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Abstract: Amongst the biofuels described in the literature, biohydrogen has gained heightened at-
tention over the past decade due to its remarkable properties. Biohydrogen is a renewable form of
Ho2 that can be produced under ambient conditions and at low cost from biomass residues. Innova-
tive approaches are continuously being applied to overcome the low process yields and pave the
way for its scalability. Since the process primarily depends on the biohydrogen producing bacteria,
there is a need to acquire in-depth knowledge about the ecology of the various assemblages partic-
ipating in the process, establishing effective bioaugmentation methods. This work provides an over-
view of the biofilm-forming communities during Hz production by mixed cultures and the syner-
gistic associations established by certain species during H2 production. The strategies that enhance
the growth of biofilms within the H2 reactors are also discussed. A short section is also included
explaining techniques used for examining and studying these biofilms structures. The work con-
cludes with some suggestions that could lead to breakthroughs in this area of research.

Keywords: Biohydrogen; Biofilms; Fermentation; Biofuels; Renewable Energy

Abbreviations: 3D-EEM, three-dimensional excitation-emission matrix; 16S rRNA, 16 subunit ribo-
somal ribonucleic acid; AFBR, anaerobic fluidized bed reactor; ANN, artificial neural network;
cDNA, complementary DNA; CLSM, confocal laser scanning microscopy; CPE, chlorinated poly-
ethylene; COD, chemical oxygen demand; CSTR, continuous stirred tank reactor; DNA, deoxyribo-
nucleic acid; EPS, extracellular polymeric substance; FISH, fluorescent in-situ hybridization; HRT,
hydraulic retention time; NGS, next-generation sequencing; OFMSW, organic fraction of municipal
solid waste; OLR, organic loading rate; PCR, polymerase chain reaction; PEG, polyethylene glycol;
POME: palm oil mill effluent; RNA, ribonucleic acid; RSM, response surface methodology; RT-PCR,
reverse transcription polymerase chain reaction; SEM, scanning electron microscopy; UASBR, up-
flow anaerobic sludge blanket reactor; VFAs, volatile fatty acids; VS, volatile solids.
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1. Introduction

As the world is pushing for the intensification of clean and sustainable technologies
in order to reduce the problems caused by fossil fuels (greenhouse gas emissions, environ-
mental issues, escalating energy prices, etc.), scientists are constantly searching for alter-
native fuels that could serve as suitable replacements. Hydrogen has been proposed as an
ideal fuel option due to its outstanding properties — it is considered the cleanest fuel as it
produces water and oxygen when combusted [1]. Hydrogen also has a high energy content
(122 kJ/g) that is 2.5 times higher than hydrocarbons and it can be converted into electricity
in fuel cells [2]. Nevertheless, renewable and scalable H2 technologies such as water elec-
trolysis are energy-intensive and costly [2]. For this reason, alternative approaches such as
biological-based H: production are explored to surpass these limitations [3].

Most biohydrogen enhancement studies have focused on optimising the operational
setpoint conditions for the past decade. Herein, the Hz-producing parameters such as pH,
temperature, substrate concentration, and hydraulic retention time (HRT) are optimized
using various mathematical tools such as response surface methodology (RSM), Artificial
Neural Network (ANN), etc. [4]. Other strategies that have been widely explored in the
literature include the use of additives/growth nutrients that target the predominant Ho-
producing monocultures of Clostridium species and the pretreatments of biomass which
serve as substrates during biohydrogen fermentation [5,6].

