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Abstract

This study looked at a fungal-cyanobacterial co-pellet system for cleaning up coffee waste
and producing high-value polymers. Optimization focused on the pelletization process,
waste removal efficiency, and biomass yield. Optimal conditions, including pH (6.5), glu-
cose concentration (6 g/L), and shaking speed (130 rpm), achieved a maximum cyanobac-
terial immobilization efficiency of up to 97% on the fungal mycelium. Scanning electron
microscopy (SEM) confirmed the formation of an integrated co-pellet structure, with fungal
hyphae acting as a physical scaffold and extracellular polymeric substances (EPSs) enhanc-
ing cell—cell adhesion. The co-culture system exhibited superior performance compared to
fungal (20.56 g/L) and algal (1.09 g/L) monocultures. It effectively removed major coffee
effluent pollutants, achieving a significant reduction in total phenolic compounds (74.5%).
Furthermore, the co-pellets displayed a remarkable final biomass yield (24.33 g/L) and
high production of extracellular polymeric substances (EPSs) (5.28 g/L) and intracellular
polymeric substances (IPSs) (3.84 g/L). The synergistic relationship was further confirmed
by high nitrogen contents in the co-pellets (15.24%), which significantly surpassed that of
the individual fungal biomass, suggesting interspecies nutrient transfer. Valuable glycerol-
lipids were detected and identified in the fermentative broth of the co-culture confirming
a highly efficient bioconversion process. Analyses revealed a targeted metabolic flow to-
ward the accumulation of monoglycerides, notably monooleoylglycerol and monopalmitin,
highlighting a powerful cooperative compatibility for producing high-value emulsifiers.
Overall, these findings firmly establish the cyano-fungal co-pellet system as a robust and
sustainable biorefinery approach for treating complex industrial wastewater while pro-
ducing a high-quality, value-added biomass suitable for utilization as a biofertilizer or
animal feed.

Keywords: filamentous fungi; cyanobacterium; coffee effluent treatment; biomass harvesting;
extracellular polymeric substances; lipids

1. Introduction

The escalating global population and industrial expansion have intensified environ-
mental challenges, consequently leading to pollution and resource depletion. Indeed, a
significant contributor to this issue is the generation of over 2 billion tons of solid waste
annually, a figure projected to increase by 70% by 2050 [1]. This includes a vast amount of
organic waste and residues from various sectors: for instance, agriculture, food, and indus-
try. Among these, spent coffee grounds (SCGs) and coffee effluents (CEs) are particularly
abundant, with an estimated 60 million tons of SCGs produced worldwide each year [2].

Catalysts 2025, 15,1102

https://doi.org/10.3390/catal15121102


https://doi.org/10.3390/catal15121102
https://doi.org/10.3390/catal15121102
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8483-4971
https://doi.org/10.3390/catal15121102
https://www.mdpi.com/article/10.3390/catal15121102?type=check_update&version=1

Catalysts 2025, 15, 1102

2 of 25

Consequently, this highlights the urgent need for effective circular economy strategies to
valorize these wastes.

Coffee processing waste, including SCGs and CEs, is a widely available, low-cost
resource rich in organic matter and nutrients. However, it also contains toxic compounds
like caffeine and melanoidins, which pose significant environmental concerns, particularly
in aquatic systems, due to their high organic load and dark coloration [3-5]. Despite
these challenges, recent research has revealed the presence of valuable non-carbohydrate
substances in coffee waste, such as phenolic compounds and vitamins, which may possess
prebiotic properties [6,7]. Thus, this dual nature underscores the importance of proper
waste management and composition analysis to unlock their potential as a source of
value-added compounds [8].

In this regard, various strategies have been explored to manage coffee waste, including
energy production and the recovery of valuable compounds like antioxidants, colorants,
and flavorings for the food and pharmaceutical industries [6,9,10]. A key focus has been on
using coffee waste as a sustainable feedstock for producing industrial enzymes and organic
acids through fermentation methods like solid-state fermentation (SSF) and submerged
fermentation (SmF) [11-13]. Additionally, coffee waste can serve as a substrate for the
production of bio-based polymers like polyhydroxyalkanoates (PHAs), which are gaining
interest due to their biodegradability and versatile properties [14].

Recent studies emphasize the increasing significance of environmentally friendly
management practices and the use of eco-technologies in the coffee sector [15-17]. Micro-
bial treatment is a promising approach to degrade the organic matter present in coffee
wastewater (CWW) [18]. The selection of effective microorganisms is a critical step in
the development of microbial treatment systems for CWW. Protocols have been devel-
oped to select efficient microbial consortia based on the physicochemical characteristics
of CWW. The diversity of the microflora present in coffee wastewater treatment plants
has been studied, revealing the presence of various microbial groups at different stages
of the treatment process [17,18]. Microbial processes are recognized as effective treatment
technologies for coffee wastewater, capable of decomposing pollutants [19]. Research has
shown the electrogenetic potential and organic matter removal capacity of industrial CWW
using native microbial communities in unconventional microbial fuel cells [20]. Similarly,
bioelectrochemical systems exploiting the ability of native microbial communities to de-
grade organic matter in agro-industrial coffee wastewater represent a solution for waste
degradation and energy recovery [20,21].

Among microbial approaches for cleaning up coffee effluents, fungal-algal co-
cultivation is a highly promising and sustainable biotechnological method. This synergistic
strategy leverages the complementary metabolic capabilities of fungi, which secrete ex-
tracellular enzymes to hydrolyze complex organic materials [22], and microalgae, which
efficiently absorb soluble nutrients and carbon dioxide. This partnership not only accel-
erates the breakdown of pollutants but also enables efficient biomass harvesting through
fungal self-pelletization [23]. Filamentous fungi, such as Aspergillus, Mucor, and Rhizo-
pus, naturally form myecelial pellets that can capture tiny microalgal cells [24], offering a
chemical-free and energy-efficient method for biomass separation. For instance, studies
have shown that co-cultivating Chlorella pyrenoidosa with Aspergillus lentulus pellets can
achieve up to 99% microalgal biomass harvesting [25]. Ultimately, this innovative approach
transforms coffee waste from an environmental liability into a valuable resource, aligning
with the principles of a green, circular, and sustainable bioeconomy [26].

In this regard, the current study introduces a novel and integrated biorefinery approach
that addresses the dual challenges of waste treatment and bioproduct generation from
coffee effluent. To the best of our knowledge, no prior work in the literature has explored
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the treatment of coffee effluent using a fungal-algal system, making our innovation unique.
This lies in developing a synergistic fungal-cyanobacterial co-culture system that not only
significantly enhances the removal of complex pollutants but also redirects metabolic
pathways to produce high-value polymers.

2. Results and Discussions

2.1. Optimization of Parameters for Cyano—Fungal Pelletizing Process
2.1.1. pH, Glucose, and Shaking Speed

This section investigated the impact of several factors, mainly those related to the
cyano—fungal pelletization process (Figure 1), such as pH, shaking speed, and glucose con-
centration, on the effectiveness of immobilizing algal biomass attached to mycelial pellets.
Fungal biomass requires a carbon source to grow and form cross-links with algae biomass.

Figure 1. Immobilization of Cyanobacteria S1 strain by T. versicolor (BS7) grown in co-cultures with vary-
ing ratios (BS7:S1): (a) time O, (b) for 24 h, (c) fresh harvested co-pellets, and (d,e) lyophilized co-pellets.

Figure 2a depicts the algal filament’s immobilization efficiencies into mycelial pellets
under five glucose concentrations (1, 3, 6, 9, and 12 g/L). The data presented in Figure 2
proved that immobilization efficiencies were significantly lower at low glucose doses (1 and
3 g/L) compared to higher concentrations (p = 0.028 < 0.05). During the 2 h co-pelletization
process, immobilization efficiency nearly reached 90%, with the exception of the 1 and
3 g/L doses. In contrast, it was noted that there was no significant difference (p = 0.1 > 0.05)
between the other glucose levels (6,9, and 12 g/L).

