon footprint and mitigating the effects of climate change
(Broda et al., 2022). Derived from biomass, bioethanol is particularly attractive because it can be
produced from non-food sources, such as lignocellulosic materials, which are abundant and
sustainable. Lignocellulosic biomass, including agricultural residues, forestry waste, and energy
crops, represents a vast and underutilized resource for bioethanol production. Despite its potential,
the conversion of lignocellulose to bioethanol faces significant challenges. The complex structure of
lignocellulose, comprising cellulose, hemicellulose, and lignin, makes it highly recalcitrant to
degradation (Broda et al, 2022). Additionally, the high costs of enzymatic hydrolysis and
fermentation, as well as the formation of inhibitory compounds during pretreatment, hinder the
economic viability of the process (Robak and Balcerek, 2020).

Biofilms, which are structured communities of microorganisms embedded in a self-produced
extracellular polymeric substance (EPS) matrix, have gained attention for their potential in
bioprocessing. Biofilms offer several advantages, including enhanced microbial stability, resistance
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to environmental stressors, and improved nutrient exchange (dos Santos et al.,, 2018). These
properties make biofilms particularly suitable for industrial applications, including bioethanol
production (Glines et al. 2024; Patwardhan et al. 2024; Weiler et al. 2024). Fungal-bacterial biofilms is
known to improve cellulolytic activity and ethanol yields compared to single cultures (Henagamage,
2022). Zymomonas mobilis biofilms formed on plastic composites exhibit higher ethanol production
efficiency and tolerance to toxic inhibitors when using rice straw and rice bran hydrolysates as
substrates (Todhanakasem et al., 2019). This review evaluates the role of biofilms in enhancing the
conversion of lignocellulose to bioethanol. It explores the potential of biofilms in pretreatment,
enzymatic hydrolysis, and fermentation, as well as their application in enzyme immobilization and
bioreactor design.

Lignocellulose Structure and Its Recalcitrance

Lignocellulosic biomass is primarily composed of cellulose (40-50%), hemicellulose (20-30%),
and lignin (15-25%) (Zoghlami and Paés 2019). Cellulose, a linear polymer of glucose, provides
structural integrity, while hemicellulose, a heteropolymer of sugars like xylose and arabinose, acts as
a matrix. Lignin, a complex aromatic polymer, provides rigidity and resistance to microbial
degradation. The crystalline structure of cellulose and the protective barrier formed by lignin make
lignocellulose highly recalcitrant to enzymatic and microbial degradation (Dong et al. 2023).
Additionally, pretreatment processes often generate inhibitors, such as furfural and phenolic
compounds, which can negatively impact downstream hydrolysis and fermentation.

Efficient pretreatment and hydrolysis are essential to overcome the recalcitrance of
lignocellulose. Pretreatment disrupts the lignocellulosic matrix, making cellulose and hemicellulose
accessible for enzymatic hydrolysis (Sasmal and Mohanty 2018). Hydrolysis converts these
polysaccharides into fermentable sugars, which are then fermented into bioethanol (Jergensen et al.
2007). However, the high cost and low efficiency of these processes remain significant barriers to
commercialization. For example, chemical pretreatments using acids, alkalis, or other solvents can
add up to an additional 40% to the cost of bioethanol (Ceaser et al. 2024). Moreover, these methods
often generate chemical waste and require substantial energy inputs, which raise environmental
concerns and operational costs. The hydrolysis of pretreated biomass to release fermentable sugars
is another critical step. Enzymatic hydrolysis, while effective, is expensive due to the high cost of
enzymes. For instance, even at a relatively low cellulase dosage, the enzyme cost can account for
15.7% of the total bioethanol production cost bioethanol (Ceaser et al. 2024). Additionally, the
commonly used yeast strain, Saccharomyces cerevisiae, is only effective in fermenting glucose and not
xylose, which limits the overall ethanol yield. The integration of pretreatment, hydrolysis, and
fermentation processes is crucial for improving efficiency and reducing costs. However, achieving
seamless integration on a commercial scale remains a challenge. For example, simultaneous
saccharification and fermentation (SSF) or separate hydrolysis and fermentation (SHF) processes
require careful optimization to maximize yields and minimize costs. Moreover, the variability in
lignocellulosic biomass composition necessitates adaptable and scalable pretreatment technologies.
The overall process of bioethanol production using lignocellulose is summarized in Figure 1.
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Figure 1. Conversion of lignocellulose to bioethanol.