Despite these efforts, the scalability of biohydrogen production has not yet been
achieved, implying that other innovative and robust bioaugmentation methods must be
implemented to achieve this goal. Research is now geared towards understanding the mi-
crobial ecology of Ha-producing microorganisms in mixed communities because of the
synergistic interactions between active Hz-producers (e.g., Clostridium sp.) and non-active
Hz-producers (e.g., Enterobacter sp., Bacillus sp., etc.) have not been fully elucidated in this
field. These bacterial communities have been shown to co-exist during the fermentative
biohydrogen process leading to the formation of biofilms — these are structures composed
of aggregated heterogeneous species encapsulated within layers of extracellular polymeric
substances (EPS) that serve as the biofilm “binder” [7]. The presence of biofilms offers nu-
merous benefits to the biohydrogen production process, such as improved biomass digest-
ibility, consumption of Oz within the reactor, inhibition of toxins, prolonging the H- fer-
mentation periods, maintenance of optimal pH, and the use of different carbon sources [8].

Moreover, in-depth knowledge about the dominant biofilm-formers during H2 fer-
mentation can lead to the development of robust Hz bioprocesses as these microbial species
can be used as model organisms in Hz enhancement studies. This will also enable scientists
to better understand the physiological conditions of key model organisms and help to elu-
cidate the links between their ecosystem and nutritional needs [9]. Our current knowledge
of biofilms has mostly been derived from research conducted in public health, food tech-
nology, and wastewater treatment [10].

Against this background, this work provides an overview of the heterogenous bio-
film-forming communities that participates during biohydrogen production to showcase
the significance of microbial diversity during biohydrogen fermentation — as this leads to
synergistic interactions amongst the various phylum groups and the role of these species
in the enrichment of Hz yields. The microbial biofilm enriching methods such as the use
of: (i) biocarriers, (ii) optimal reactor designs, (iii) micronutrients, and (iv) inoculum are
also discussed in this review paper. Finally, the review provides some suggestions that
could help develop engineered biofilms in biohydrogen production studies.
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2. Shedding light on microbial biofilms 97
2.1. What are biofilms, and why are they important? 98

Due to their ubiquitous nature and complex structure, microbial biofilms have at- 99
tracted significant attention over the past decades. These multicellular organisms serve as 100
drivers and/or regulators of the “global microbiome” and significantly impact humans, 101
plants, and animals [11]. Biofilms are architectural colonies consisting of diverse microbial 102
communities, and these heterogeneous species firmly attach to surfaces (biotic and abiotic) 103
and are enclosed in a self-produced EPS, which accounts for ~90% of the biomass [12]. The 104
EPS is the main component of biofilms because it contributes to their unique features such 105
as porosity, hydrophobicity, mechanical stability, tolerance to external stresses, and den- 106
sity [13]. Furthermore, it consists of essential macromolecules such as carbohydrates, li- 107
pids, polysaccharides, proteins, nucleic acids, and other molecules [14]. Within the biofilm 108
structure, a thriving community enables synergist interactions amongst different bacterial 109
sub-populations leading to cell-to-cell interactions and DNA exchange [14]. 110

111

Additionally, the regulation of gene expression is typically impacted by fluctuations 112
in cell-population density and is known as quorum sensing, a feature in which bacterial 113
cells produce and release chemical signal molecules known as autoinducers. The level of 114
released autoinducers increases as a function of cell density in a given environment, allow- 115
ing for the regulation of key genes and providing bacterial cells with a phenotypic edge 116
[15]. Compared to their planktonic counterparts, sessile cells embedded within biofilm 117
structures are resistant to environmental stresses such as extreme temperatures, pH, nu- 118
trients deprivation, ultraviolet radiation, high salinity, antibiotics, and chemicals [16]. Con- 119
sequently, biofilms exhibit phenotypic and genetic traits distinct from planktonic cells [17]. 120
The formation of sessile biofilms involves a multi-step process that starts with the irre- 121
versible attachment of planktonic cells to surfaces, followed by the maturation of the ag- 122
gregated micro-colonies under optimal growth conditions[18]. The final stage is an estab- 123
lished biofilm with diverse microbial communities [19]. This is succeeded by the biofilm 124
detachment process, which can occur at any stage of the biofilm’s lifecycle and may lead 125
to the release of planktonic cells, aggregated cells, and biofilm-produced chemicals [20]. 126
The detachment process can be triggered by the biofilm’s lifecycle or external factors such 127
as hydrodynamic shear conditions, physical contact, and chemical disinfectants [21,22]. A 128
schematic diagram illustrating the typical lifecycle of biofilms is presented in Figure 1. 129
Since biofilms are also known to regulate the biogeochemical cycling processes in soil and 130
water [22], they have been engineered and applied in various biotechnological processes 131
to remove pollutants in wastewater and solid waste, and produce high value-added prod- 132
ucts such as biofuels and biochemicals through biocatalytic processes [21]. 133
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Figure 1. A schematic diagram showing the life cycle of microbial biofilms.