As aresult, 6 g/L of glucose was chosen as the best amount of carbon source addition
that enhanced the efficiency of algal cell immobilization on mycelial pellets. In line with
prior publications, these findings indicated that a carbon source was required to support
cyanobacteria harvesting and fungal-pellet growth [27]. Similarly, Gao et al. [28] reported
that the highest immobilization efficiency was achieved at 5 g/L of glucose. In contrast,
Wang et al. [29] found that a glucose concentration of 1.5 g/L was necessary for the growth
of fungi, while high concentrations of glucose can inhibit the growth of microalgae. Interest-
ingly, algal and fungal cells have thick cell walls with a complex macromolecular structure
composed primarily of cross-linked chitin and/or chitosan, glucans, mannans, protein, and
other polysaccharides [30]. Similar results demonstrated that the yields of mycelial biomass
and its chemical composition varied depending on the carbohydrate source presented in
the submerged culture [31]. Indeed, the variety of structural components ensures different
functional groups, which can bind molecules to varying degrees. According to previously
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reported literature, glucose and cultivation conditions may increase the growth of biomass
rich in acidic polysaccharides and lipids [32].
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Figure 2. Effects of glucose concentration (a), shaking speed (b), and pH (c) on the immobilization
efficiency of algal biomass attached to mycelial pellets. All values are means & SD (n = 3).

To achieve the best algal fungal co-pellets, several shaking speeds (75, 100, 130, 150,
and 180 rpm) were tested. The results showed that the immobilization efficiency gradually
improved as the shaking speed increased up to 130 rpm before decreasing within 1 h.
Over the next hour, immobilization efficiency increased significantly at all shaking rates
(p = 0.034 < 0.05; Figure 1b).

After a 2 h pelletization process, immobilization efficiencies were substantially greater
at 130 and 150 rpm (up to 95%) but relatively low at 180 rpm. Meanwhile, at 75 and 100 rpm,
immobilization efficiency increased rapidly with the first 4 h, reaching a maximum effi-
ciency of 72 and 77%, respectively. Thus, 130 rpm was selected as the optimal shaking
speed for the co-pelletization process. Similar results were found by Gao et al. [28], who
reported that the best algal fungal copellets (Chlorella vulgaris—A. oryzae) were obtained
at 140 rpm. Based on prior research, orbital shaking is performed to provide appropriate
mixing and oxygen supply for microbial cultivation [33]. Lower mass transfer rates at
lower liquid velocities are probably contributing factors to the significantly reduced im-
mobilization efficiency measured at 75 rpm [27,34]. Luo et al. [35] revealed that Pleurotus
ostreatus and Chlorella sp. cells displayed a co-pelletization effectiveness of 64.86% at
100 rpm for 150 min.

In scientific studies, pH is suggested as a key parameter affecting the fungal-algal
co-pelletization process [36]. Thereby, the impact of pH on algae harvesting was assessed
by increasing the pH value from 4.5 to 8.5. According to Figure 2c, the immobilization
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efficiencies were significantly higher at pH 6.5, 7.5, and 8.5 compared to the more acidic
conditions (pH 4.5, 5.5) within the first hour of the experiment. However, there was no
statistically significant difference between the three highest pH groups, indicating their
comparable initial performance.

Over time, the immobilization efficiency of all pH groups increased. Notably, pH
6.5 demonstrated the most consistent and highest efficiency throughout the experiment,
reaching a maximum of approximately 97% at 4 h. By this time point, the differences in
efficiency between pH 6.5, 7.5, and 8.5 were no longer statistically significant. This indicates
that prolonged contact time can overcome some of the initial pH-related differences and
that the process is highly effective within a near-neutral to slightly alkaline range. Con-
versely, the immobilization efficiency at pH 4.5 remained significantly lower throughout
the experiment, suggesting that highly acidic conditions strongly inhibit the attachment
process. In our study, we selected a pH of 6.2, which is the initial value of the coffee
effluent (CE).

The observed trends can be explained by the effect of pH on the surface charges of
the cells. Microalgae typically have a net negative charge on their cell surfaces due to
the presence of functional groups like carboxyl (-COOH), amine (-NH;), and phosphate
(-POy) groups. As the pH increases above 4-5, the carboxylic groups dissociate, leading
to a more negative charge. Fungal hyphae, in contrast, tend to have a net positive charge
in acidic conditions because their surface groups are protonated. This opposite charge
difference between the fungal and microalgal cells is a key driver for their aggregation
and attachment. The optimal performance at pH 6.5 suggests a point where the balance
between these attractive and repulsive forces is most favorable. This finding is supported
by the existing literature. For instance, Oliveira et al. [37] reported that highly acidic and
alkaline conditions can inactivate the flocculation activity of mycelial pellets, while higher
bioflocculation efficiencies were achieved in an alkaline pH range (8-9). Similarly, Luo
et al. [35] observed a very low immobilization efficiency below pH 6 due to changes in
cell surface zeta potential. Collectively, our results confirm that pH plays a critical role
in mediating the surface properties of the cells, which is a major factor in the successful
attachment or entrapment of microalgae onto fungal mycelial pellets.

2.1.2. Effect of Initial Algal Biomass on the Pelletization of Fungal-Algal Pellets

The data presented in Table 1 clearly show the effect of both time and initial al-
gal biomass concentration on the immobilization efficiency (IE%) of microalgae cells on
myecelial pellets.

Table 1. Immobilization efficiency (%) of microalgae cells on mycelial pellets with different initial
algal biomass (n = 3).

Initial Algal Biomass (cells/mL)

Time (h)

2.5 x 10° 1.5 x 107 3.5 x 107 4.6 x 108 1.6 x 10°
1 80.2 + 3.0 66.4 4+ 0.5 54.6 +1.5 482425 365+ 1.8
2 9534+ 1.0 72.5 4 4.0 67.3+4.2 56.4 + 1.8 491409
3 99.1 +2.0 924+ 1.0 96.5 + 3.5 66.2 £ 0.5 56.7 + 1.5
4 994425 99.4 4+ 0.9 99.2 + 1.1 77.6 + 1.5 69.7 + 0.2
5 99.5+ 1.0 99.6 + 1.1 99.7 + 0.9 95.8+0.5 7234+ 0.5

The initial results indicate a clear inverse relationship between initial algal biomass
concentration and immobilization efficiency (IE%) in the first few hours. For example, at
one hour, the lowest concentration (2.5 x 10° cells/mL) showed the highest IE% (80.2%),
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while the highest concentration (1.6 x 107 cells/mL) had the lowest (36.5%). This trend
suggests a diffusion-limited process where limited binding sites on the fungal pellets
become quickly saturated at higher algal densities, as supported by other research on
similar systems [29]. However, the data also reveal that with prolonged incubation time,
all initial concentrations converge to a high and stable IE% of over 95%. This demonstrates
a two-phase kinetic model. Following the initial physical attachment phase, a secondary
mechanism, likely driven by the secretion of extracellular polymeric substances (EPSs) by
the fungi, becomes dominant [32]. These EPSs act as bio-flocculants, creating a matrix that
effectively captures more algal cells and overcomes the initial saturation effect. This finding,
consistent with other studies [35,36], shows that while the initial rate of immobilization is
concentration-dependent, the overall efficiency is robust and time-dependent. This makes
the process highly scalable for harvesting microalgae across a wide range of cell densities.

2.2. Structural and Elemental Characterization of Pellets Under Different Culture Conditions
2.2.1. Pellets Morphology

Scanning electron microscopy (SEM) was used for highlighting microstructural in-
formation and surface topography of lyophilized fungal, algal, and fungal-algal pellets
photographed at various magnifications (Figure 3). As seen in Figure 4, the SEM micro-
graphs provide valuable information regarding the morphological arrangement of the
different pellets. The micrograph of the lyophilized fungal pellets (Figure 3a,a”) showed
a closely aggregated, fibrous, and highly inter-entangled network. The general pellet
structure overall appears to be dense under 300 x magnification, while the 600 x magnifica-
tion renders the individual hyphae evident, which are filamentous in natural structures
that make up the fungal mycelium. This three-dimensional, complex matrix provides the
mechanical integrity and large surface area of the fungal pellets.