Pretreatment of Lignocellulose

Pretreatment is the first and most critical step in the conversion of lignocellulosic biomass into
bioethanol. The primary objective of pretreatment is to break down the rigid structure of
lignocellulose, disrupt the lignin barrier, and make cellulose and hemicellulose more accessible for
enzymatic hydrolysis. Without effective pretreatment, the subsequent steps of hydrolysis and
fermentation are inefficient. Pretreatment methods can be broadly categorized into physical,
chemical, and biological approaches. Physical methods involve mechanical disruption of the biomass
to reduce particle size and increase surface area. Common techniques include milling, grinding, and
extrusion. These methods break hydrogen bonds and reduce the crystallinity of cellulose, making it
more amenable to enzymatic attack. However, physical pretreatment is energy-intensive and often
insufficient on its own to fully disrupt the lignocellulosic matrix. Chemical methods use acids, alkalis,
or organic solvents to break down lignin and hemicellulose. Acid pretreatment, typically using dilute
sulfuric acid, hydrolyzes hemicellulose into sugars and partially solubilizes lignin. Alkali
pretreatment, using sodium hydroxide or ammonia, disrupts ester bonds between lignin and
carbohydrates, solubilizing lignin and reducing cellulose crystallinity. Organosolv pretreatment
employs organic solvents like ethanol to dissolve lignin and hemicellulose. While chemical methods
are effective, they often generate inhibitory compounds (e.g., furfural, hydroxymethylfurfural) that
can hinder downstream processes. Biological methods, such as fungal pretreatment, use
microorganisms to degrade lignin and hemicellulose. Fungal pretreatment is an environmentally
friendly and energy-efficient method for degrading lignin and hemicellulose in lignocellulosic
biomass, making cellulose more accessible for biofuel production (Nadir et al., 2019). White rot fungi
are particularly effective due to their unique ligninolytic enzyme systems that can selectively degrade
lignin (Wan & Li, 2012). This biological pretreatment reduces biomass recalcitrance and can be
performed under ambient conditions without chemical additives. However, the process is relatively
slow compared to thermal or chemical methods. Factors influencing fungal pretreatment
effectiveness include operating parameters and enzyme systems involved in biodegradation (Wan &
Li, 2012). Combining fungal pretreatment with physical or chemical methods may further improve
enzymatic hydrolysis and ethanol production.
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Hydrolysis of Lignocellulose

Hydrolysis is the process of breaking down cellulose and hemicellulose into fermentable sugars,
primarily glucose and xylose. This step is a critical step in converting cellulose and hemicellulose into
fermentable sugars. Hydrolysis can be achieved through acid or enzymatic methods, each with
distinct mechanisms and challenges. Acid hydrolysis uses concentrated or dilute acids to break the
[-1,4-glycosidic bonds in cellulose and hemicellulose, releasing monosaccharides. Concentrated
acids are highly effective but corrosive and difficult to handle, while dilute acids are less aggressive
but generate inhibitory compounds like furfural and acetic acid. Acid hydrolysis is often used in
combination with pretreatment to improve sugar yields. Enzymatic hydrolysis is the preferred
method due to its specificity and mild reaction conditions. Cellulases, a group of enzymes including
endoglucanases, exoglucanases, and 3-glucosidases, work synergistically to hydrolyze cellulose into
glucose. Similarly, hemicellulases, such as xylanases and mannanases, degrade hemicellulose into its
constituent sugars. These enzymes are essential for unlocking the fermentable sugars trapped within
the lignocellulosic matrix. The enzymes are often inhibited by the presence of lignin and other by-
products generated during pretreatment, such as furfural and phenolic compounds. These inhibitors
can bind to the active sites of enzymes, reducing their activity and stability. Furthermore, the
crystalline nature of cellulose and the heterogeneous structure of hemicellulose make them difficult
substrates for enzymatic attack, requiring high enzyme loadings and long reaction times. Cellulases
and hemicellulases are the key enzymes involved, but their high cost and low stability limit their
industrial application (Yang et al. 2011). Factors affecting enzymatic hydrolysis include substrate
characteristics like crystallinity and accessible surface area, as well as the presence of lignin and
oligomeric xylan. Efforts to improve enzyme efficiency should focus on optimizing enzyme mixtures,
identifying novel enzymes, and enhancing enzyme stability and activity.