3. An overview of the role of biofilms in biohydrogen fermenter systems

In recent years, bacterial biofilms have been shown to have remarkable effects on bi-
ohydrogen fermenter systems. These versatile and aggregated microbial communities con-
fer several benefits compared to planktonic cells. These include high biomass density, high
substrate utilization, reduced HRTs, synergistic interactions amongst various bacteria, tol-
erance against toxins, maintenance of the optimal pH, and high biohydrogen yields [23,24].

Mei et al. [25] studied the operational conditions that lead to the formation of biofilms
in the packed-bed reactor. The HRT of 12 hours, substrate concentration of 15 g/L, and an
inoculation ratio of 35% favoured the biofilm formation. Bacterial groups belonging to
Clostridium and Lactobacillus were the abundant biofilm-forming species, and these results
coincide with literature as Clostridium sp. are the most dominant Hz producers [25]. The
occurrence of Lactobacillus was also important as it participates in lactic acid production,
and this metabolite is later converted to acetic acid by Clostridium sp. under anoxic micro-
environments [25,26]. Furthermore, the presence of these bacterial species is advantageous
as this leads to co-metabolism during the acidogenic fermentation process. More im-
portantly, Lactobacillus was effective in prolonging the biohydrogen fermentation as it is
more tolerant to acidic conditions than Clostridium sp. This synergist interaction boosts the
acclimatization of biohydrogen-producing biofilms within the reactor [27]. It was also re-
vealed in another biohydrogen study that the biofilms not only increased the H2 content
within the reactor but also aided in the degradation of inhibitors [28]. In this work, the
fermentation inhibitors such as 5-hydroxymethyl furfural (>40% of the initial quantity de-
tected) and furfural (>70% of the initial amount detected) were successfully degraded by
the heterogenous biofilm-forming populations within the Hz reactor [28]. The biofilm com-
munity structure showed the abundance of Bacillus and Clostridium, and these species are
associated with acidogenesis, the main biohydrogen-producing step. Interestingly, the
non-biohydrogen species (e.g., Pseudomonas) were also beneficial in this fermentation
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process as these consortia were shown to be effective in the degradation of Hz inhibiting 163
compounds such as aromatic compounds [28]. Likewise, ammonia inhibition is another 164
process issue in biohydrogen fermentation as it proliferates within the reactor and com- 165
petes with the Hz-producing pathways. Therefore, biofilms are beneficial in the biohydro- 166
gen process as they have been reported to withstand NH4* concentrations (<0.14 g/L) dur- 167
ing the fermentation process [29]. 168
169

Zhang et al. [30] studied the biosynthesis of biohydrogen in a continuous stirred tank 170
reactor (CSTR) and anaerobic fluidized bed reactors (AFBRs) using suspended, granular, 171
and biofilm sludge at 37 °C and pH 5.5. The use of sessile microorganisms was beneficial, 172
as more than 10-fold of H2 was attained by the granular sludge in the CSTR, and more than 173
20-fold of H2 was achieved by the biofilms in the AFBRs. Using granular sludge and bio- 174
film enhanced biomass retention instead of suspended cells, leading to biomass washout 175
[30]. Acidogenic biofilms were also shown to strengthen substrate utilization as more than 176
80% of chemical oxygen demand (COD) was converted into H: and its constituents, i.e., 177
volatile fatty acids (VFAs) such as acetic acid, butyric acid, and propionic acid [31]. Nev- 178
ertheless, maintaining the optimal pH range (using pH sensors and actuators or manual 179
pH control) is essential as acidogenic biofilms are sensitive to VFAs because these metab- 180
olites decrease the pH, leading to the growth of Hz-scavenging methanogens [32]. Given 181
the complexity of biofilm structures, the functions of these microbial entities have notbeen 182
fully elucidated in biohydrogen studies, as evidenced by the very few published studies. 183