On the second option, algal pellets are more clumped and amorphous. At 260X
magnification (Figure 3b), pellets are observed as clusters of individuals and spherical cells,
with minimal structural support keeping them together. At 600x (Figure 3b’), the smooth
and clear cell surfaces of the individual cyanobacteria cells are observable. This lack of an
in-built binding network is the reason why algal biomass harvesting is challenging and
energy-intensive.

The SEM micrographs from Figure 3c,c” distinctly illustrate the unique integrated
structure of co-pellets. The fungal hyphal network is clearly visible, acting as a scaffold
upon which the cyanobacterial cells are fixed. This synergy is evident, demonstrating that
the fungus provides the necessary structure for supporting and clumping cyanobacterial
cells, thereby immobilizing them [37]. This finding confirms fungal-algal co-pelletization
as an economical and highly efficient method for algal cell harvesting, as it transforms a
difficult-to-separate algal suspension into a recoverable, high-density biomass. Similarly,
Ogawa et al. [38] have suggested the process of fungal-assisted cellular immobilization
as a suitable method for algal harvesting. The formation of stable fungal-algal co-pellets
originates from complex biological interactions rather than simple physical gathering.
The literature indicates that this robust structural integrity is mediated by several critical
mechanisms. Specifically, Hamidi et al. [30] highlighted that fungal cell walls are thick
and possess a complex macromolecular architecture, primarily composed of cross-linked
chitin/chitosan, glucans, mannans, proteins, and other polysaccharides. The unique cell
wall composition and surface-binding characteristics of the filamentous cyanobacterium
and the fungal strain collectively stabilize the developed structure. Moreover, cellular
adhesion is facilitated by specialized glycoproteins and other surface proteins on the cell
surfaces, which is a process analogous to the fungal recognition and binding of microalgae
during lichen formation [39].
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Figure 3. Scanning electron microscopy (SEM) micrographs of lyophilized pellets: (a) fungal pellets

at 300x and (a") 600x magnification; (b) algal pellets at 260x and (b") 600x magnification; and
(c) fungal-algal co-pellets at 260 x and (c”) 500 x magnification.
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Figure 4. SEM-EDS analysis of (a) algal pellets (S1) of (b) mycelial pellets of Trametes versicolor BS7,
and (c) fungal-algal pellets.

In addition, the filamentous nature of both the cyanobacterium and the fungus, with
their elongated shapes, allows them to intertwine and form a robust, three-dimensional
physical structure. This acts as a living scaffold, effectively immobilizing the algal cells [40].
Accordingly, Talukdar & Barzee [27] examined the synthesis of extracellular polymeric
substances (EPSs), which provide cells with a sticky matrix to hold them together, enhancing
this structural contribution. The combination of the fibrous fungal structure with the
cellular algal aggregates results in a co-pellet with enhanced mechanical strength and a
distinct, hybrid morphology that is superior for both harvesting and potential downstream
applications [41].
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2.2.2. Elemental Composition

The elemental composition analysis by EDS provided quantitative data on the weight
percentages of key elements in the three pellet types: algal (S1), fungal (Trametes versicolor
BS7), and co-pellets (S1+BS7).

The results in Table 2 and the corresponding EDS spectra (Figure 4) confirm significant
differences in elemental profiles, reflecting the distinct biological compositions of each
biomass type. Carbon (C), nitrogen (N), and oxygen (O) are the dominant elements across
all samples, as expected for biological materials.

Table 2. Elemental composition (%) of the (a) algal pellets, (b) mycelial pellets, (c) and made-pellets
(SEM-EDS analysis).

Elemental Composition (%)

Compounds (%) Weight (%)
Elements (a) S1 (b) BS7 (c) S1+BS7
C 24.88 27.88 27.89
N 5.27 13.63 15.24
@) 51.26 48.83 50.50
Na 15.97 0.66 0.50
Mg 0.13 0.32 0.21
Al 0.20 - 0.14
Si 0.10 - -
0.30 1.22 0.56
S 0.34 0.47 0.32
Cl 0.66 2.80 2.23
K 0.89 418 2.41

Additionally, EDS analysis revealed that fungal pellets exhibited the highest concen-
trations of nitrogen (13.63%), phosphorus (1.22%), and potassium (4.18%). This finding
suggested that the high nitrogen content is characteristic of fungal biomass, which is rich
in proteins and chitin (a nitrogen-containing polymer). Moreover, the high levels of P and
K suggest efficient nutrient uptake from the growth medium, which is essential for fungal
metabolism. In contrast, the algal pellets showed a unique profile, most notably with a very
high concentration of sodium (15.97%). This likely indicates that the Persinema sp. algae
were grown in a saline or brackish medium, and the sodium was effectively absorbed and
accumulated within the cells. The lower nitrogen content (5.27%) compared to the fungal
and co-pellets indicates a lower protein-to-carbohydrate ratio in the algal biomass.

However, the co-pellets (51+BS7) presented a blended elemental composition, demon-
strating the successful integration of the two organisms. The most notable finding is the
sharp increase in nitrogen content (15.24%) in the co-pellets, surpassing even the fungal
monoculture. This is a significant finding and suggests a symbiotic relationship where the
nitrogen-fixing cyanobacteria provide a readily available nitrogen source for the fungal
partner, leading to a high-nitrogen composite biomass [42].

The concentrations of other key minerals like potassium (2.41%) and phosphorus
(0.56%) in the co-pellets lie between those of the two monocultures. The dramatic decrease
in sodium content (from 15.97% in S1 to 0.50% in S1+BS7) further supports the idea that the
fungal hyphae acted as a scaffold to not only capture the algal cells but also to potentially
alter the overall ionic composition of the co-pellet, possibly through active uptake or
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exclusion of certain ions from the surrounding medium. These elemental composition
results, particularly the elevated nitrogen in the co-pellets, highlight the potential of this
synergistic system for producing a nutrient-rich biomass suitable for applications like
animal feed or biofertilizer [43]. The significant reduction in sodium also has implications
for potential applications where a low-salinity product is desirable.

2.3. Performance Evaluation of Fungal, Algal, and Fungal-Algal Co-Pellets in the Treatment of
Coffee Effluent

2.3.1. Fermentative Broth Analysis: Physicochemical Characterization

Table 3 presents the physicochemical characteristics of the culture extract (CE) before
and after 9 days of treatment using different culture conditions: fungal pellets (monocul-
ture by BS7), algal pellets (monoculture by S1), and fungal-algal co-pellets (co-culture by
BS7+51).

Table 3. Evaluation of the removal efficiency (RE) of physicochemical parameters from raw cof-
fee effluent by monoculture (fungal and cyanobacterial) and co-culture (cyano—fungal) treatments
(value = X £+ SD).

