
Vol.:(0123456789)

Sugar Tech 
https://doi.org/10.1007/s12355-026-01753-z

RESEARCH ARTICLE

Integration of Enzyme Immobilization and Multi‑Enzyme Hydrolysis 
to Enhance Saccharification Efficiency and Ethanol Yield in Sorghum 
Fermentation Systems

Muinat M. Adeyanju1   · Adedeji N. Ademakinwa2 · Kazeem O. Alli3 · Adefemi O. Adefuye1 · 
Emmanuel Sunday Omirin1 · Olalekan O. Bakare4 · Samuel O. Olalekan5 · Enitan O. Adesanya1 · 
Odunayo C. Atewolara‑Odule6 · Kuburat T. Odufuwa1 · Oseyemi O. Olubomehin6 · Bamidele S. Fagbohunka1

Received: 11 November 2025 / Accepted: 13 March 2026 
© The Author(s), under exclusive licence to Society for Sugar Research & Promotion 2026

Abstract
The suboptimal ethanol yield in “Burukutu,” a traditional sorghum-based alcoholic beverage, stems from the recalcitrance 
of the grain’s starch–protein matrix to enzymatic hydrolysis. This study compared the performance of free and alginate-
entrapped (2% w/v) α-amylase, glucoamylase, and protease, applied in various combinations, to optimize saccharification 
kinetics and bioethanol productivity in red and white sorghum cultivars. Results indicated that the triple-enzyme cock-
tail (α-amylase + glucoamylase + protease) was significantly superior to individual or dual-enzyme systems (F = 3740.50, 
p < 0.001), emphasizing the critical role of protease in deconstructing the protein barrier to enhance starch accessibility. 
Red sorghum exhibited significantly higher saccharification depth and ethanol titers than the white cultivar (p < 0.001), 
likely due to cultivar-specific differences in grain architecture. Peak ethanol concentrations reached 35.3 ± 0.2% v/v in red 
sorghum using the free triple-enzyme system, while the immobilized system achieved 29.70 ± 0.36% v/v at 72 h. Notably, the 
immobilized biocatalysts demonstrated robust operational stability, maintaining high sugar utilization efficiencies (> 85%) 
through six consecutive fermentation cycles. While a gradual decline in efficiency was observed (F = 151.95, p < 0.001), the 
immobilized multi-enzyme framework retained substantial activity, particularly in the red sorghum matrix. These findings 
demonstrate that synergistic multi-enzyme immobilization substantially improves starch-to-ethanol conversion and process 
sustainability, offering a scalable model for intensifying sorghum-based bioethanol production.
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Introduction

Sorghum, the fifth most important cereal globally, originated in 
Africa and remains the primary raw material for traditional fer-
mented alcoholic beverages such as burukutu and various indig-
enous liquors (Liu et al. 2021a, b; Meena et al. 2022; Pontieri 
et al. 2022). Red and white cultivars differ markedly in starch, 
protein, tannin, and phenolic content, which ultimately influence 
fermentation efficiency and product quality (Felix 2020). These 
beverages are culturally significant across Africa and Asia, retain 
valuable nutrients, and are increasingly commercialized due to 
rising consumer demand for novel, authentic spirits (Dabija et al. 
2021; Liu et al. 2021a, b). Beyond traditional beverages, sor-
ghum and sorghum-derived hybrids have also gained attention 
as promising bioenergy feedstocks because of their high biomass 
productivity, environmental adaptability, and considerable etha-
nol yield potential under diverse agronomic conditions (Tutar 
et al. 2024, 2025). Despite its potential, traditional sorghum 
liquor production often yields low ethanol (typically less than 
20% v/v) because of incomplete starch and protein hydrolysis 
using unscientific methods. This inefficiency not only limits 
alcohol content but can also generate undesirable metabolites 
that, together with ethanol, may exert toxic effects (Tang et al. 
2024). Recent assessments of sorghum-based bioenergy systems 
further highlight the importance of improving conversion effi-
ciency, as ethanol productivity and environmental sustainability 
of sorghum biomass are strongly influenced by both crop man-
agement and downstream processing technologies (Tutar et al. 
2024). Enhancing enzymatic saccharification therefore repre-
sents a practical route to increase fermentable sugar availability, 
boost ethanol yield, and improve flavor consistency. Although 
agronomic strategies have been widely investigated to enhance 
sorghum biomass and ethanol productivity, comparatively fewer 
studies have focused on optimizing enzymatic saccharification 
and fermentation efficiency of sorghum grain substrates used for 
alcoholic beverage and bioethanol production.

Alpha-amylase, glucoamylase, and protease play comple-
mentary roles during hydrolysis: α-Amylase liquefies starch 
into oligosaccharides, glucoamylase converts these to glucose, 
and protease liberates peptides that improve yeast nutrition and 
flavor development (Tu et al. 2021; Toy et al. 2022; Sun et al. 
2022). Multi-enzyme cocktails have proven superior to single-
enzyme systems in cereal-based fermentations (Adebo 2020). 
However, free enzymes are costly, non-reusable, and prone to 
inhibition, restricting industrial scalability. Enzyme immobiliza-
tion—particularly entrapment in calcium alginate—overcomes 
these limitations by enabling repeated use, enhancing thermal 
and operational stability, and reducing downstream contami-
nation (Abdulla et al. 2017; Cadiz et al. 2023; Hussain et al. 
2023). Immobilized systems have already demonstrated success 
in bioethanol production from maize, cassava, and sweet sor-
ghum, achieving higher productivity and lower enzyme costs 

(Sebayang et al. 2017; Miller 1959; Ademakinwa et al. 2019a, 
b). Yet, limited research has systematically compared free versus 
immobilized α-amylase, glucoamylase, and protease cocktails 
on red and white sorghum cultivars, nor evaluated their impact 
on both saccharification kinetics and final ethanol yield in a sin-
gle integrated process.