Fermentation of Sugars to Bioethanol

Fermentation is a critical step in the conversion of lignocellulosic sugars into bioethanol. This
process involves the microbial conversion of fermentable sugars, such as glucose and xylose, into
ethanol and carbon dioxide (Dionisi et al. 2015). Fermentation can be performed using different
strategies, including separate hydrolysis and fermentation (SHF), simultaneous saccharification and
fermentation (SSF), and consolidated bioprocessing (CBP). In SHF, hydrolysis and fermentation are
performed in separate steps. Enzymatic hydrolysis produces sugars, which are then fermented by
yeast (e.g., Saccharomyces cerevisiae) or bacteria (e.g., Zymomonas mobilis). SHF allows for optimized
conditions for each step but is limited by end-product inhibition of enzymes and longer processing
times. In SSF, hydrolysis and fermentation occur in the same reactor. Enzymes and fermenting
microorganisms work simultaneously, reducing end-product inhibition and processing time. SSF is
more efficient but requires careful optimization of conditions to balance enzyme and microorganism
activity. CBP uses a single microorganism or microbial consortium to produce enzymes, hydrolyze
biomass, and ferment sugars. Engineered strains like Clostridium thermocellum are capable of
performing all steps in one reactor. CBP has the potential to significantly reduce costs and processing
time but requires the development of robust and efficient microbial strains. While S. cerevisiae remains
the primary microorganism for bioethanol production, researchers are exploring alternative yeasts
and bacteria to address challenges in second-generation bioethanol fermentation (Radecka et al.
2015). Non-conventional yeasts like Zygosaccharomyces rouxii and Kluyveromyces marxianus show
promise for their tolerance to osmotic stress and high temperatures, respectively (Radecka et al. 2015).
Various substrates, including lignocellulosic biomass and agricultural wastes, are being investigated
for ethanol production (Nigam, 2017). The selection of suitable microorganisms, whether
Saccharomyces or non-Saccharomyces, is crucial for efficient ethanol fermentation from various
substrates (Nigam, 2017).
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Biofilm Structure and Its Role in Bioethanol Production

Biofilms are complex, structured communities of microorganisms that adhere to surfaces and
are embedded in a self-produced extracellular matrix. This matrix is composed of extracellular
polymeric substances (EPS), which play a critical role in the biofilm's stability, functionality, and
resistance to environmental stresses. The EPS is a complex mixture of biopolymers, including
polysaccharides, proteins, nucleic acids, and lipids (Yahya et al. 2017; Yahya et al. 2018; Yaacob et al.
2021; Kamaruzzaman et al. 2022; Johari et al. 2023; Hamdan et al. 2024). Its composition varies
depending on the microbial species and environmental conditions. Biofilms are metabolically active
and often exhibit phenotypic changes compared to their planktonic (free-floating) counterparts.
Biofilms are not solid masses but rather porous structures with a network of water channels (Quan
et al. 2021). These channels facilitate the transport of nutrients, oxygen, and waste products, ensuring
the survival of cells within the biofilm. Biofilm structure is commonly investigated using microplate
include light microscopy, confocal laser scanning microscopy (CLSM), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and FTIR (Fourier-transform infrared) spectroscopy (Amran
et al. 2024). Biofilms exhibit chemical and physiological gradients, such as oxygen, pH, and nutrient
gradients, due to the diffusion limitations within the matrix. These gradients create
microenvironments that influence microbial activity and diversity. Biofilm-forming microorganisms,
such as certain fungi and bacteria, have shown promise in biological pretreatment of lignocellulose
(Narayanaswamy et al. 2013). These microorganisms produce ligninolytic enzymes that degrade
lignin, enhancing cellulose accessibility. Biofilms also provide a protective environment for
microorganisms, enabling them to withstand harsh conditions and inhibitors generated during
pretreatment. In addition, biofilms facilitate nutrient exchange and microbial cooperation, making
them highly efficient for industrial applications (dos Santos et al. 2018).