Parameters Culture Conditions and Removal Efficiency (%)

RwcE Montn o R oy A
Units Raw CE Values RE @ (%)  Values RE (%) Values RE (%)
pH 6.2+0.2 48+0.1 - 6.0 0.1 - 55+02 -
Conductivity (us/cm) 486 + 2.3 967 £ 1.5 - 525+ 5.2 - 997 £1.7 -
Color (m~1) 420 £ 4.5 85+ 09 79.7 £ 1.2 320£23 2381+13 67+02 84 + 0.05
oM (%) 33.8 £1.86 24 +1.95 289 +24 27 £2.25 2012+24 19+11 437 £ 2.3
BODs5 (g/L) 525+ 0.1 2254028 571+24 424+04 20.00 £ 05 1.25+02 76.1 £0.3
COD (g/L) 10.8 £0.8 549 £ 0.5 492 £3.1 83+0.8 232+14 35+09 67.6 £ 3.5
P (%) 2.9 £0.02 2.37 £ 0.5 182+£0.8 27£07 6.90 = 0.7 24 0.02 293+ 0.9
TKN (%) 1.03£0.02 1.0+ 0.01 - 1.03£0.01 - 1.4 +0.07 -
FA (%) 1.38 £0.5 052+005 6231+05 1.02+0.02 26=+1.08 0.7 £ 0.02 492 +1.2
TPC (%) 64 £+ 04 1704 £02 73384+04 454+04 29.69+04 163+0.2 745403

(@ RE: Removal efficiency; OM: organic matter; BODs: biological oxygen demand; COD chemical oxygen demand;
TPC: total phenolic compounds; P: phosphorus; TKN: total Kjeldahl nitrogen; FA: fatty acids (hexane/Soxhlet).

The physicochemical characteristics of the raw coffee effluent (CE) and the treated
effluent after 9 days are summarized in Table 3.

The initial pH of the raw CE was 6.2 £ 0.2, and it shifted after all treatments, though
the RE (%) metric is not applicable for this parameter. Specifically, the monoculture by
Trametes versicolor (BS7) significantly acidified the effluent, lowering the pH to 4.8 - 0.1,
which suggests the production of acidic metabolic byproducts. In contrast, the monoculture
with cyanobacteria (S1) maintained the pH at a near-neutral 6.0 = 0.1.

The cyano—fungal co-pellet treatment (BS7+51) resulted in an intermediate final pH of
5.5 £ 0.2, indicating a complementary metabolic activity where the acidic outputs of the
fungus may have been partially buffered or neutralized by the cyanobacteria. Additionally,
conductivity significantly increased across all treatments, reaching the highest value in the
co-culture (997 £ 1.7 pus/cm), followed closely by the BS7 monoculture (967 £ 1.5 pus/cm).
This increase is attributed to the release of dissolved ions and mineral salts resulting from
the microbial breakdown of complex organic molecules.
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Data presented in Table 3 show that all cultures effectively reduced the color of the
coffee effluent, with the cyano—fungal co-culture achieving the most significant reduction
of 84 + 0.05% followed closely by the fungal monoculture (97.7 & 0.1%). This highlights
the superior performance of the combined biological system.

The results show a change in total Kjeldahl nitrogen (TKN). While the final TKN
concentrations for the monocultures remained stable or slightly decreased compared to
the raw CE (1.03 £ 0.02%), the co-culture resulted in an increase in TKN to 1.4 4+ 0.07%.
This elevated TKN suggests the successful conversion of the organic load into microbial
biomass and/or possible nitrogen fixation by the cyanobacteria, which increases the total
nitrogen within the system.

The results underscore the superior performance of the cyano-fungal co-pellet system
for treating coffee effluent, as demonstrated by its highest efficiency in reducing pollutants
such as organic matter (43.7 &£ 2.3%), BODs (76.1 £ 0.3%), and COD (67.6 £ 3.5%). The
significant reductions observed in the co-culture, as opposed to the individual monocul-
tures, suggest a strong synergistic effect between the fungal (Trametes versicolor) and algal
(cyanobacteria) species. Specifically, the fungus breaks down complex organic molecules,
creating simpler compounds that the algae can then utilize for growth and metabolism.

Consequently, this metabolic collaboration leads to a more comprehensive and efficient
degradation process. In addition, the cyano—fungal system achieved a balanced pH of
5.5, indicating a complementary metabolic activity where the acidic byproducts of the
fungus are neutralized by the algae. Notably, the co-culture and the fungal monoculture
were highly effective at reducing total phenolic compounds (TPC) (74.5 £ 0.3) and almost
completely eliminated caffeic acid. This detoxification is primarily attributed to the phenol
oxidases, like laccases, produced by T. versicolor [44]. The results suggest that this combined
biological system offers a robust strategy for the bioremediation of complex industrial
wastewater and holds potential for nutrient recovery [45].

2.3.2. Phenolic Profile

The polyphenol composition of ethyl acetate extracts from coffee effluent (CE) was
analyzed after treatment by the fungal monoculture (BS7), the algal monoculture (S1), and
the co-culture (BS7+51), with the raw, non-treated CE serving as a control. The results,
summarized in Table 4, reveal significant changes in both the concentration and profile of
phenolic compounds following biological treatment.

All three culture conditions demonstrate efficacy in reducing the total polyphenol con-
centration in the raw coffee effluent (CE-NT), which initially measured 7.9315 mg/mL and
was dominated by Tyrosol and Epicatechin. However, their efficiencies varied significantly.
The S1 monoculture (algae) proved to be the least effective, achieving a residual total concen-
tration of 5.7391 mg/mL. Conversely, the BS7 monoculture (fungus) was substantially more
capable, reducing the concentration to 2.0447 mg/mL. Furthermore, the fungal treatment
showed evidence of biotransformation, as new compounds such as 3,4-Dihydroxybenzoic
acid and Rutin were detected in the final extract. Crucially, the co-culture (BS7+51) was the
most highly effective system, reducing the total polyphenol concentration to a minimum
of 0.9443 mg/mL. This superior performance confirms the highest removal efficiency and
resulted in the near-complete elimination of the major inhibitory compounds, Tyrosol
and Epicatechin.

Data from Table 4 and HPLC spectra (Figure S1, Supplementary Materials) demon-
strate a major decrease in the total phenols in CE. This may be explained by the crucial role
of the fungus T. versicolor (BS7) in the bioremediation of coffee effluent by secreting laccases,
a type of phenol oxidase. These enzymes are powerful catalysts for the degradation of
phenolic compounds, which are a major source of toxicity in the effluent [46]. The primary
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function of laccases is to oxidize a wide range of substrates using oxygen as the final
electron acceptor, a process that is highly effective at breaking down complex and often
toxic phenolic structures into simpler molecules. This enzymatic activity is the primary
reason for the observed significant reduction in total polyphenols in the co-culture system.

Table 4. Polyphenol composition via HPLC of CE-ethyl acetate extracts; not treated (CE-NT) and
treated with BS7, S1, and co-culture (BS7+51).

Compounds R.etentio’n Raw CE-T CE-T CE.T
Time (min) CE_NT (BS7+S1) (BS7?7) (S1)
Gallic acid 7.161 0.0013 0.0297 - 0.02
3,4-Dihydroxybenzoic acid 10.345 0.0032 0.0050 0.0025 0.0018
Hydroxytyrosol 10.347 0.0802 0.0001 0.0130 0.0672
Chlorogenic acid 11.291 0.0241 0.0010 0.0142 0.0099
Catechin 12.160 0.0029 0.0091 0.0026 0.0003
Tyrosol 12.536 5.8849 0.8276 1.9555 3.9294
Caffeic acid 13.124 0.0678 0.0005 ND 0.0673
Epicatechin 13.925 1.6549 0.0215 0.0304 1.5
Vanillic acid 13.974 0.0018 0.0010 0.0032 ND
Rutin 15.156 0.0123 0.0081 0.0046 0.011
Verbascoside 15.950 0.0588 0.0021 0.0012 0.041
Luteolin glucoside 16.568 0.0115 ND ND 0.004
p-Coumaric acid 17.135 0.0114 ND ND 0.01
Apigenin-7-glucoside 17.949 0.0454 0.0047 ND 0.033
Ferulic acid 18.282 0.0016 0.0034 ND 0.001
Oleuropein 18.702 0.0334 ND 0.0127 0.03
Naringenin 21.153 0.0015 0.0010 0.0003 0.001
Luteolin 22.241 0.0193 ND ND 0.0182
Quercetin 22.717 0.0118 0.0141 0.0009 0.013
Apigenin 25.717 0.0031 0.0020 0.0009 0.001
Ascorbic acid 4.819 ND 0.0136 0.0001 ND
Total Concentration 7.9315 0.9443 2.0447 5.7391

ND: not detected.