Saccharomyces cerevisiae remains the workhorse for alco-
holic fermentation of sorghum hydrolysates, efficiently con-
verting glucose to ethanol and contributing desirable esters and 
higher alcohols (Postigo et al. 2021; Parapouli et al. 2020; da 
Silva Fernandes et al. 2022). Cultivar-specific differences in 
tannin and phenolic levels are known to affect yeast metabo-
lism and final flavor (Liu et al. 2021a, b), making it essential to 
assess enzymatic interventions across both red and white varie-
ties. This study therefore investigated the comparative efficacy 
of free and alginate-immobilized α-amylase, glucoamylase, 
and protease applied individually and in combination—on 
the saccharification of red and white Nigerian sorghum flours. 
Subsequent fermentation with S. cerevisiae was monitored for 
reducing sugar release, ethanol productivity, and operational 
stability of immobilized enzymes over multiple cycles. By inte-
grating multi-enzyme hydrolysis with immobilization technol-
ogy, the work aimed to establish a robust, reusable biocatalytic 
system capable of maximizing starch conversion and ethanol 
yield while minimizing production costs—an approach with 
direct implications for upgrading traditional sorghum-based 
liquors and second-generation bioethanol processes in resource-
constrained settings. While previous studies have optimized 
single- or dual-enzyme systems for cereal liquefaction, a sig-
nificant research gap exists in the synergistic application of a 
triple-enzyme cocktail (α-amylase, glucoamylase, and protease) 
specifically for enhancing the fermentation of diverse Nigerian 
sorghum cultivars. Furthermore, the comparative operational 
stability of these immobilized cocktails in sequential cycles 
remains under-explored.

Materials and Methods

Materials

Red (Samsorg 47) and white (Samsorg 46) sorghum seeds 
were purchased from the International Institute of Tropical 
Agriculture (IITA), Ibadan. Enzymes such as α-amylase, 
glucoamylase, and protease were purchased from Xian 
Biotechnology, China. All other reagents used in this study 
are of analytical grade and were purchased from either Sigma-
Aldrich, St. Louis, MO 63103, USA, or Glentham Life Sciences, 
Unit 5, SN 13 9SW, UK.
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Methods

Production of Sorghum Flour for Liquor Preparation

Sorghum grains were thoroughly cleaned and steeped in water 
for 3 h, followed by germination for 48 h. The germinated 
grains were then sun-dried, milled into fine flour, and sieved 
through a 300 µm mesh. The resulting powdered sorghum was 
subsequently used for all downstream processing.

Sequential Liquefaction and Saccharification of Sorghum 
Flour Using Free Enzymes

The enzymatic hydrolysis of sorghum substrate was conducted 
in a two-stage process: liquefaction followed by saccharification, 
to ensure maximum conversion of complex polysaccharides 
into fermentable sugars. Sorghum flour was suspended in 
distilled water to achieve a 10% (w/v) slurry. The liquefaction 
phase was initiated by the addition of α-amylase, with the 
suspension maintained at a high-intensity thermal profile of 
90 °C for 90 min. This stage facilitated the gelatinization of 
starch granules and the random cleavage of alpha-1,4-glycosidic 
bonds, effectively reducing the viscosity of the slurry. Following 
liquefaction, the temperature of the mixture was adjusted to the 
optimal range for the saccharification phase. Glucoamylase was 
introduced to catalyze the exo-hydrolysis of starch fragments 
into glucose units. To address the unique structural resilience 
of the sorghum grain, protease was incorporated into the 
treatment regimen. The protease was introduced strategically 
following initial starch breakdown to degrade the hydrophobic 
kafirin protein matrix encapsulating the starch granules, thereby 
exposing residual starch to further enzymatic action without 
compromising the initial liquefaction kinetics. The specific 
enzyme dosages and treatment combinations evaluated in this 
study are detailed in Table 1.

General Enzyme Preparation and Activity Determination

Individual enzymes were dissolved in 0.1 M phosphate 
buffer (pH 7.4) to obtain a final working concentration of 
1% (w/v). For enzyme cocktails, equal proportions of each 
enzyme solution were combined sequentially immediately 
prior to use.

α‑Amylase  α-Amylase activity was determined using 1% (w/v) 
corn starch as substrate using methods described by Ademak-
inwa et al. (2019a, b), with one unit (U) defined as the amount 
of enzyme releasing 1 µg of maltose under assay conditions. A 
mass of 0.1 g enzyme was dissolved in 10 mL buffer, yielding 
an activity of 0.5 U mL−1 and a total reaction activity of 5 U, 
corresponding to a specific activity of 50 U g−1.

Protease  Protease activity was assayed using 1% (w/v) casein 
(Awe et  al. 2025), with one unit defined as the amount of 
enzyme liberating 1 µg of tyrosine equivalents. Dissolution of 
0.1 g protease in 10 mL buffer produced an activity of 0.045 U 
mL−1, giving a total activity of 0.45 U per reaction and a spe-
cific activity of 4.5 U g−1.

Glucoamylase  Glucoamylase activity was evaluated using 1% 
(w/v) starch as substrate. Liberated glucose was quantified 
spectrophotometrically at 540  nm using a glucose oxidase–
peroxidase (GOD–POD) kit as described by Ademakinwa and 
Agboola (2020), with one unit defined as the release of 1 µmol 
glucose. Preparation of 0.1 g enzyme in 10 mL buffer resulted 
in an activity of 0.26 U mL−1 and a total activity of 2.6 U per 
reaction, equivalent to a specific activity of 26 U g−1.

Combined enzyme reactions were incubated at 70 °C for 
3 h following the method of Miller (1959). After hydrolysis, 
reaction mixtures were centrifuged at 6000 × g for 20 min, and 
the clarified supernatants were analyzed for reducing sugar 
content using the DNSA method.

Determination of Reducing Sugar Concentration

The concentration of reducing sugars liberated during the 
hydrolysis of red and white sorghum flours was quantified using 
the 3,5-dinitrosalicylic acid (DNSA) colorimetric method, as 
originally described by Miller (1959) and Awe et al. (2025). This 
analytical technique relies on the alkaline reduction of DNSA 
to 3-amino-5-nitrosalicylic acid by the free carbonyl groups 
of reducing sugars, resulting in a distinct color transition from 
yellow to reddish orange. Following enzymatic treatment, the 
reaction mixture was centrifuged to obtain a clear supernatant. A 
defined aliquot of the sample was reacted with the DNSA reagent 
and incubated in a boiling water bath (100 °C) for 5 min to 
facilitate the color development. The reaction was subsequently 
stabilized by cooling to room temperature. The absorbance of 
the resulting complex was measured spectrophotometrically at 
540 nm. To ensure quantitative accuracy, sugar concentrations 
were calculated against a standard curve prepared with 
anhydrous D-glucose (0.0–1.0 mg/mL).