Hence, this overview will serve as a foundation for further research in this field. 184
4. Biofilm enrichment mechanisms applied in biohydrogen fermenter systems 185
4.1. Carrier materials for biofilm growth 186

Many different carrier materials have been tested for the enrichment of acidogenic 187
biofilms during biohydrogen fermentation studies (Table 1). Organic carriers widely used 188
in biohydrogen fermentation include activated carbon, expanded clay, and organic gels 189
[33,34]. Silica, ceramic beads, zeolites, acrylamide, polyethylene, and polyvinyl chloride 190
are common inorganic carriers used in biohydrogen production studies [35,36]. The shape 191
of these carrier materials is cylindrical, granular, or spheroidal, varying from 1.5 to 25.0 192
mm, while their density ranges from 0.5 to 2.0 g/cm? [23]. The carriers are selected based 193
on their hydrophilicity, non-biodegradability, non-toxicity to bacterial species, non-reac- 194
tivity to chemicals, solid mechanical stability, affordability, high biomass retention, rough- 195
ness, low surface energy, and good permeability [52]. Such physicochemical properties are 196
crucial for bacterial biofilms' initial adhesion and maturation within the Hz reactor [53]. As 197
aresult, inorganic carriers are preferred because of their superior mechanical stability com- 198
pared to their organic counterparts [54]. It was recently shown that a long-term Hz produc- 199
tion process (50 days) could be achieved using chlorinated polyethylene (CPE) and zeolite 200
as microbial and nutritional carriers in a hybrid reactor that was operated under semi- 201
continuous conditions [47]. Interestingly, the hybrid-Fe reactor coupled with zeolite could 202
produce H: for up to 72 days without any process instabilities. The acetate pathway (the 203
main H2 metabolic route) was induced by the synergistic biofilms [47]. These outstanding 204
results are attributed to the superior properties of CPE and zeolite. CPE provides a suitable 205
roughness surface and high porosity for microbial attachment, resulting in the growth of 206
acidogenic biofilms within the H2 reactor, as was corroborated by the SME images [47]. 207
Meanwhile, zeolite is widely used in anaerobic digestion processes as a carrier material 208
because it consists of the essential Hz enriching micronutrients such as Ca, Al, Mg, and Na 209
[47]. The presence of Fe also enhanced the fermentation process as it boosts the hydrogen- 210
ases — these are the key enzymes that regulate the Ha-producing pathways [47]. 211
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Other studies that used carrier/support materials in biohydrogen fermentation sys-
tems also showed remarkable outcomes, with some reports producing a maximum H>
yield that is 4-fold [55] and 25-fold [56] more than the suspended cultures. Herein, the
carriers helped the acidogenic biofilms suppress the H2-consumers that are concomitantly
produced with the Hz during acidogenesis [57]. They also prolonged the biohydrogen fer-
mentation periods, resulting in low VFA production [58,59].