Cellulolytic biofilms enhance enzyme concentration at the substrate-liquid interface, facilitating
more efficient hydrolysis and capture of products (Brethauer et al. 2020). According to Shukla et al.
(2023), biofilms enhance the concentration of enzymes at the substrate-liquid interface. This high
concentration of cellulolytic enzymes facilitates more efficient hydrolysis and capture of products,
leading to higher yields of fermentable sugars. Biofilms play a crucial role in the hydrolysis of
lignocellulose by enabling efficient degradation and conversion of cellulose. The biofilm matrix can
absorb exogenous cellulases and retain self-produced enzymes, enhancing cellulose degradation
(Deng & Wang, 2022). Biofilm formation is synchronized with cellulose degradation, characterized
by crater-like depressions on the cellulose surface (Wang et al., 2011). Clostiridium thermocellum, one
of the most extensively researched cellulolytic anaerobic bacteria, is a highly promising candidate for
the direct conversion of lignocellulose into fuels and chemicals (Dumitrache et al. 2023). This is
largely due to its rapid growth rate (0.1-0.16 h™!) on crystalline cellulose. In flow cell systems, where
the cellulosic substrate is retained but the dilution rate significantly exceeds the growth rate of
planktonic cells, the behaviour of substrate-bound cells can be studied without interference from
planktonic cells, as the latter are washed out of the system. Research has demonstrated that C.
thermocellum biofilms alone are capable of achieving nearly complete substrate hydrolysis under such
flow cell conditions.

The EPS matrix provides a protective environment for microbial cells, enhancing their resistance
to environmental stressors, such as inhibitors, ethanol toxicity, and pH fluctuations (Yin et al. 2019).
The EPS matrix also acts as a barrier, preventing toxic compounds from reaching the microbial cells
(Koechler et al. 2015). Additionally, biofilm communities often exhibit metabolic diversity, enabling
them to detoxify or tolerate inhibitors more effectively than planktonic cells. The explicit roles of
biofilm in lignocellulose-to-bioethanol conversion are summarized in Table 1 while the advantage of
biofilm structure in bioethanol production is shown in Figure 2.
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Table 1. Roles of biofilm in conversion of lignocellulose to bioethanol.

Stage Role of biofilms Mechanisms Microorganisms References

involved

Pretreatment ~ Degrade lignin and Production of  Saccharomyces Ahmad et al
disrupt lignocellulosic lignin-degrading cerevisiae ; (2010); Van Kuijk
structure. enzymes (e.g., Basidiomycetes; etal. (2015); Shao et

lignin peroxidase, Pseudomonas al. (2022)
laccase). putida;
Rhodococcus sp

Hydrolysis Break down cellulose Production of  Clostridium Blume et al. (2013);
and hemicellulose into cellulases and  thermocellum Hamann et al
fermentable sugars. xylanases; enzyme (2015)

retention in EPS
matrix.

Fermentation Convert sugars into Immobilization of S. cerevisiae; Ivanova et al
ethanol; protect fermentative Zymomonas mobilis;  (2011);
microorganisms from microorganisms. Streptomyces sp. Todhanakasem et
inhibitors. strain MS-S2 al. (2015); Danso et

al., (2022)
@ Enzyme molecule [[] Extracelular matrix Bl
Q S @D\ Dormant cslls . (c) Concentrated of bioethanol
: enzymes )
A Ethanal @D Active cells Q
(a) §
Environmental stressors, (B) immobilized cetis o4

toxic compounds

SURFACE OF MATERIALS OR RESINS

Figure 2. Biofilm structure and its advantages in bioethanol production. Biofilm structure increases resistance of
microbial populations against environmental stressors and toxic compounds (a), immobilizes fermentative

microbial cells (b) and increases enzyme concentration.