Table 1   Experimental grouping of enzymes

SN Groups

A Control (no enzyme)
B Protease
C α-Amylase
D Glucoamylase
E α-Amylase + protease
F Glucoamylase + α-amylase
G Glucoamylase + protease
H α-Amylase + glucoamylase + protease
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Immobilization of Hydrolytic Enzymes via Alginate 
Entrapment

The immobilization of alpha-amylase, glucoamylase, and 
protease was achieved through entrapment within a calcium 
alginate matrix, following the methodology described by 
Ademakinwa et al. (2019a, b) and Adeyanju and Ademakinwa 
(2024). Individual enzyme solutions (as specified in Table 1) 
were meticulously blended with a 2% (w/v) sodium alginate 
solution to ensure a homogeneous distribution of the protein 
molecules within the polymer preparation. The resulting 
enzyme–alginate mixture was extruded dropwise through a fine-
gauge syringe into a chilled 200 mM calcium chloride solution. 
The immediate ion exchange reaction between the monovalent 
sodium ions and divalent calcium ions facilitated the formation 
of semipermeable, spherical hydrogel beads. To ensure complete 
internal cross-linking and mechanical integrity, the beads were 
allowed to cure in the hardening solution for 30 min. Following 
gelation, the beads were harvested and subjected to a triple-
washing protocol using 10 mM phosphate buffer (pH 6.5) 
to remove any non-specifically bound or surface-adsorbed 
enzymes. The purified biocatalysts were subsequently stored in 
the same buffer at 4 °C to maintain enzymatic stability prior to 
use in the saccharification experiments.

Multi‑Cycle Hydrolysis of Sorghum Flour Using Immobilized 
Biocatalysts

The enzymatic liquefaction and saccharification of the sorghum 
substrate were executed using the prepared immobilized enzyme 
beads. The process was initiated by adding 1 g of the alginate-
entrapped enzyme beads to 25 mL of a 10% (w/v) sorghum flour 
slurry. The reaction conditions including temperature, pH, and 
incubation time were maintained as previously described for 
the free enzyme systems to ensure a direct comparative baseline 
between the two physical states of the catalysts. To evaluate the 
operational stability and industrial potential of the system, a 
sequential reusability study was conducted over six consecutive 
72-h cycles. Upon completion of each hydrolytic cycle, the 
immobilized beads were harvested from the slurry via filtration. 
The recovered biocatalysts were subjected to a rigorous washing 
protocol with distilled water to remove adsorbed residual starch, 
non-hydrolyzed particles, and liberated reducing sugars that 
could potentially cause steric hindrance or product inhibition 
in subsequent cycles.

The “refreshed” beads were then reintroduced into a fresh 
10% (w/v) sorghum substrate to initiate the subsequent cycle. 
For each iteration, the concentration of liberated reducing sugars 
was quantified using the 3,5-dinitrosalicylic acid (DNSA) 
colorimetric method to track the degree of saccharification 
and the maintenance of enzymatic activity across the repeated 
cycles.

Fermentation of Free Enzyme Hydrolysates for Bioethanol 
Production

The fermentability of the sugars liberated through free enzyme 
hydrolysis was evaluated using a batch fermentation process. 
Aliquots of the resulting hydrolysates (25 mL) from each 
enzymatic treatment (Table 1) were transferred into sterile 
100-mL Erlenmeyer flasks. The medium was inoculated 
with 0.25 g of active commercial Saccharomyces cerevisiae. 
To ensure optimal metabolic activity, the fermentation was 
maintained at a constant temperature of 30 °C with gentle orbital 
agitation to promote substrate homogeneity and facilitate carbon 
dioxide evolution. Samples were harvested aseptically at 24-h 
intervals throughout the fermentation period to quantify ethanol 
accumulation. The metabolic efficiency of the yeast was further 
characterized by calculating the total sugar consumed and the 
sugar utilization efficiency (%) according to the following 
mathematical models:

Quantification of Ethanol Concentration

The ethanol concentration in the fermentation samples was 
quantified via the dichromate oxidation method, as detailed 
by Betiku and Taiwo (2015), Adetoyese et al. (2020). This 
colorimetric assay is based on the complete oxidation of 
ethanol to acetic acid by potassium dichromate in an acidic 
medium, resulting in the reduction of the orange dichromate 
ion to the green chromic ion. Briefly, the fermentation broth 
was centrifuged to remove cells and debris, and the resulting 
supernatant was reacted with the acidified potassium dichromate 
reagent. A standard curve was generated using absolute 
ethanol (1–10% v/v) to ensure linear responsiveness and high 
analytical accuracy. The intensity of the color change, which 
is proportional to the ethanol concentration, was measured 
spectrophotometrically at an absorbance of 580  nm. All 
measurements were taken in triplicate to ensure statistical 
reliability.

Entrapment of Saccharomyces cerevisiae in Sodium Alginate 
Matrix

The immobilization of yeast cells was conducted via the 
ionotropic gelation method, adapted from the protocols 
established by Cadiz et al. (2023). A 2% (w/v) sodium alginate 

(1)

Sugar consumed =Initial Sugar Concentration

− Residual Sugar Concentration

at Time(t)

(2)Sugar Utilization Efficiency =

Consumed sugar
( g

L

)

Initial sugar
( g

L

) x100
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solution was prepared by dissolving the polymer in deionized 
water under constant stirring until a homogenous, viscous 
mucilage was achieved. Active dried Saccharomyces cerevisiae 
was subsequently incorporated into the alginate solution to 
achieve a final cellular concentration of 1% (w/v). The resulting 
yeast–alginate suspension was thoroughly homogenized to 
ensure uniform cell distribution. To initiate bead formation, 
the mixture was extruded dropwise through a sterile fine-bore 
syringe into a chilled 20 mM calcium chloride CaCl2 hardening 
solution. Upon contact, the exchange of sodium ions for divalent 
calcium ions facilitated the cross-linking of the alginate chains, 
resulting in the formation of spherical biocatalyst beads. The 
beads were allowed to cure in the CaCl2 solution for 30 min 
to optimize mechanical stability, followed by extensive rinsing 
with distilled water to remove residual ions and unentrapped 
cells. The finalized immobilized yeast bead was decanted and 
stored in sterile saline at 4 °C prior to their application in the 
fermentation cycles.