Based on these scientific reports, it can therefore be shown that the use of “acidogenic
biofilm engineering” technologies could provide many breakthroughs in the area of bio-
hydrogen process development as substrate pretreatment accounts for more than 60% of
the overall biohydrogen costs — the biofilms could help in reducing the high costs as some
acidogens exhibit cellulolytic activities, and these could be optimized by the biocarriers.
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Table 1. Types of carrier materials used in biohydrogen fermenter systems. 223
Carrier material Carrier size Substrate Inoculum Reactor type Operational setpoint conditions H: yield Reference
(mm)
Temp (°C) pH Time (d)
Mixed polymers 5.0 Trace metals ~ Rhodopseudomonas fae- CSTR 35 7.0 25 3.24 mol Hz/mol acetate [37]
calis
Activated carbon - Molasses Mixed cultures CMISR 35 4.06 — 4.28 45 130.57 mmol Hz/mol [38]
PEG 3.0 POME Mixed cultures UASBR 37 7.0 6.25 0.632 L Hz/L/h [39]
Silicone gel 3.0-4.0 Sucrose Mixed cultures DTFBR 40 6.0 12.5 1.20 mol Hz/mol sucrose [40]
Pumice stone 1.0-5.0 Sucrose Mixed cultures UASBR 55 55 1.0 308 mL Hz/d [41]
Ceramic ring 7.0 Sucrose Mixed cultures UASBR 55 55 1.0 386 mL Hz/d [41]
Expanded clay 2.8-3.35 Glucose Mixed cultures AFBR 30 6.40 0.33 2.49 mol Hz/mol glucose [42]
Sodium alginate and 3.0 Dairy Mixed cultures Batch 35 55-6.0 8.3 54.5 mL Ho/g VS [43]
polyaniline nanoparti- wastewater
cles
Clay and activated car- - Sucrose Mixed cultures Batch 39 8.08 16 - [44]
bon
Coconut coir - Nutrient Mixed cultures Batch 37 7.0 1.0 2.83 mol Hz/mol hexose [45]
broth
Sodium citrate - Activated Mixed cultures Batch 37 7.0 2.0 28.6 mL/g-VSadded [46]
sludge
Chlorinated polyeth- - Trace metals Mixed cultures Batch 35 55 9.0 27.2 mL Ho/g glucose [47]
ylene
Zeolite - Trace metals Mixed cultures Batch 35 55 9.0 32.3 mL H>/g glucose [47]
Sodium alginate, chi- - Food waste Mixed cultures CSTR 37 5.0-6.0 35 1.75 mol H2/mol substrate [48]
tosan, and SiO2
Granular activated car- 2.0-3.0 POME Mixed cultures AFBR 60 6.0 7.0 1.24 mol Hz/mol sugar [49]
bon
Polyvinyl alcohol - Trace metals  Rhodopseudomonas palus- Photoreactor 28 7.0 20 15.74 mLH/g/h [50]
tris
Alginate and TiO2 2.0-5.0 Glucose Escherichia coli Batch 37 7.0 3.0 2.8 mmol Hz/mmol glucose [51]
—: not available; AFBR: anaerobic fluidized bed reactor; continuous stirred tank reactor; CMISR: continuous mixed immobilized sludge reactor; CSTR: continuous stirred tank 224
reactor; DTFBR: draft tube fluidized bed bioreactor; PEG: polyethylene glycol; POME: palm oil mill effluent; UASBR: up-flow anaerobic sludge blanket reactor. 225
226
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4.2. Inoculum with heterogenous species for synergistic biofilm interactions 227

In biohydrogen production studies, mixed sludges are favoured due to their non- 228
stringent bioprocess requirements, as Hz can be produced under non-sterile conditions at 229
various conditions [60]. Furthermore, acidogenic fermentation involving the sludge isusu- 230
ally preferred for pilot-scale demonstrations as they are easier to operate and control than 231
monocultures [61]. In contrast, pure cultures pose a challenge in biohydrogen fermentation =~ 232
due to their specific requirements for pure sugars (glucose and fructose), thus escalating 233
the biohydrogen production costs. In addition, they must be cultivated under sterile con- 234
ditions and are prone to contamination [62]. 235