Biofilm Reactor

A biofilm reactor is a specialized system designed to cultivate and utilize biofilms —structured
communities of microorganisms attached to surfaces and embedded in a self-produced extracellular
matrix. These reactors are engineered to optimize the growth, stability, and functionality of biofilms
for various applications, including bioethanol production (Vega et al. 1988). Biofilm reactors leverage
the natural ability of microorganisms to form biofilms, which are highly resistant to environmental
stresses and can perform complex biochemical processes efficiently. The design of a biofilm reactor
for lignocellulose degradation depends on the specific application, scale, and type of biomass.
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Common reactor configurations include packed-bed reactors, fluidized-bed reactors, trickling filters,
and membrane biofilm reactors (Figure 3). In the packed-bed reactors, the reactor is filled with a solid
support material (e.g., plastic beads, wood chips, or ceramic particles) that provides a surface for
biofilm attachment (Li et al. 2021). Lignocellulosic biomass is passed through the bed, allowing
microbial biofilms to degrade the substrate. Packed-bed reactors are simple and cost-effective but can
suffer from clogging and uneven flow distribution. The fluidized-bed reactors use a suspended
support material (e.g., sand or granular activated carbon) that is fluidized by the upward flow of
liquid (Coelhoso et al. 1992). The fluidized bed provides a large surface area for biofilm formation
and ensures good mixing and mass transfer. However, fluidized-bed reactors require careful control
of flow rates to maintain fluidization. In trickling filters, lignocellulosic biomass is trickled over a
stationary bed of support material, while air is supplied from below (Liu et al. 2016). Biofilms grow
on the support material and degrade the biomass as it passes through. Trickling filters are energy-
efficient but may require large footprints. Membrane biofilm reactors use membranes to support
biofilm growth while allowing the passage of nutrients and products (Abera et al. 2024). Membranes
can be designed to selectively retain enzymes and microbial cells, enhancing degradation efficiency.
However, membrane reactors are expensive and prone to fouling.

Type of biofilm
reactors

Opening and stopper
W R

| |

%’TJ?\)\\ difusion - convecton
[ o

<

1/

Xl

Packed-bed reactors Membrane biofilm reactors

Fluidized-bed reactors Trickling filters

Figure 3. Type of biofilm reactors commonly used for bioethanol production.

Biofilm reactor has emerged as a promising approach for enhancing bioethanol production.
Biofilms provide a natural and renewable architecture for enzyme immobilization, offering reduced
diffusional resistance and high productivities (Vega et al. 1988). Previous studies have demonstrated
the feasibility of using bacterial biofilms to immobilize multienzyme complexes, resulting in
increased reaction rates and improved stability compared to free enzyme mixtures (Liu et al. 2021).
For yeast-based ethanol production, biofilms on modified carriers can enhance fermentation
efficiency and tolerance to inhibitors in lignocellulosic hydrolysates (Saeed et al. 2021). Many
anaerobic, cellulolytic bacteria form biofilms on cellulosic substrates, such as Clostridium
phytofermentans, Fibrobacter succinogenes and Ruminococcus albus (Brethauer et al. 2020). The biofilm
allows for a high concentration of cellulases at the boundary layer and a more complete capture of
hydrolysis products directly at the hydrolysis site, which is energetically favourable. Enzyme
immobilization techniques have been applied to various stages of bioethanol production, including
pretreatment and hydrolysis, with laccases and cellulases being the most explored enzymes (de
Aratjo et al.,, 2023). These advancements in biofilm immobilization technology offer potential for
improving the efficiency and reducing the costs of bioethanol production processes. Other works
using biofilms to improve bioethanol yield are summarized in Table 2.
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Study

Microbial Strain

Bioethanol Production Outcome

Reference

Entrapment of S. cerevisiae
cells in a matrix of alginate
combined with magnetic
nanoparticles.

Genetic modification to
overexpress biofilm-
forming genes (FLO5 and
FLO10), enhancing natural

immobilization.

Use of PCS made from
agricultural materials to

support biofilm formation

of S cerevisize  for
continuous ethanol
production.

Use of DEAE-cellulose to
support immobilization of
Z. mobilis

Use of acid-
pretreated/detoxified and
glucose- or xylose-enriched
rice husk hydrolysate for
ethanol production in a

continuous biofilm reactor.