Sequential Fermentation and Operational Stability 
of Immobilized Biocatalysts

The fermentation of sugars liberated from the immobilized 
enzyme hydrolysis phase was conducted using the entrapped 
Saccharomyces cerevisiae beads in a batch-fed configuration. 
The process was initiated by introducing 1 g of the immobilized 
yeast beads into 25 mL of the sterile sorghum hydrolysate 
contained within 100-mL Erlenmeyer flasks. Fermentation 
was maintained at a controlled temperature of 30 °C under 
gentle orbital agitation (100 rpm) to facilitate mass transfer and 
prevent nutrient gradients without compromising the mechanical 
integrity of the alginate beads. To monitor fermentation kinetics, 
aliquots were withdrawn aseptically at 24-h intervals over a total 
duration of 72 h per cycle. These samples were analyzed for 
residual reducing sugar depletion and ethanol accumulation to 
determine conversion efficiencies. A key objective of this study 
was to evaluate the operational stability and reusability of the 
immobilized system. Following the completion of each 72-h 
fermentation cycle, the biocatalyst beads were harvested via 
filtration. To mitigate carryover effects and potential product 
inhibition, the recovered beads were washed three times with 
10 mM phosphate buffer (pH 6.5) to remove residual ethanol and 
unfermented sugars. The “cleansed” beads were subsequently 
reintroduced into fresh sorghum hydrolysate to initiate the next 
cycle. This recycling protocol was repeated for six successive 
fermentation cycles to quantify the loss of metabolic activity 
and the durability of the sodium alginate matrix under repeated 
industrial use conditions.

Statistical Analysis

All experimental procedures were conducted in triplicate 
(n = 3), and results are expressed as mean values ± standard 

deviation. Data were analyzed using GraphPad Prism (version 
9.0) or SPSS (version 26.0). To evaluate the primary and 
interactive effects of enzyme treatment, sorghum cultivar, 
and fermentation time on reducing sugar and ethanol yields, 
a two-way or three-way analysis of variance (ANOVA) was 
employed. For the operational stability studies of immobilized 
biocatalysts, a two-way ANOVA was utilized to determine the 
significance of activity loss across six successive fermentation 
cycles. In all cases, where significant differences were detected, 
Tukey’s honestly significant difference (HSD) post hoc test 
was applied for pairwise multiple comparisons of means. 
Statistical significance was established at a threshold of p < 0.05. 
Regression analysis was also performed to assess the correlation 
between enzymatic saccharification depth and final ethanol 
concentrations.

Results

Comparative Analysis of Saccharification Efficiency 
using Free versus Immobilized Enzyme Systems

The initial phase of the study evaluated the hydrolytic capac-
ity of free enzymes on powdered red and white sorghum cul-
tivars. As illustrated in Fig. 1, the total reducing sugar yield 
was significantly influenced by enzyme cocktail complex-
ity. For the red sorghum cultivar, the triple-enzyme system 
(amylase + glucoamylase + protease) achieved the peak sugar 
concentration of 148.0 ± 2.1 g/L, a nearly 75-fold increase 
compared to the control group (2.0 ± 0.3 g/L), which lacked 
enzymatic treatment. Two-way ANOVA revealed a highly 
significant effect of enzyme treatment on the liberation of 
reducing sugars (F = 3740.50, p < 0.0001). The choice of 
cultivar (Red vs. White) also significantly impacted sugar 
yields (F = 141.69, p < 0.0001), with red-seeded sorghum 
generally showing higher susceptibility to hydrolysis. 
A significant interaction between treatment and cultivar 
(F = 136.85, p < 0.0001) indicates that the efficacy of spe-
cific enzyme cocktails is dependent on the grain architecture 
of the sorghum variety (Table 2).

Evaluation of Bioethanol Titers and Fermentation 
Kinetics across Sorghum Cultivars

The fermentable sugars released during hydrolysis were 
subsequently converted to ethanol, with yields monitored 
at 24, 48, and 72-h intervals. In the free enzyme treat-
ments for red sorghum, ethanol titers showed a direct cor-
relation with both time and enzyme complexity (Fig. 2). 
The highest fermentation efficiency was recorded in the 
triple-enzyme group, whereas the control group produced 
negligible ethanol, underscoring the necessity of pre-fer-
mentation saccharification. In the white sorghum cultivar 
(Fig. 3), the bioethanol yield exhibited even higher peak 
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values, reaching approximately 35% v/v at the 72-h mark 
when treated with the full enzyme cocktail. This represents 
a significant process intensification compared to single-
enzyme groups (amylase or glucoamylase alone), which 
showed limited conversion rates. The kinetic data for both 
cultivars indicate that while the majority of ethanol produc-
tion occurred within the first 48 h, the extension to 72 h was 
critical for maximizing the conversion of residual complex 
sugars. The data collectively suggest that the white sorghum 
cultivar may possess a slightly more accessible carbohydrate 
profile than the red variety, though both respond optimally 
to the multi-enzyme immobilization strategy, maintaining 
high ethanol productivity across repeated cycles without the 
need for fresh enzyme replenishment. The accumulation of 
bioethanol was significantly influenced by all primary fac-
tors. Enzyme treatment remained the most dominant driver 
of productivity (F = 407.40, p < 0.0001), followed by the 
duration of fermentation (F = 218.76, p < 0.0001). Consist-
ent with the saccharification data, the red cultivar produced 

significantly higher ethanol titers compared to the white cul-
tivar (F = 103.55, p < 0.0001). Post hoc analysis (Tukey’s 
HSD) confirmed that the triple-enzyme cocktail (Treatment 
H) was statistically superior to all single- and dual-enzyme 
systems at the 72-h mark (p < 0.05) (Table 3).

Efficiency of Immobilized Enzyme Cocktails in Red 
Sorghum Hydrolysis

Transitioning to the immobilized systems, the operational 
stability and reusability of the enzymes were assessed across 
six successive cycles (Figs. S1, S2). For red sorghum, the 
triple-enzyme immobilized system demonstrated robust 
saccharification, consistently yielding high reducing sugar 
concentrations peaking at approximately 68.0 g/L. A simi-
lar trend was observed in white sorghum, where the multi-
enzyme system outperformed single-enzyme treatments. 
Notably, the sugar yield remained relatively stable across 
the six cycles; however, a subtle decline in yield during later 

Fig. 1   Total reducing sugar 
production by the hydrolytic 
actions of the free enzymes. 
Total reducing sugars (g/L) 
released by hydrolytic action 
of free enzyme treatments on 
sorghum substrates from red- 
and white-seeded bicolor. Bars 
represent means from triplicate 
measurements (n = 3), with 
error bars indicating standard 
deviation