Sludges also consist of biofilms with heterogeneous species, which co-exist to provide 236
various metabolic functions that benefit the biohydrogen process [63]. Bacterial species in- 237
cluding Clostridium, Bacillus, Enterobacter, Prevotella, Citrobacter, Klebsiella, Enterobacter, 238
Escherichia coli, Lactobacillus, etc., have been identified in biohydrogen production studies 239
involving anaerobic mixed sludge as the inoculum source [9,64]. The presence of these 240
communities within the H: reactor leads to synergistic associations, enabling bacterial 241
communities to provide different metabolic roles during the fermentation process [65,66]. 242
This phenomenon was observed when the inactive H2-producing strains (Enterobacter sp.) 243
contributed to Hz production alongside the active H2 producers (Clostridium sp.) [67]. En- 244
terobacter sp. was resistant to VFAs and maintained the pH [67]. In a CSTR, the strict an- 245
aerobes (Clostridium) and facultative anaerobes (Enterobacter) established a synergistic re- 246
lationship to enhance the biosynthesis of Hz [68]. While the Clostridium predominantly con- 247
tributed to Hz production, Enterobacter assisted in consuming Oz within the reactor [68]. 248

Similarly, Bacillus thermoamylovorans served as a symbiotic partner for biomass con- 249
version when co-cultured with C. butyricum [69] and C. beijerinckii [70] in anaerobic batch 250
fermenters treating brewery waste. In both studies, B. thermoamylovorans reduced the lag 251
phase; contributed toward O: depletion, thus fostering the production of Hz as Clostridium 252
growth was the main species detected during the optimal H2 production stage [69,70]. 253

In other biofilm studies, it was observed that seed sludge also comprises of bacterial 254
groups with high hydrolytic capabilities, thus forming a metabolic synergy with Hz pro- 255
ducers [71]. Isolates such as Lactobacillus plantarum, Olsenella genomo sp., and Bifidobacte- 256
rium sp. were all characterized during the production of Hz in a starch-fed fermenter 257
[72,73]. These three facultative heterofermentative lactic acid bacteria can hydrolyze starch 258
to produce lactate and some traces of acetate but not H2 [74,75]. However, these were abun- 259
dant during hydrolysis of carbohydrate-rich feedstocks and H: production, confirming 260
their amylolytic activity [74,75]. 261

It is noteworthy to highlight that raw sludge must undergo pretreatments as it con- 262
tains diverse microbial communities, including the Hz-consuming methanogens. For this 263
reason, the suppression of archaeal communities is crucial for attaining the H> fermenta- 264
tion process [76]. However, this step must be carefully conducted so that bacteria that are 265

beneficial to the Hz process are not entirely suppressed due to the harsh pretreatment. 266
267
4.3. Optimal reactor design for biofilm growth 268

As shown in Table 1, different reactor designs are applied in biohydrogen fermenta- 269
tion processes. Studies targeting the enrichment of multispecies biofilms evaluate several 270
factors such as the reactor's geometry, diameter and height, the reactor type, the substrate 271
treatment capacity of the reactor, and the reactor’s ability to retain biomass and biocarriers 272
during acidogenic fermentation [77]. The up-flow anaerobic sludge blanket reactor 273
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(UASBR) has excellent self-immobilization capabilities as bacterial cells forms aggregates 274
without the need for a support/carrier medium leading to high biomass retention and high 275
substrate conversion efficiency [78], this is usually achieved by applying appropriate up- 276
flow velocities, and this reactor can be operated at mesophilic and thermophilic conditions 277
[79]. UASBR is constructed in horizontal and vertical forms and used at short HRTs — this 278
is ideal for acidogenic biofilm communities as they optimally produce Hz at short HRTs 279
[80]. The stirring function with the rinsing flow is used without the need for re-circulation 280
streams [81]. Likewise, the anaerobic fluidized bed reactor (AFBR) is the most efficient re- 281
actor design for biomass retention as it uses various biocarriers to attach to bacterial cells 282
[81]. In AFBR, the bacterial communities undertaking Hz production combine to form lay- 283
ers of diverse biofilms with different sizes, geometry, density, and hydrodynamic behav- 284
iour [82]. Therefore, substrates attach to these biofilms leading to biofilms with high den- 285
sities and rich nutrients [83]. Continuous stirred tank reactors (CSTRs) are also commonin 286
biohydrogen studies due to their high biomass retention abilities and substrate conversion 287
efficiency [84]. Batch systems are widely used mainly due to their simplicity and afforda- 288
bility — they are ideal for preliminary H: investigation studies but not suitable for the cul- 289

tivation of biofilms during H fermentation. 290
291
4.4. Micronutrients for biofilm growth 292