Enhancement of the biofilm
immobilization of the yeast
Meyerozyma caribbica
YLP0OIGX on bio-based

epoxy foam (EF)

S. cerevisiae

S. cerevisiae

S. cerevisiae ATCC 24859

Zymomonas mobilis

Scheffersomyces stipitis

M. caribbica

Achieved approximately 91% of the

theoretical ethanol yield in a

continuous column reactor setup.

Improved biofilm formation by

31.3% and 58.7% for strains
overexpressing FLO5 and FLOI0,
respectively, potentially leading to
increased  ethanol  production
efficiency.

PCS supports enhanced biofilm
increased

formation, leading to

ethanol  yields compared to

polypropylene supports alone.

Homogenous biofilm produced
higher yield of ethanol/g glucose

than heterogenous biofilm.

S. stipitisin a continuous PCS-

biofilm reactor including acid-
pretreated/detoxified and glucose-
or xylose-enriched rice husk

hydrolysate ~ produced  higher

ethanol concentration compared

with subsequent ethanol
fermentation in a repeated-batch

biofilm reactor.

In comparison to untreated EF-
immobilized cells (NEF-IC), the
modified EF-immobilized cells
(MEF-IC) showed an improved
binding affinity for proteins in the
EPS, which resulted in a higher

adhesion force between the carrier

and the yeast cell surface leading to

Ivanova et al. (2011)

Wang et al. (2023)

Shukla et al. (2020)

Todhanakasem et

al. (2015)

Bader et al. (2021)

Saeed et al. (2021)
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enhanced  ethanol  production

compared to NEF-IC.
Yeast immobilization S.  cerevisiae, Kluyveromyces Yeast immobilization using low- Chacdén-Navarrete
systems  for  second- marxianus, and Pichia stipitis cost carrier materials like biochar or et al. (2021)
generation ethanol biofilms can optimize fermentation
production of lignocellulosic hydrolysates for

second-generation ethanol

production.
Effects of S. S. cerevisiae 2-phenylethanol (2-PE) inhibited the  Tian et al. (2023)
cerevisige quorum  sensing glyoxylic and tricarboxylic acid
signal molecules on ethanol cycles and promoted ethanol
production production in S. cerevisiae

Industrial Application of Biofilm-Based System

Biofilms have several industrial applications in bioethanol production, enhancing efficiency and
sustainability. Biofilm-immobilized continuous fermentation has shown promise in enhancing
cellular environmental tolerance, maintaining cell activity, and improving production efficiency. For
example, a study by Wang et al. (2023) engineered Saccharomyces cerevisiae strains to overexpress
biofilm-forming genes such as FLO5, FLOS, and FLOI10. These engineered strains significantly
improved biofilm formation, reduced the density of cells dispersed in the fermentation broth, and
increased ethanol production during biofilm-immobilized continuous fermentation. This method
also reduces the contamination of separation membranes when coupled with membrane separation,
enhancing the effectiveness and stability of the process.

Mixed-species biofilms have also been explored for high-cell-density applications in bioethanol
production. Mixed-species biofilms have shown promise for high-cell-density applications in various
biotechnological processes. Hoschek et al. (2019) demonstrated the use of a mixed-species biofilm of
Synechocystis and Pseudomonas for continuous cyclohexane oxidation, achieving high cell densities
and maintained productivity. In microalgal biorefineries, mixed-species biofilms can address
challenges related to resource utilization, biomass production, and harvesting (Wicker et al. 2022).
These biofilms exhibit distinct structures and enhanced stress resistance compared to single-species
biofilms. For instance, mixed-species biofilms showed increased resistance to antimicrobials through
community-level interactions. In the brewing industry, mixed-species biofilms formed by direct cell-
cell contact between yeasts and lactic acid bacteria have been observed (Furukawa et al. 2010). These
studies highlight the potential of mixed-species biofilms for improving productivity and resilience in
various biotechnological applications, including bioethanol production.