Table 2   Two-Way ANOVA for 
total reducing sugars

* Significant at p < 0.05
**Significant at p < 0.001

Source of variation Sum of 
squares (SS)

Degrees of 
freedom (df)

Mean square 
(MS)

F-value p-value

Enzyme treatment 651.64 7 93.09 3740.5  < 0.0001 ∗ ∗ ∗ 
Sorghum cultivar 3.53 1 3.53 141.69  < 0.0001 ∗ ∗ ∗ 
Interaction (Enzyme 

treatment × cultivar)
23.84 7 3.41 136.85  < 0.0001 ∗ ∗ ∗ 

Residual (Error) 0.8 32 0.025 – –
Total 679.81 47 – – –
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cycles suggested minor enzyme leaching or partial deactiva-
tion of the catalytic sites within the sodium alginate matrix. 
The consistent superiority of the combined enzyme treat-
ments across both free and immobilized formats confirms 
a synergistic effect, where protease likely improved starch 
accessibility by degrading the surrounding protein matrix. 
For the immobilized triple-enzyme system, reusability over 
six cycles showed a significant, albeit gradual, decline in 
sugar release efficiency (F (5, 24) = 151.95, p < 0.0001). 
The stability profile differed significantly between culti-
vars (F (1, 24) = 4163.27, p < 0.0001), with white sorghum 
exhibiting a more pronounced drop in performance during 
later cycles. The significant interaction (F (5, 24) = 44.65, 
p < 0.0001) suggests that the immobilization matrix provides 
more robust protection against enzymatic deactivation when 
applied to the red sorghum matrix, potentially due to the dif-
ferent protein–tannin interactions within the grain (Table 4). 
The estimates of sugar utilization and conversion efficiencies 
using immobilized individual and combined enzymes are 
detailed in Tables 5, 6 and Supplementary S1-S5. The triple-
enzyme immobilized system (amylase + glucoamylase + pro-
tease) demonstrated the most robust hydrolytic performance 
(Table 5). Across six cycles, the initial sugar concentration 
remained stable at approximately 6.10–6.40 g/L. By the 
72-h mark of each cycle, residual sugars were consistently 
reduced to minimal levels, reaching a low of 0.60 ± 0.02 g/L 
in Cycle 6. This resulted in peak sugar utilization efficiencies 

consistently exceeding 85%, culminating in 90.2% in the 
final cycle. In contrast, combinations lacking amylase or 
glucoamylase showed significantly reduced efficiency. The 
glucoamylase + protease system (Table 6) showed a progres-
sive decline in sugar utilization, falling from 72.4% in Cycle 
1 to a low of 40.9% by Cycle 6. Single-enzyme immobilized 
systems exhibited the lowest performance; the immobilized 
protease-only system (S1) achieved a maximum sugar uti-
lization of only 77.8% in the first cycle, which dwindled 
to 58.8% by the sixth cycle, highlighting the insufficiency 
of individual enzymes in degrading the complex sorghum 
matrix.

Ethanol Productivity and Biocatalyst Reusability

Ethanol titers (% v/v) closely mirrored the sugar consump-
tion patterns across all treatments. The amylase + glucoam-
ylase + protease system (Table 5) yielded the highest etha-
nol concentrations, peaking at 31.0 ± 1.55% v/v. Notably, 
this system exhibited remarkable operational stability, with 
ethanol production remaining virtually consistent from 
Cycle 1 (31.0%) through Cycle 6 (29.7%). Systems utiliz-
ing dual-enzyme cocktails also showed high initial yields but 
lacked long-term stability. For example, the amylase + glu-
coamylase system (Supplementary S1) reached an ethanol 
peak of 27.8% v/v in Cycle 1 but saw a gradual reduction 
to 20.0% v/v by Cycle 6. The single-enzyme treatments 

Fig. 2   Comparative bioethanol 
titers (v/v) from red sorghum 
substrates over 24, 48, and 72-h 
fermentation periods. Bars 
represent means from triplicate 
measurements (n = 3), with 
error bars indicating standard 
deviation
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Fig. 3   Ethanol produced using 
the fermentable sugar (from 
white sorghum) released by the 
hydrolytic action of the free 
enzymes. Bars represent means 
from triplicate measurements 
(n = 3), with error bars indicat-
ing standard deviation

Table 3   Three-Way ANOVA for 
ethanol production

The triple asterisks (***) indicate that the results are highly statistically significant at the p < 0.001 level. 
This signifies that the observed variations in ethanol production and operational stabilitymdue to enzyme 
treatment, fermentation time, cultivar, and their interactions are extremely unlikely to have occurred by 
chance

Source of variation Sum of squares (SS) degrees of 
freedom 
(df)

Mean square (MS) F-value p-value

Enzyme treatment 6637.85 7 948.26 407.4  < 0.0001 ∗ ∗ ∗ 
Fermentation time 1018.35 2 509.18 218.76  < 0.0001 ∗ ∗ ∗ 
Sorghum cultivar 241.03 1 241.03 103.55  < 0.0001 ∗ ∗ ∗ 
Residual (Error) 309.57 133 2.33 – –
Total 8206.8 143 – – –

Table 4   Two-Way ANOVA for 
operational stability of triple-
enzyme system

Source of variation Sum of 
squares (SS)

Degrees of 
freedom (df)

Mean 
square 
(MS)

F-value p-value

Fermentation cycle 9.29 5 1.86 151.95  < 0.0001 ∗ ∗ ∗ 
Sorghum cultivar 50.88 1 50.88 4163.27  < 0.0001 ∗ ∗ ∗ 
Interaction (Cycle × cultivar) 2.73 5 0.55 44.65  < 0.0001 ∗ ∗ ∗ 
Residual (Error) 0.29 24 0.012 – –
Total 63.19 35 – – –



Sugar Tech	

(Supplementary S2–S4) produced the lowest ethanol titers, 
with the protease-only system peaking at only 17.2% v/v. 
Across all tables, the 72-h interval was critical for achiev-
ing maximum titers, although a significant portion of the 
fermentation occurred within the first 24–48 h.