The cooperative relationship between the fungus and algae (S1) is enhanced by this
process; laccases reduce the toxicity of the medium, creating a more favorable growth
environment for the microalgae, thereby contributing to the overall high biomass yield.
As demonstrated by recent research, laccase-secreting fungi are exceptionally efficient at
removing phenolic pollutants from industrial wastewater [47].

Regarding the appearance of ascorbic acid, its presence in the treated sample suggests
it is a metabolic byproduct of the co-culture’s activity. This indicates a more complex
metabolic interaction where the microorganisms not only break down pollutants but
also synthesize new, potentially valuable compounds. Kuivanen et al. [43] demonstrated
similar findings when testing the engineered filamentous fungus Aspergillus niger in the
conversion of D-galacturonic acid to L-ascorbic acid. In the same line, many studies
reported that they catabolize the main sugars present in pectin-rich agro-industrial residues
hydrolysates, particularly d-galacturonic acid and l-arabinose, into ascorbic acids used by
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microorganisms [49,50]. This finding highlights the dual benefit of the co-culture system:
effective bioremediation combined with the production of value-added products.

2.3.3. Biomass, EPS, and IPS Yields

The final biomass and intracellular polymeric substances (IPSs) and extracellular
polymeric substances (EPSs) yields were measured for three culture conditions: fungal
monoculture (BS7), algal monoculture (S1), and a co-culture of both (BS7+51). The results,
presented in Figure 5, highlight significant differences among the culture types.

IPS(g/L) EPS (g/L) mBiomass (g/L)

co-culture BS7+S1 E H

monoculture S1  FESSH

monoculture Bs7 E H

Biomass (g/L)

Figure 5. Final biomass, EPS, and IPS yields across algae S1, fungus BS7, and S1+BS7 cultures in the
optimal conditions grown in CE-based medium (10 days). Data represent means of triplicate + SD.

As seen in Figure 5, the biomass yield varied significantly with the culture conditions.
The S1 monoculture gave the lowest biomass yield at around 1 g/L. In contrast, the BS7
monoculture gave a much higher yield at around 20.5 g/L. The best-performing co-culture,
however, was BS7+51, which had an end-biomass yield of about 24.5 g/L. In addition, the
same pattern was also reflected in the production of extracellular polymeric substances
(EPS). A concentration of approximately 3 g/L of EPS was yielded by monoculture S1,
while approximately 18.5 g/L was yielded by monoculture BS7.

Regarding intracellular polymeric substances (IPSs), the yields were significantly
lower than biomass and EPS. The S1 monoculture produced a very low IPS yield of about
0.25 g/L. However, the BS7 monoculture had a higher IPS yield of around 3.5 g/L. The
co-culture surpassed both, reaching an IPS yield of approximately 6 g/L.

Our results provide evidence of a symbiotic or synergistic relationship between the
fungal and algal species when grown in coffee effluent. The consistent and substantial
increase in biomass, EPS, and IPS yields in the co-culture system, compared to the sum
of the individual monoculture yields, indicates a metabolic cooperation that optimizes
resource utilization from the waste medium.

Along the same line, Gultom et al.’s [51] study showed that the mixotrophic co-culture
of Chlorella vulgaris and Aspergillus niger produced much more biomass than either strain
grown alone. This phenomenon often results from a mutual exchange of metabolites
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and resources between the two organisms, similarly to the symbiosis seen in natural
lichens [52,53]. The high yields of all three components in the co-culture system demonstrate
its potential as an efficient platform for both the bioremediation of coffee effluent and the
production of a nutrient-rich biomass and valuable biopolymers [54]. This dual benefit
makes the co-culture an attractive and sustainable solution for waste management and
resource recovery.

2.3.4. Lipid Profiling of Cellular Biomass and Fermentative Broth

The economic viability and value-added potential of the cultivation system were
assessed by quantifying the lipid content and analyzing the fatty acid methyl ester (FAME)
profile of the fungal mono-culture (B57 pellets), the algal mono-culture (S1 pellets), the co-
pellet system (B57+51), and the original crude extract (CE_NT) of the spent coffee ground
(SCG)-based wastewater before treatment (Table 5).

Table 5. Fatty acid profile comparison between different culture conditions: cyano-monoculture (S1
pellets), fungal monoculture (BS7 pellets), and co-culture (51+BS7).

Carbon:

Sample Name Saturated/Unsaturated Position Formula (% of FAME)
Palmitic acid, methyl ester Saturated C16:0 Ci7H340, 6.72
linolenic acid, methyl ester Unsaturated C18:3 Ci19H340, 7.69
CE NT Oleic acid, methyl ester Unsaturated C18:1 Ci9H360, 7.09
extract Stearic acid, methyl ester Saturated C18:0 C19H350, 2.16
Eicosanoic acid, methyl ester Saturated C20:0 Cy1Hypp Oy 1.32
Lipid extra'ction yield (% of 259%
the dry weight)
Palmitic acid, methyl ester Saturated C16:0 Ci19Hy9O, 4.14
. ZD,giig?anC(:t(;/?s:(C}l;)propyl e Saturated C12:0 C1oH3404 116
pellets a-Linolenic acid, methyl ester Unsaturated C18:3 Cy1H350; 1.36
Oleic Acid, (Z)-, methyl ester Unsaturated C18:1 Cy1Hypp Oy 9.15
Lipid extra.ction yield (% of 17.9%
the dry weight)
Palmitic acid, methyl ester Saturated C16:0 C19Hy00, 5.57
a-Linolenic acid, methyl ester Unsaturated C18:3 Cy1H350; 1.86
S1 pellets Oleic Acid, (Z)-, methyl ester Unsaturated C18:1 Cy1Hpp Oy 2.73
;:Iilse;g;ﬁ,eljt—eericosatrienoic acid Unsaturated C20:3 C1Hz607 1.5
Lipid extraFtion yield (% of 129%
the dry weight)
i;g;t;fi eQSCtee r;oic acid, (E), Unsaturated C18:1 Cy1HgpO5 411
BS7+S1 Palmitic acid, methyl ester Saturated C16:0 Ci19Hy0O, 9.99
co-pellets  eic Acid, (Z), methyl ester Unsaturated C18:1 Cy1HyppO, 8.91
Lipid extraction yield (% of 23%

the dry weight)
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The data reveal notable differences in FA composition and lipid extraction efficiency,
providing valuable insights into the lipid metabolism of each culture and the potential
synergistic effects of co-culture.

The lipid extraction yields varied considerably between the samples (Table 5), indicat-
ing a significant influence of the cultivation mode. The initial untreated extract (CE_NT
extract) showed the highest yield, reaching 25%. CE-NT was the reference (feedstock)
for the microorganisms. The co-culture of BS7 and S1 (BS7 + S1 co-pellets) also exhibited
a substantial yield of 23%. Although this yield is lower than that of the initial extract,
it clearly surpasses the yields obtained by the monocultures. Specifically, the monocul-
tures presented lower yields: 17.9% for the BS7 pellets (fungal) and 12% for the S1 pellets
(cyanobacterial). These results suggest that a co-culture strategy can optimize lipid produc-
tion compared to individual cultures, possibly due to synergistic interactions between the
two microorganisms.

The analysis of FAME profiles using gas chromatography—mass spectrometry (GC-MS)
reveals notable qualitative and quantitative differences between the culture extracts. The
raw coffee effluent sample (CE_NT) is characterized by a diversity of fatty acids, with a
predominance of oleic acid (C18:1, 7.09%), linolenic acid (C18:3, 7.69%), and palmitic acid
(C16:0, 6.72%). Stearic acid and methyl ester (C18:0, 2.16%) and eicosanoic acid and methyl
ester (C20:0, 1.32%) are also present, illustrating the lipid complexity of the initial lipid
profile in the media culture. This finding indicates the waste of coffee, reinforcing the fact
that coffee effluents can find applications as a bioconversion feedstock [55].