In another application, biofilms are used in combination with pervaporation membrane
separation technology to enhance bioethanol productivity. Yeast-immobilized catalytically active
membranes have shown promising results in fermentation-pervaporation coupling processes for
bioethanol production. These systems enhance ethanol productivity by efficiently removing
extracellular ethanol, reducing inhibition and improving yeast viability (Cao et al. 2020). Similar
benefits have been observed in lipase-immobilized membranes for ester synthesis, demonstrating
improved thermal stability and reusability compared to free enzymes (Zhang et al. 2014). Integrated
systems combining immobilized yeast reactors with pervaporation modules allow for separate
optimization of fermentation and separation parameters. Recent advancements include the use of
composite membranes, such as silicalite-1/polydimethylsiloxane/polyvinylidene fluoride, which
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have demonstrated high ethanol productivity, separation factors, and permeate ethanol
concentrations in both fed-batch and continuous fermentation-pervaporation processes (Cai et al.
2016). These developments highlight the potential of immobilized enzyme systems coupled with
pervaporation for enhancing bioethanol production and other biocatalytic processes.

Challenges and Future Directions

The conversion of lignocellulose to ethanol using microbial biofilms is a promising approach for
sustainable biofuel production. However, this process faces several challenges related to
pretreatment, hydrolysis, and fermentation. Addressing these challenges is critical for improving the
efficiency, scalability, and economic viability of bioethanol production.

Pretreatment is essential for breaking down the rigid structure of lignocellulose and making
cellulose and hemicellulose accessible for enzymatic hydrolysis. However, the use of
microorganisms, particularly biofilm-forming species, for pretreatment faces several challenges.
Microbial pretreatment, especially by lignin-degrading fungi and bacteria, is often slower than
chemical or physical methods. This limits its application in industrial-scale processes where high
throughput is required. Microorganisms may not fully degrade lignin, leaving behind recalcitrant
components that hinder subsequent hydrolysis. The growth and activity of biofilm-forming
microorganisms depend on specific environmental conditions (such as pH, temperature, oxygen
levels), which must be carefully controlled. To overcome these problems, researchers can develop
genetically modified microorganisms with enhanced lignin-degrading capabilities and tolerance to
inhibitors (Almeida and Hahn-Héagerdal 2009).

Hydrolysis involves the enzymatic breakdown of cellulose and hemicellulose into fermentable
sugars. While biofilms can enhance hydrolysis by retaining enzymes and providing a stable
environment, the production and use of cellulases and hemicellulases are expensive, contributing
significantly to the overall cost of bioethanol production. In biofilm systems, poor mass transfer of
substrates and enzymes within the biofilm can also limit hydrolysis rates. To address these
challenges, researchers can develop advanced immobilization methods to retain enzymes within the
biofilm and enhance their stability. For example, Dong et al. (2021) developed E. coli BL21::ACsgA-
CsgB-CsgALBP2 (LBP2-functionalized) biofilms as surface display platforms to maximize the
catalytic performance of lipase (Lip181). After immobilization onto LBP2-functionalized biofilm
materials, Lip181 showed increased thermostability, pH, and storage stability.

Fermentation converts the sugars released during hydrolysis into ethanol. While biofilms can
improve fermentation efficiency by immobilizing microorganisms and protecting them from
inhibitors, many fermentative microorganisms, particularly yeast, cannot efficiently ferment pentose
sugars (e.g., xylose), leading to incomplete sugar utilization and lower ethanol yields. Maintaining
stable and active biofilms over long fermentation periods can be challenging due to biofilm
detachment or overgrowth. To address these challenges, researchers can employ microbial consortia
or co-cultures, which allow for the simultaneous fermentation of all available sugars. Additionally,
the use of advanced biofilm reactors, such as rotating biological contactors or membrane biofilm
reactors, can enhance scalability and efficiency (Abera et al. 2024).

Conclusions

Biofilms play a critical role in enhancing the conversion of lignocellulose to bioethanol. They
improve pretreatment efficiency, stabilize enzymes, and enhance microbial fermentation, offering a
promising solution to the challenges of lignocellulosic bioethanol production. Biofilm-based systems
have the potential to revolutionize bioethanol production by improving process efficiency, reducing
costs, and enhancing sustainability. Interdisciplinary collaboration between microbiologists,
engineers, and biotechnologists is essential to fully realize the potential of biofilm technology in
bioethanol production.
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