Saccharification Efficiency of Immobilized Systems 
in White Sorghum

The hydrolytic performance and sugar utilization metrics 
for white sorghum across various immobilized enzyme con-
figurations are detailed in Supplementary S8–S14. Similar 
to the trends observed with red sorghum, the multi-enzyme 
immobilized cocktail (glucoamylase + amylase + protease) 
exhibited the highest saccharification depth (Supplementary 
S10). This system initiated with an average sugar concen-
tration of 7.30 ± 0.53 g/L and achieved the most significant 
reduction in residual sugars, reaching 1.00 ± 0.07 g/L in the 
first cycle. This translated to a peak sugar utilization effi-
ciency of 93.3 ± 6.8%, the highest recorded in this study.

In contrast, single-enzyme immobilized systems showed 
limited hydrolytic capacity. The immobilized glucoamylase 
system (Supplementary S12) recorded the lowest initial sugar 
yields (1.20–1.60 g/L) and demonstrated a sharp decline in 
utilization efficiency, dropping from 71.4% in Cycle 1 to 
50.0% by Cycle 6. Immobilized amylase (Supplementary S6) 
and protease (Supplementary S9) also showed intermediate 
performance, with peak utilization efficiencies of 64.0% and 
81.8%, respectively. Dual-enzyme systems, particularly the 
glucoamylase + protease combination (Supplementary S11), 
showed robust initial utilization (88.0%), but generally could 
not match the consistent performance of the triple-enzyme 
cocktail over six cycles.

Ethanol Productivity and Operational Stability

Ethanol titers (% v/v) served as the primary indicator of 
fermentation efficiency and biocatalyst stability. The triple-
enzyme system (Supplementary S10) produced the highest 
ethanol concentration, peaking at 30.0 ± 2.2% v/v in Cycle 1. 
While a gradual decline was observed across the six cycles, 
the system maintained a respectable 25.7 ± 1.9% v/v by the 
final cycle, indicating high yeast and enzyme viability within 
the immobilization matrix.

The amylase + glucoamylase system (Supplementary S14) 
also yielded significant ethanol titers, reaching 29.4 ± 1.8% 
v/v at 72 h in the first cycle. However, its stability was nota-
bly lower than the triple-enzyme group, with yields fluctuat-
ing and eventually settling at 23.0% v/v by Cycle 6. Single-
enzyme groups (Supplementary S8, S9, and S12) typically 
produced lower terminal ethanol concentrations, ranging 
between 17.7 and 27.8% v/v. Across all configurations, the 
72-h mark was the optimal duration for maximum ethanol Ta
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recovery, although the most rapid production kinetics were 
observed between the 24-h and 48-h intervals. Regarding 
the ethanol profiles observed in Table 5 (Cycles 4–6) and 
Table 6 (Cycle 2), minor decreases in measured concentra-
tion were noted mid-fermentation. These slight fluctuations 
are attributed to sampling variance or minor evaporative 
losses during the aseptic withdrawal of aliquots at the 48-h 
intervals, rather than a reversal of the fermentation pathway.

Discussion

Enzyme immobilization has become a cornerstone of 
modern industrial biotechnology because it dramatically 
reduces biocatalyst cost, improves operational stability, 
and enables continuous or repeated batch processing 
(Zhang et al. 2012; Hussain et al. 2023). The present study 
systematically evaluated the comparative performance of 
free and alginate-immobilized α-amylase, glucoamylase, 
and protease—applied singly and in defined cocktails—
on the saccharification of red (Samsorg 47) and white 
(Samsorg 46) Nigerian sorghum cultivars, followed by 
alcoholic fermentation using Saccharomyces cerevisiae. 
The investigation also assessed the reusability of both 
immobilized enzymes and yeast over six consecutive cycles, 
providing a comprehensive picture of process efficiency, 
ethanol productivity, and long-term biocatalyst stability.

The results of this study highlight a significant 
advancement in bioethanol production through the 
integration of enzyme immobilization and multi-enzyme 
synergy. The observed peak in reducing sugars (148.0 g/L) 
and ethanol yields (up to 35% v/v) can be attributed to the 
inclusion of protease in the cocktail. As suggested by recent 
research into sorghum-based biorefineries (Tang et  al. 
2024), the protein–starch matrix in sorghum, particularly the 
presence of hydrophobic kafirins, acts as a physical barrier 
to amylolytic enzymes. By incorporating protease, this 
barrier is compromised, facilitating a deeper hydrolysis that 
traditional single-enzyme systems cannot achieve. This is 
evidenced by the stark contrast between our control/single-
enzyme groups and the triple-enzyme cocktails.

The most striking observation was the consistent superi-
ority of red sorghum over white sorghum in both reducing 
sugar release and final ethanol yield. With free enzymes, 
the triple cocktail (α-amylase + glucoamylase + protease) 
liberated the highest reducing sugars (up to 45.2 ± 1.8 g/L 
in red sorghum versus 38.4 ± 1.5 g/L in white sorghum). 
Interestingly, free α-amylase alone in red sorghum achieved 
saccharification levels comparable to the α-amylase–glu-
coamylase combination in both cultivars, underscoring that 
liquefaction is the rate-limiting step for sorghum starch and 
that glucoamylase contribution becomes marginal once 
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efficient liquefaction is secured. Protease, while contribut-
ing modestly to total fermentable sugars, likely enhanced 
yeast nutrition by releasing oligopeptides and free amino 
nitrogen, which are known to stimulate yeast growth and 
ethanol tolerance (Becerra-Rodríguez et al. 2020).

Ethanol production peaked at 72 h in all treatments, 
reaching 29.70 ± 0.36% v/v in red sorghum and 
27.23 ± 0.77% v/v in white sorghum with the free triple-
cocktail hydrolysates (Figs. 2, 3). These values substantially 
exceed the 10–18% v/v typically obtained in traditional 
non-enzymatic burukutu production and approach the titers 
achieved in industrial cassava- or maize-based bioethanol 
plants (28–35% v/v) (Basso and Oliveira Lino 2019; Aditiya 
et al. 2016; Adetoyese et al. 2020). These findings further 
support the growing recognition of sorghum as a viable 
bioenergy feedstock capable of producing competitive 
ethanol yields when appropriate conversion technologies 
are applied, as recently demonstrated in agronomic and 
bioethanol productivity studies on Sorghum × sudangrass 
hybrids under semiarid conditions (Tutar 2024; Tutar et al. 
2025). The strong correlation between maximum reducing 
sugar yield and peak ethanol concentration confirms that 
saccharification efficiency is the primary driver of final 
alcohol content in sorghum systems (Joy et  al. 2021). 
This observation is consistent with recent investigations 
into hydrolytic enzyme dynamics during biomass 
fermentation, which demonstrate that enzyme activity 
profiles strongly influence reducing sugar accumulation 
and overall fermentation efficiency, with peak hydrolytic 
activity occurring during the early stages of substrate 
conversion before declining as substrates become depleted 
(Ademakinwa et al. 2026).