The BS7 monoculture is dominated by (Z)-oleic acid and methyl ester (C18:1, 9.15%)
and palmitic acid and methyl ester (C16:0, 4.14%). Smaller amounts of «-linolenic acid
and methyl ester (C18:3, 1.36%) and dodecanoic acid and 2,3-bis(acetyloxy)propyl ester
(C12:0, 1.16%) are also detected. This profile is typical of fungal lipids, often characterized
by monounsaturated and medium-chain saturated fatty acids.

The S1 pellets present a different profile, with palmitic acid, methyl ester (C16:0, 5.57%)
as the most abundant FAME. (Z)-oleic acid, methyl ester (C18:1, 2.73%) and «-linolenic acid,
methyl ester (C18:3, 1.86%) are also significant. The presence of cis-8,11,14-eicosatrienoic
acid and methyl ester (C20:3, 1.5%) is notable, highlighting the ability of the cyanobacterium
51 to produce long-chain polyunsaturated fatty acids.

The co-culture resulted in a modification of the lipid profile. The predominant FAMEs
are palmitic acid and methyl ester (C16:0, 9.99%) and (Z)-oleic acid and methyl ester (C18:1,
8.91%). (E)-9-octadecenoic acid and methyl ester (C18:1, 4.11%) are also identified, and their
appearance or increased quantification in the co-culture compared to the monocultures
suggests an activated or modified metabolic pathway. The proportions of the C16:0 and
C18:1 fatty acids are higher in the co-culture compared to the monocultures, indicating a
favored synthesis of these lipids in this combined environment.

Regarding the FAME profile, the co-culture led to a proportional increase in saturated
(C16:0) and monounsaturated (C18:1) fatty acids. These lipids are particularly sought after
for various industrial applications, including biofuel production and green chemistry. The
identification of (E)-9-octadecenoic acid specifically in the co-culture at a higher proportion
(4.11%) than previously is a key indicator. This could mean the activation of specific
metabolic pathways or a modification of carbon fluxes under the influence of the interaction
between the two microorganisms. It is also observable that some minor fatty acids present
in the monocultures are less prevalent in the co-culture, which could suggest a channeling
of resources towards the synthesis of the dominant fatty acids. These findings suggest that
the co-culture of BS7 and S1 is a promising strategy for the quantitative and qualitative
improvement of lipid production. This approach not only allows for increased yields
but also modulates the lipid profile towards fatty acids of industrial interest [56,57]. For
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instance, C16:0, C18:0, C18:1, and C18:2 were known as the most common components
in biodiesel. In the same line, Annal et al. [58] reported the use of SCG as a renewable
feedstock for biodiesel production through an electrolysis process.

Conversely, the lipid composition of the extracellular fraction (fermentation broth) was
characterized using GC-MS. The resulting chromatogram (Figure 6) confirmed the presence
of several distinct lipid compounds, with the quantitative profile detailed in Table 6.
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Figure 6. Chromatography-Mass Spectrometry (GC-MS) chromatogram of lipids extracted from the
S1+ BS7 Co-culture Fermentative Broth (15% CE, 130 rpm, 30 °C).
Table 6. Lipid profile of the fermentative broth from the cyano-fungal (S1+BS7) co-culture using GC-MS.
Name Retention Time Formula % Area
9-Octadecenoic acid, (E), TMS derivative 18.475 Cy1HyO,Si 1.11
Palmitic acid, TMS derivative 19.185 C19H400,S1 0.99
Oleic acid, (Z), TMS derivative 20.985 Cy1Hygp OS50 9.91
2-Palmitoylglycerol. 2TMS derivative 23.540 Co5H54045i1, 4.66
1-Monopalmitin. 2TMS derivative 23.855 Co5H54045i1, 10.37
1.3-Dipalmitin. TMS derivative 24.693 Cp5Hs54045i1, 6.44
2-Monooleoylglycerol trimethylsilyl ether 25.159 Co7Hs6045:0 14.92
1-Monooleoylglycerol. 2TMS derivative 25.730 Co7Hs60451, 21.6

The most significant portion of the analyzed profile consists of glyceride derivatives
(esters of glycerol and fatty acids), confirming major lipolytic and lipogenic activity by the
co-culture. Specifically, the major compound categories identified were monoacylglycerols
(MAGs), diacylglycerols (DAGs).

Among these, monoacylglycerols (MAGs) accounted for 21.6% of the total detected
compounds, were the abundant constituents, and included primarily 1-Monooleoylglycerol
(2TMS derivative). Additionally, other significant MAGs were 2-Monooleoylglycerol
(14.92%), 1-Monopalmitin (10.37%), and 2-Palmitoylglycerol (4.66%). Diacylglycerols
(DAGs) such as 1,3-Dipalmitin were detected at 6.44%. Thus, the glyceride profile confirms
a profound redirection of metabolic flow within the co-culture, establishing a clear devia-
tion towards complex glycerol-lipids (MAGs and DAGs) over simple fatty acids. This is
highly significant, particularly since the S1 partner is a cyanobacterium. As cited in the
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literature, cyanobacteria inherently do not accumulate triacylglycerols (TAGs), and their
photosynthetic membranes are constructed from various diacylglycerols (DAGs), which
supports the observed profile’s focus on DAGs/MAGs rather than TAG storage [59]. The
resulting mutual interaction between the cyanobacterium (S1) and the fungus (BS7) creates
a synergistic environment capable of enhancing and/or redirecting metabolic pathways for
the substantial production of these specific glycerides (MAGs and DAGs). The high yield
of 1-Monooleoylglycerol (21.6%), 2-Monooleoylglycerol (14.92%), and 1-Monopalmitin
(10.37%) highlights a powerful cooperative compatibility, transforming waste into high-
value emulsifiers [60]. These findings suggest that cyano-fungal co-cultivation is not just a
bioremediation process but also an effective and sustainable method for the generation of
high-value products from industrial waste [60,61].

3. Materials and Methods
3.1. Brown-Colored Coffee Effluent (CE)

Model brown-colored coffee effluents (CEs) are prepared by dissolving a weight
of spent coffee ground (SCG) powder in distilled water, similarly to the study of Satori
& Kawase [62]. Prior to use, CE was centrifuged at 8000 rpm to remove suspended
solids (Universal 320R Hettich centrifuge). SCG samples were sourced from Cafe-Fayez-
Sfax (P34°44'32.1" N 10 45'12.6" EPQR3+V9X, Sfax-Tunisia). The CEs were autoclaved
and stored in stainless steel boxes in a temperature-controlled room until analysis. The
physicochemical characteristics of the CE are shown in Table 7 (mean values + SD; n = 3).

Table 7. Physical and chemical characteristics (mean values + SD; n = 3).

Parameters Units Value/100 g SCG
pH 6.2+ 0.22
Conductivity (us/cm) 486 £ 0.8
Dry matter (%) 34 +£1.53
Organic matter (%) 33.86 + 2.86
Ash (%) 0.67 £ 0.07
BODs * (g/L) 525+0.5
COD ** (g/L) 10.82 £+ 1.09
Phosphorus (%) 294022
Total Kjeldahl nitrogen (%) 1.03 £ 0.03
Humidity (%) 6504
Fatty acids (hexane/Soxhlet) (%) 1.38 + 0.2
Total phenolic compounds (TPCs) (%) 64 £04
Total phenolic compounds (TPCs) (HPLC) (%) 16 £ 1.5
Caffeic acid (HPLC) (%) 0.134 £ 0.03

* BODs: Biological oxygen demand. ** COD: Chemical oxygen demand.