The growth of acidogenic biofilms primarily depends on the carbon source used dur- 293
ing acidogenic fermentation. For years, glucose and sucrose have been used as the main 294
carbon source when enriching the acidogenic biofilm-formers, as evidenced by some of the 295
fermentation studies outlined in Table 1. The reliance on these monomeric sugars is not 296
sustainable as feedstocks account for >50% of the overall H2 costs [85]. Recent studies focus 297
on biomass residues to circumvent this issue because these carbon materials are readily 298
available, affordable, and considered waste [86]. The main carbon sources should be used 299
in conjunction with the micronutrients (e.g., Ca, Cu, Mg, Ni, Mn, Pb, Zn, etc.) in order to 300
boost the Hz regulating enzymes and metabolic pathways [87]. Similarly to organic wastes, 301
wastewater from the brewery and other food processing industries consist of the micronu- 302
trients mentioned above and could play a pivotal role in reducing Hz production costs [88]. 303
Moreover, using industrial effluents will not only boost the advancement of biohydrogen 304

process technology but also assist in alleviating environmental pollution. 305
306
5. Biofilm structural analysis in biohydrogen reactors 307

The morphological assessment of biofilms is carried out using either spectroscopic- 308
or microscopic-based techniques [89,90]. The advancement in these methods has also ena- 309
bled the detection of the biofilms” components such as lipids, proteins, extracellular DNA, 310
and humic substances [91]. These structural observations can help researchers gain 311
knowledge about (i) the localization and shape of biofilm-forming species (e.g., rod- 312
shaped and/or cocci), (ii) how biomass pretreatment can be improved, and (iii) feedstocks 313
that are easily hydrolyzed and suitable for acidogenic biofilms, and (iv) information about 314
the process performance [18]. Techniques such as scanning electron microscopy (SEM), 315
fluorescence in-situ hybridization (FISH), three-dimensional excitation-emission matrix 316
(3D-EEM) fluorescence spectroscopy, and confocal laser scanning microscopy (CLSM) are 317
widely used for biofilm analysis [78]. Figure 2 shows the SEM results of Hx-producing bio- 318
films obtained from our laboratory (unpublished data). The SEM images that were ana- 319
lysed at the beginning of the fermentation process (10 hours) had a relatively smooth sur- 320
face compared to the SEM images acquired after 48 hours — implying that the biofilms were 321
thriving at this fermentation period and thus metabolized the carbon materials. 322

323
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324
6. Biofilm molecular analysis in biohydrogen reactors 325

The study of microbial species and their activities within biofilms can also be achieved 326
through molecular techniques, which until recently have become accessible due to techno- 327
logical advances in next-generation sequencing (NGS) technologies and their affordability, 328
yielding large-data sets for bioinformatic investigations [92]. From the extracted genomic 329
DNA (gDNA) of the biomass within biohydrogen reactors, metagenomic sequencing can 330
be performed following the amplification of the phylogenetic marker 165 rRNA gene. Such 331
an approach would allow the investigation of the presence and abundance of specific mi- 332
crobial groups during the biohydrogen process. In the same light, the extraction of RNA 333
from biofilm samples and the subsequent amplification of 165 rRNA genes from comple- 334
mentary DNA (cDNA) could also shed light on the active/dominant microbial populations 335
during biohydrogen production processes. Combining the abovementioned sequencing 336
techniques focused on identifying total and active microbial populations within studied 337
biofilms should provide useful fundamental information on the underlying fitness of tar- 338
geted microbial species responsible for biohydrogen production in relation to the presence 339
and activity of other microbial groups. Such basic information could provide the basis for 340
optimizing and engineering biofilms’ systems for biohydrogen processes. 341