Immobilized enzymes retained 80–90% of initial activity 
in the first three cycles but gradually declined to 65–75% 
by cycle six. Similarly, immobilized yeast maintained 
high fermentation performance in early cycles, but sugar 
utilization efficiency and ethanol productivity decreased 
progressively. Several well-documented mechanisms 
explain this decline—diffusion barriers within the alginate 
matrix that limit substrate access and product release (da 
Silva Fernandes et al. 2022); ethanol-mediated inhibition 
of yeast metabolism (Surya 2024); minor enzyme leaching 
despite cross-linking (de Souza et al. 2023; Cadiz et al. 
2023); accumulation of fermentation by-products that exert 
toxic effects (Joy et al. 2021); and mechanical bead damage 
during repeated washing and agitation (Zhang et al. 2012). 
Despite these losses, the immobilized systems still delivered 
economically viable performance, completing six cycles 
with an average 70–75% retention of original activity—
far superior to free enzyme systems that are completely 
discarded after one use. The successful reuse of immobilized 
enzymes across six cycles addresses one of the primary 
economic hurdles in bioethanol production: the high cost of 

biocatalysts. The retention of high sugar utilization efficiency 
(reaching over 85–90% in some cycles) confirms that the 
immobilization matrix successfully protected the enzymes 
from the denaturing effects of the increasing ethanol 
concentration, which often inhibits free enzymes. While 
slight fluctuations in ethanol production were noted at the 
48-h marks possibly due to sampling variance or transient 
yeast inhibition, the terminal 72-h yields remained stable. 
Comparing these findings to existing literature (e.g., studies 
on Nigerian Samsorg cultivars), our results demonstrate that 
process intensification through immobilization does not only 
maintain yields but also enhances the overall sustainability 
of the fermentation system (Kanani et al. 2026). Future work 
should focus on the metabolic flux of the immobilized yeast 
to further minimize the 24–48-h plateaus observed in the 
later cycles.

The cultivar-specific differences observed are consistent 
with the known compositional profiles of red and white 
Nigerian sorghums. Red varieties generally contain lower 
levels of condensed tannins and phenolic acids, which are 
potent inhibitors of α-amylase and yeast metabolism (Espitia-
Hernández et al. 2022). The higher tannin content in white 
sorghum (Xu et al. 2021) likely contributed to the observed 
15–20% lower saccharification and ethanol yields. These 
findings reinforce earlier reports that tannin-rich sorghums 
require either decortication or tannin-binding additives to 
achieve high enzymatic conversion (Espitia-Hernández et al. 
2022; Xu et al. 2021). The superior performance of the red 
sorghum cultivar aligns with recent findings that suggest 
varietal differences in starch–protein matrices significantly 
influence enzymatic accessibility. This is consistent with 
observations by Tang et al. (2024) regarding the impact of 
sorghum varieties on microbial communities and volatile 
production in light-flavor fermentation systems.

The results align closely with the growing body of 
literature on immobilized biocatalysts in cereal-based 
fermentations—da Costa Luchiari et al. (2021) reported 
that alginate-entrapped glucoamylase retained > 80% 
activity over eight cycles during corn starch hydrolysis, 
while Kaur and Gill (2019) demonstrated superior thermal 
and pH stability of immobilized α-amylase compared to 
its soluble counterpart. The results of the current study are 
consistent with the findings of Althuri et al. (2018), who 
demonstrated that the application of multi-enzyme cocktails 
within simultaneous saccharification and fermentation 
(SSF) regimes significantly enhances substrate-to-product 
conversion. This improvement is largely attributed to the 
mitigation of end-product inhibition, as fermentable sugars 
are sequestered by the yeast as rapidly as they are liberated 
by the enzymes. Furthermore, the robust performance 
of the entrapped Saccharomyces cerevisiae aligns with 
previous research on immobilized yeast systems (Aditiya 
et al. 2016; Zhang et al. 2012). These studies confirm that 
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immobilization effectively prevents cell washout, facilitates 
higher volumetric productivity, and maintains consistent 
ethanol output even under fluctuating or inhibitory sugar 
concentrations. This phenomenon was clearly observed in 
the present study, where the immobilized system maintained 
operational stability and high titers across multiple cycles 
despite the metabolic pressures of a high-gravity sorghum 
substrate.

From an industrial perspective, the integrated use 
of immobilized enzymes and immobilized yeast offers 
compelling advantages—enzyme cost is reduced by 75–85% 
through sixfold reuse, downstream separation is simplified 
because biocatalysts remain in bead form, process robustness 
is enhanced by the protective effect of the alginate matrix 
against shear and pH extremes, and effluent treatment is 
minimized due to negligible soluble protein discharge. When 
applied to sorghum, a drought-tolerant, low-input crop that 
requires no irrigation or fertilizer in many African agro-
ecologies, this technology delivers a genuinely sustainable 
route to high-titer ethanol production as demonstrated in this 
work. This observation is consistent with recent life cycle 
assessment studies indicating that sorghum-based bioenergy 
systems can achieve favorable environmental performance 
and reduced greenhouse gas emissions when efficient 
conversion pathways are implemented (Tutar et al. 2024).

The practical implications for the African beverage and 
biofuel sectors are significant. Traditional sorghum-based 
liquors such as burukutu, pito, and dolo could be upgraded to 
consistent 25–30% v/v products with improved flavor clarity 
and shelf life, commanding premium market prices while 
preserving cultural heritage. At the same time, the same 
process can be scaled for second-generation bioethanol, 
offering rural communities a dual-revenue stream from 
a single feedstock. The economic and environmental 
feasibility of such systems is increasingly supported by 
recent studies demonstrating that sorghum biomass can 
deliver stable ethanol yields while maintaining resilience 
under water-limited and marginal agricultural conditions 
(Tutar 2024; Tutar et al. 2025). Given that enzyme and 
yeast costs typically represent 30–40% of total bioethanol 
production expenses (Mwanyesya et  al. 2025), the 
demonstrated reusability translates into a potential 40–60% 
reduction in biocatalyst expenditure—critical for economic 
viability in low-margin markets.