3.2. Strains and Culture Conditions

The fungus Trametes versicolor (BS7), with GenBank accession number PP475462, was
newly isolated for this study from decaying wood near Ain Draham, Tunisia. For long-
term storage, T. versicolor spores were preserved in 20% (v/v) glycerol at —80 °C and
subcultured every six months on malt extract agar (MEA) (1.5%) plates incubated at 30 °C
(Memmert BM400 incubator, Schwabach, Germany). The native isolate Persinema sp. (S1),
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a filamentous cyanobacterium previously isolated in our laboratory (GenBank accession
number PP662646), was used in the experiments.

Although Persinema sp. is phylogenetically classified as a cyanobacterium (a prokary-
ote), the terms “algae” or “microalgae” are frequently used in the literature to collectively
describe photosynthetic microorganisms, including cyanobacteria, in the context of biomass
harvesting, bioremediation, and industrial applications. Throughout this manuscript, we
primarily use the term “cyanobacterium” or “cyanobacterial” when referring specifically
to our strain, while the broader term “fungal-algal co-pelletization” is retained in general
discussion and section titles to align with common usage in the bioengineering literature.

The algal cells were cultured in a sterilized Blue-Green (BG-11) medium at 26 °C
under a light intensity of 60 pmol photons m~2 s~! with a daily photoperiod of 12 h.
The BG-11 medium consists of the following components (in g/L): K;HPO, (0.0314),
NaNOj3 (1.5), NaCOs (0.020), CaCl, - 2H,0 (0.0367), MgSOy4 - 7H,0 (0.036), disodium mag-
nesium EDTA (0.001), citric acid (0.0056), and ferric ammonium citrate (0.006).

3.3. Standard Cultivation

Prior to experiments, precultures were performed to obtain fungal and algal cells in
the exponential phase. From completely developed fungal and/or algal culture plates,
four 1 cm? diameter plugs were inserted into 250 mL cotton-plugged Erlenmeyer flasks
filled with 100 mL of 1.5% malt extract broth (ME-broth) (pH 5.0 & 0.5) (BIOKAR Diag-
nostics, Pantin, France, Ref A1101) and BG-11 liquid medium for the mycelial and algal
cells, respectively. Fungal pre-cultures were shaken at 30 °C and 150 rpm for three days
(ALabTech, Daihan Labtech Co., Ltd, Gyeonggi-do, Republic of Korea). While the algal
culture was constantly lit at 60 hE m~2s~! for 6 days in BG-11 until they reached the
exponential growth phase before being used as inoculum in the experiments. Further,
myecelial and algal cell suspensions were obtained using an Ultra Turrax homogenizer
(IKA T25, Staufen im Breisgau, Germany). The suspension solution was diluted ten times
before the measurement, and the cells were counted in a volume of 1/250 uL each. For
the inoculation, algal cells and spores were measured using a Thoma counting cell (with
a depth of 0.1 mm) and under a light microscope (Leica DM 1000LED Optical, Wetzlar,
Germany). Unless indicated, the initial algal cell and fungi inoculation concentrations were
2.5 x 10° cells/L and 3.5 x 10° spores/L, respectively.

Marine filamentous cyanobacterium Persinema sp. (S1) and basidiomycete Trametes
versicolor (BS7) were cultured under three different conditions: monoculture of T. versicolor,
monoculture of Persinema sp., and coculture of both species. The experimental setup in-
volved inoculating exponentially growing microalgae into 100 mL of BG-11 medium
in 250 mL flasks. All cultures were initiated at the same optical density (ODggp)
of 0.5 (2.5 10° cells/L) (Shimadzu UV-1800, spectrophotometer, Kyoto, Japan). An in-
oculum of 50 mL spore suspension per L medium with a spore concentration of
3.5 x 10° spores/mL was used for the cultivations. Each treatment was conducted in
triplicate. To ensure even nutrient distribution, the cultures were agitated (150 rpm, 30 °C)
by an electronic shaker (ALabTech, Daihan Labtech Co., Ltd., Gyeonggi-do, Republic
of Korea).

3.4. Pelletization Process: Screening of Factors

Based on literature review and preliminary results, factors such as pH, cultivation
agitation rate, and concentration of the carbon source (D-glucose) were screened separately
for their effects on S1+BS7 co-pellet formation.

To optimize the pelletization process of fungal-algal cells, several parameters were
studied. Around 300 pre-obtained pellets from T. versicolor (BS7) precultures were intro-
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duced to 100 mL of Persinema sp. (S1) with a cell density of 3.6 x 10° cells/mL and cultured
under heterotrophic co-culture conditions.

For the assessment of the effect of glucose, cultures of BG-11 media were incubated
at different glucose concentrations (1, 3, 6, 9, and 12 g/L) (Sigma-Aldrich, Darmstadt,
Germany, x-D-Glucose anhydrous, 96%) with pH 7.0 and 150 rpm on an electronic shaker
(ALabTech, Daihan Labtech Co., Ltd., Gyeonggi-do, Republic of Korea). The pH of the
culture varied within ranges (4.5, 5.5, 6.5, 7.5, and 8.5), and all flasks were incubated at
130 rpm with 6 g/L of glucose. For the shaking speed, the cultures were incubated with
6 g/L of glucose under different shaking conditions (75, 100, 130, 150, and 180 rpm).

To test the effect of the initial algal biomass on the pelletization process, various initial
cyanobacterial cells (2.5 x 10°%, 1.5 x 107, 3.5 x 107, 4.6 x 108, and 1.6 x 10’ cells/mL)
were grown with a fixed fungal cell concentration (3.5 x 10°) and a mycelial-algal ratio
of 1:2 in BG-11 medium supplemented with 3 g/L glucose at 140 rpm and 26 °C under
the illumination of 60 pmol photons m~2s~! with a daily photoperiod of 12 h. Cells of
51 were gradually immobilized with mycelial pellets of T. versicolor. Samples were taken
periodically to measure algal cell density. All experiments were conducted in triplicate
under sterile conditions.

The immobilization efficiency (IE) (%) was estimated in percentage as the attached
algal biomass to the mycelial pellets to total algal biomass [63]:

IE (%) — (Attached Algal Biomass)
* 77 Total Algal Biomass

x 100 (1)

Cell count data was estimated through optical density (OD) measurements at 680 nm
converted to harvesting efficiencies as percentages based on the starting concentrations
using the following equations (Equations (2) and (3)):

Attached algal cell = ODgg of the initial algal cuture — ODggg of the residu alalgal cells (2)

Total algal cell = ODggg of the initial microalgal culcure (3)

Samples for the determination of algal cell density were collected every hour. All
experiments were performed in triplicate under sterile conditions.
Dry weights (DW) (g/L) of the fungal and algal cultures were determined by filtering
2-5 mL samples onto pre-weighed Whatman GF/F filters in triplicate, drying the filters at
60 °C overnight and weighing them again. Dry weight was calculated using the following
equation (Equation (4)):
W2 -W1

where W1 is the weight (g) of the filters prior to addition of the sample, W2 is their weight
after drying, and V is the volume of sample filtered (L).

Structural and Chemical Characterization of Pellets

The structural integrity and morphological changes of the pellets following coffee
effluent treatment were analyzed using scanning electron microscopy (SEM). A Hitachi
Flex SEM 1000 model (Tokyo, Japan) was employed to visualize cell morphology and the
extent of biofilm growth at magnifications of 260x and 600 x, consistent with the approach
described by Relucenti et al. [64]. To complement the morphological data, energy-dispersive
X-ray (EDX) analysis was conducted to perform an elemental composition analysis. This
provided quantitative data on the presence and distribution of carbon (C), nitrogen (N),
oxygen (O), aluminum (Al), potassium (K), and calcium (Ca) within the pellets.
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3.5. Performance Evaluation of Fungal, Algal, and Fungal-Algal Co-Pellets in the Treatment of
Coffee Effluent (CE)

Based on our preliminary experiments (Figure S1, Supplementary Materials), the
concentration of 15% (w/v) of CE was specifically selected for all subsequent biotreatment
experiments. This dose represents the maximum sub-lethal pollutant load that still al-
lows for maximum biomass accumulation (approximately 25.5 g/L) before severe growth
inhibition occurs.