Molecular techniques targeting specific genes implicated in biohydrogen production 342
can be achieved through reverse transcription polymerase chain reaction (RT-PCR), which 343
combines reverse transcription of RNA into cDNA followed by the amplification of spe- 344
cific DNA targets using polymerase chain reaction (PCR). Such a technique could help as- 345
sess and optimize processing conditions and engineer functional biofilm systems for bio- 346
hydrogen production. This method was successfully employed to elucidate the role of am- 347
monia-oxidizing microorganisms in acidic forest habitats by studying the amoA gene [93]. 348
Whole genome sequencing allowing for both the metagenome-assembly of the microbial 349
community and the recovery of metagenomes-assembled genomes (MAGs) could provide 350
interesting genomic insights as well as provide a reference for comparative studies with 351
isolate genomes derived from strains used for inoculating engineered biofilms. When com- 352
bined with meta transcriptomic analyses, engineered systems’ gene expression profiles 353
could further be explored to optimise experimental conditions for biohydrogen production 354
[94]. When applied in the context of biofilms in biohydrogen processes, such techniques 355
could provide fundamental knowledge of specific functional genes and their correspond- 356
ing hosts in engineered systems. 357
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358

Figure 2. Morphology of microbial biofilms analysed by SEM during biohydrogen produc- 359
tion from food waste after (a) 10 hours of fermentation, and (b) 48 hours of fermentation. 360
SEM images of biofilms from biohydrogen production using agricultural waste after: (c) 361
10 hours of fermentation, and (d) 48 hours of fermentation. 362

7. Conclusions and recommendations 363

Biofilms are metabolically complex and phylogenetically diverse species that play 364
various metabolic functions during the biohydrogen fermentation process, as demon- 365
strated in this review. These bacterial aggregates consist of active Hz-producers and non- 366
active He-producers, which provide many beneficial traits such as biohydrogen fermenta- 367
tion, biomass conversion, and inhibition of toxins. The enrichment of acidogenic biofilms 368
is highly dependent on factors such as the carrier type, reactor design, and micronutrients, 369
as shown in this work. Nevertheless, there are many unknowns regarding the co-metabolic 370
pathways of acidogenic biofilm-forming communities. Therefore, the following recom- 371
mendations are proposed for future studies in this research field. 372

373

¢ An extensive understanding of the key biofilm-forming assemblages during the ac- 374
idogenic fermentation will help researchers develop microbial characterization 375
strategies (biochemical and molecular tools) that are more effective in identifying 376
these complex and fastidious species. This will be instrumental in developing bio- 377
film starter cultures — consisting of different monoculture biofilms with synergis- 378
tic/symbiotic abilities and these can be used as model organisms for biohydrogen 379
optimisation studies, with the possibilities of scaling-up the process. 380

381

e The EPS remains the key component of microbial biofilms as it houses diverse phy- 382
lum communities. It has been quantified in some reports but not to its total capacity, 383
particularly when elucidating its roles in forming acidogenic biofilms. Therefore, it 384
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is essential to address these knowledge gaps as this will lead to many scientific
breakthroughs in biohydrogen process development.

e Further studies should be conducted to identify the optimal biocarrier materials,
biocarrier shapes, and reactors coupled with biocarriers to confer better biofilm
growth. Nanoparticles and coagulants have recently been suggested as these mate-
rials promote better aggregation and chemical bonds between various biofilms [78].

¢ Integrating biohydrogen processes with other technologies (e.g., biogas and bio-
electrochemical systems), under the concept of “circular economy”, could advance
this technology as some of these biotechnological processes have already reached
pilot-scale, implying that they have a potential for large-scale. The biohydrogen pro-
cess could be used as an initial biomass conversion/hydrolysis step followed by us-
ing acidogenic metabolites in the biogas or bioelectricity production.
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