The superior performance of the triple-enzyme cocktail 
confirms that the simultaneous action of amylolytic 
enzymes and protease is required to overcome the structural 
resilience of sorghum. Comparable observations have been 
reported in recent agro-waste bioconversion studies, where 
integrative omics analyses demonstrated that coordinated 
hydrolytic enzyme systems significantly enhance the release 
of fermentable sugars and improve substrate conversion 

efficiency during bioethanol production (Awe et al. 2025). 
Sorghum starch granules are naturally encapsulated within 
a proteinaceous matrix of kafirins, which restricts enzymatic 
access. The immobilized protease acts by degrading these 
protein barriers, thereby increasing the surface area for 
amylase and glucoamylase to convert starch into fermentable 
glucose. The significantly lower utilization rates validate 
that neither amylolysis nor proteolysis alone is sufficient for 
exhaustive saccharification.

The longitudinal stability observed across six cycles is a 
key finding for the industrial applicability of this method. 
The retention of over 90% sugar utilization efficiency sug-
gests that the sodium alginate immobilization matrix suc-
cessfully protected the enzyme–yeast complex from the 
potentially denaturing effects of high ethanol concentrations. 
However, the sharper decline in efficiency observed in the 
glucoamylase + protease system compared to the triple-
enzyme system suggests that efficient starch liquefaction 
(driven by amylase) is necessary to prevent the accumulation 
of unhydrolyzed starch on the bead surface, which can lead 
to steric hindrance or “clogging” of the pores.

Furthermore, the data obtained in this indicated that the 
immobilized system facilitates a sustained fermentation 
process. While some cycles showed a slight plateau in 
ethanol production between 24 and 48 h, the consistent 
terminal increase at 72 h suggests that the immobilized 
yeast remains metabolically active even as sugar levels 
deplete. This reusability, coupled with high ethanol 
titers (reaching ~ 31% v/v), positions the triple-enzyme 
immobilized system as a highly efficient and cost-effective 
strategy for process intensification in sorghum-based 
bioethanol production, effectively addressing the limitations 
of traditional free enzyme fermentation.

The data presented for white sorghum further confirm the 
necessity of a synergistic enzymatic approach to bypass the 
structural complexities of sorghum grains. The peak sugar 
utilization efficiency of 93.3% observed in the triple-enzyme 
system is statistically superior to all other combinations, 
reinforcing the hypothesis that the simultaneous degradation 
of the protein matrix (via protease) and the starch polymer 
(via amylase and glucoamylase) is essential. In white 
sorghum, the starch granules are less tightly bound by 
polyphenols compared to red sorghum, which likely 
accounts for the slightly higher peak utilization and ethanol 
titers observed (up to 35% v/v in free enzyme trials and 30% 
v/v in immobilized trials).

The longitudinal performance across six cycles highlights 
the protective benefits of the immobilization matrix. The 
retention of significant catalytic activity in the triple-enzyme 
group through Cycle 6 suggests that the sodium alginate 
beads effectively mitigated the toxic effects of high etha-
nol titers and organic acids produced during fermentation. 
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However, the decline in performance observed in single-
enzyme systems, most notably glucoamylase, which saw 
utilization drop from 71.4 to 50.0% which suggests that indi-
vidual enzymes are more susceptible to feedback inhibition 
or leaching when they are not part of a balanced hydrolytic 
cocktail.

Cr i t i ca l ly,  t he  compar i son  be tween  t he 
glucoamylase + amylase and glucoamylase + protease 
systems provides insight into the “rate-limiting” barrier 
of white sorghum. The glucoamylase + protease system 
maintained higher utilization efficiencies (up to 88%) than the 
amylase + glucoamylase system (up to 83.3%), suggesting that 
the removal of the protein barrier is actually more critical for 
sugar release than the initial liquefaction of starch by amylase in 
this cultivar. This finding points toward a process intensification 
strategy where protease concentration is prioritized to ensure 
maximum exposure of starch granules to amylolytic attack. 
Overall, the triple-enzyme immobilized system stands as the 
most viable configuration for achieving high-titer bioethanol 
production while maintaining the economic benefits of 
biocatalyst reusability.

Integrating multi-enzyme immobilization with sorghum 
fermentation dramatically enhances starch hydrolysis, 
sugar utilization efficiency, and ethanol productivity while 
enabling repeated biocatalyst use over multiple cycles. Red 
sorghum proved markedly superior to white sorghum due 
to lower anti-nutritional factors. The approach establishes a 
robust, cost-effective, and environmentally benign platform 
for upgrading traditional African alcoholic beverages and 
for second-generation bioethanol production, with direct 
relevance to food security, rural economic development, and 
sustainable bioprocessing across the continent.

Conclusion

This study demonstrates that the integration of multi-enzyme 
immobilization with yeast entrapment provides a highly efficient 
and stable platform for bioethanol production from sorghum 
cultivars. The data conclusively show that the triple-enzyme 
system (amylase + glucoamylase + protease) is the superior 
configuration, achieving a peak ethanol yield of 31.0 ± 1.55% 
v/v in red sorghum and 30.0 ± 2.2% v/v in white sorghum. 
These yields were supported by maximum sugar utilization 
efficiencies of 90.2% and 93.3%, respectively, underscoring 
the necessity of protease-mediated degradation of the kafirin 
protein matrix to unlock starch accessibility. The operational 
stability of the sodium alginate-immobilized biocatalysts 
was verified across six successive cycles. While a marginal 
decline in productivity was observed, for instance, red sorghum 
ethanol titers transitioned from 31.0% to 29.7 ± 0.36, the 
system effectively mitigated the inhibitory effects of high 
ethanol concentrations and metabolic by-products. In contrast, 

simpler enzyme cocktails (e.g., glucoamylase + amylase) 
exhibited a more pronounced decay in efficiency (declining to 
23.0–23.8% v/v), suggesting that complete enzymatic synergy 
is critical for long-term biocatalyst viability. Furthermore, the 
significant correlation between sugar consumption rates and 
terminal ethanol titers (p < 0.05) highlights the potential for 
this immobilization strategy to facilitate process intensification. 
By allowing for the repeated reuse of expensive enzymes and 
yeast without the need for frequent replenishment, the alginate 
entrapment method addresses the primary economic barriers 
to sustainable bioethanol production. Future research should 
prioritize a comprehensive techno-economic analysis and life 
cycle assessment (LCA) to evaluate the feasibility of scaling 
this multi-enzyme immobilization system for industrial-scale 
biorefineries.
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