To prepare for the experiments, precultures of fungal and cyanobacterial cells were
grown to the exponential phase, as described in Section 3.2.

For co-cultivation, approximately 3 pellets/mL of optimized cyano—fungal co-pellets
were introduced into 100 mL of a sterilized CE-based medium (15% (w:v). The cultiva-
tions were performed under optimal conditions with shaking at 130 rpm and 26 °C. All
experiments, including mono- and co-cultures, were conducted in triplicate.

After 3, 6, 9, and 12 days, the biomass was harvested by centrifugation using a
Universal 320R Hettich (Tuttlingen, BW, Germany) centrifuge at 8000 g for 20 min at
4 °C. The culture filtrates were collected for subsequent analysis of various parameters. To
remove salts and adsorbed compounds from the medium, the recovered biomass was then
washed with sterile water, followed by a second centrifugation for 10 min under the same
conditions. The harvested biomass was immediately frozen at —80 °C for 48 h and then
freeze-dried to determine the mycelia—algae yields. The lyophilized samples were stored at
—20 °C for further characterization.

3.5.1. Analytical Methods
Biomass and Fermentative Broth Analysis

A volume of supernatant and all the collected pellets from monocultures and co-pellets
from co-culture were dried at 105 °C (Memmert BM400 incubator, Schwabach, Germany)
until a constant weight (dried biomass).

The yields of biomass and fermentative broth were expressed as dry weight per unit
volume of the culture medium (g/L).

A volume of the mono and the co-culture filtrates was evaluated for chemical oxygen
demand (COD), five-day biochemical oxygen demand (BODS5), temperature, conductivity,
and turbidity according to Standard Methods (APHA 2005). Mineralization was evaluated
by measuring total organic carbon (TOC) content with a TOC analyzer (Shimadzu model
TOC-VCSH, Kyoto, Japan). The total content of phenolic compounds was determined using
the calorimetric method (UV/VIS Shimadzu 1800 spectrophotometer, Kyoto, Japan) at
765 nm according to the method described by Katalinic et al. [65]. Total content of nitrogen
was estimated using the Kjeldahl method.

Phenolic Compounds Content and Chromatography Analysis

To analyze total phenol content, phenolic compounds were extracted from fermen-
tative CE using the ratio (2v:v) of ethyl acetate and 20 mL of the culture supernatant
according to Rodrigues et al. [66]. The solvent was then removed using a rotary evap-
orator at 45 °C until the sample was dry. The dry residue was redissolved in a precise
volume of HPLC-grade ethyl acetate to achieve a final concentration of 1 mg/mL. The
reconstituted samples were stored at —20 °C in sealed amber vials to prevent degradation
of light-sensitive phenolic compounds until analysis.

Chromatographic analysis was performed using an Agilent 1260 series High-
Performance Liquid Chromatography system coupled with a Diode Array Detector (HPLC-
DAD) (Agilent, Waldbronn, Germany). Separation was achieved on a ZORBAX Eclipse
XDB-C18 column (4.6 mm L.D., 250 mm, 3.5 um particle size, Santa Clara, CA, USA).
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The mobile phase consisted of two components: Phase A (0.1% acetic acid in water) and
Phase B (100% acetonitrile). The HPLC analysis followed the method adopted by Aroua
et al. [67]. The DAD detector scanned wavelengths from 190 to 400 nm, with specific
detection performed at 254, 280, and 330 nm. Compound identification relied on compar-
ing UV absorption profiles, retention times, and mass spectra obtained using an ion trap
mass detector (MSD Trap XCT, Santa Clara, CA, USA). Quantification was achieved using
a four-point calibration curve (R? = 0.989) generated with authentic external standards,
where available.

Polysaccharides, Lipid Content, and Chromatography Analysis

The extraction of EPS and IPS was performed according to Shen et al. [68]. EPS was
extracted from the supernatant using ethanol (95%) with a ratio of V:4V. the extraction was
carried out at 4 °C overnight and centrifuged at 8000 rpm for 10 min. The extraction of
IPS was carried out from the harvested co-pellets by hot water treatment at 90 °C for 2 h
at a ratio of 1:20. The obtained extract was evaporated and concentrated at 50 °C. Both
polysaccharides (EPS and IPS) were freeze-dried for further analysis.

The carbohydrate contents in EPS and IPS were determined using Bubois’s phenol-
sulfuric acid method [69]. The calibration curve (y = 13.306x + 0.018, R? = 0.997) was
generated by a linear regression of the ODy9g value against glucose concentrations. The
yield of EPS and IPS was expressed as grams dried mass per liter of fermentation liquid.
The extracted EPS sample is then reacted with a trimethylsilylating agent. The common
agent used is N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), often with a catalyst like
trimethylchlorosilane (TMCS) in a solvent like pyridine.

To analyze lipid content, lipids were first extracted from freeze-dried biomass using a
two-phase liquid extraction with a chloroform-methanol (2:1, v/v) mixture, a technique
adapted from Bligh and Dyer [70]. Further, to convert the extracted lipids into FAME (fatty
acid methyl esters), a treatment with the BF; in methanol was performed. These FAMEs
are then separated and analyzed using gas chromatography.

Finally, lipid content of the fermentative broth of the co-culture was then analyzed with
a gas chromatography—mass spectrometry (GC-MS) system (Agilent 6890 equipped with an
Agilent 5975 detector and an HP-5MS capillary column: 30 m x 0.25 mm x 0.25 um film
thickness, Santa Clara, CA, USA). This analytical procedure was identical to that described
by Verma et al. [71].

3.6. Statistical Analysis

Results were analyzed with statistical SPSS version 21.0 software. One-way analysis
of variance was chosen for the treatment comparisons for each data set. All statistics were
based on a confidence level of 95%; therefore, p values smaller than 0.05 were considered
statistically significant.

4. Conclusions

The present research offers clear and compelling evidence supporting the efficacy of the
cyano-fungal co-pelletization technique as a sustainable method for treating coffee wastew-
ater while producing nutrient-dense valuable biomass. The initial phase—refining the
operational conditions of the immobilization process—was extremely successful, achieving
a remarkable cyanobacterial harvesting efficiency of 97%. This stable co-pellet configuration
facilitated significant synergistic effects, resulting in enhanced pollutant removal compared
to monocultures. In particular, the system accomplished a COD removal efficiency of
67.65% and a TPC removal efficiency of 74.5%, indicating the effective detoxification of
coffee wastewater. Consequently, the cyano—fungal co-culture emerged as an outstanding
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approach for bioconverting and assimilating organic contaminants and nutrients into value-
added products. This synergistic mechanism led to a notable increase in both biomass and
lipid yields, as demonstrated by a 25% improvement in lipid extraction yield. Additionally,
the biomass indicated successful nutrient assimilation, as evidenced by a 15.24% enhance-
ment in nitrogen content, leading to a valuable lipid profile that included a significant
amount of monoacylglycerides. This dual accomplishment of high-efficiency remedia-
tion and superior product valorization firmly establishes the co-pellet system as a strong
closed-loop model for a circular bioeconomy, transforming an environmental burden into a
sustainable economic resource.
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cultures (BS7 and S1) and the fungal-cyanobacterial co-pellet system (BS7+S1) across increasing con-
centrations of SCG-based medium (5% to 65% w/v). Data presented as mean + standard deviation.
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The following abbreviations are used in this manuscript:

CE Model brown-colored coffee effluent;
CWW  Coffee wastewater;

SCG Spend coffee ground;

COD Chemical oxygen demand;

BOD Biological oxygen demand;

BS7 Trametes versicolor fungal strain;

S1 Persinema sp. cyanobacterial strain;
BG-11  Blue-Green medium;

EPSs Extracellular polymeric substances;
SEM Scanning electron microscopy;

MAGs Monoacylglycerols;
DAGs  Diacylglycerols.
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