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Abstract

The agro-industrial sector is a key pillar of the global economy, playing a central role in
the supply of food, energy, and industrial inputs. However, its production chain generates
significant amounts of residues and by-products, which, if not properly managed, may
cause considerable environmental impacts. In this context, the search for alternatives to
reuse these materials is essential, particularly when they can be converted into high-value
products. One promising application is their use as a nutrient source for microorganisms
in high-value biotechnological processes, such as the production of L-Asparaginase, an
important enzyme used both in mitigating acrylamide formation in foods and as a biophar-
maceutical in Acute Lymphoblastic Leukemia therapy. This approach offers a sustainable
and competitive pathway, combining robust, scalable, and economical enzyme production
with waste valorization and circular economy benefits. Although interest in develop-
ing more sustainable processes is growing, supported by international agreements and
strategies for the valorization of agricultural residues, important challenges remain. The
variability and impurity of residues pose significant challenges for producing biological
products for the pharmaceutical and food industries. In addition, meeting regulatory re-
quirements is essential to ensure product safety and traceability, while achieving high yields
is crucial to maintain production viability compared to conventional media. Overcoming
these barriers is critical to enable industrial-scale application of this approach. This review
provides a residue-centered revision of the most relevant agro-industrial by-products used
as substrates for L-asparaginase production, systematically comparing their compositional
characteristics, fermentation strategies, and reported yields. Additionally, we present a
novel SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis that critically ex-
amines the technical, regulatory, and economic challenges of implementing residue-based
processes on an industrial scale.

Keywords: residues; nutrient sources; biotechnological processes; high-value products;
sustainability
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1. Introduction
L-Asparaginase (L-asparaginase, l-asparagine amidohydrolase, EC 3.5.1.1) is an en-

zyme that catalyzes the hydrolysis of asparagine into aspartic acid and ammonia, which
underpins its wide application in both the pharmaceutical and food industries. In health-
care, it is primarily used as a biopharmaceutical in the acute lymphoblastic leukemia
therapy, where it depletes extracellular asparagine, leading tumor cells to death due to
their inability to synthesize this amino acid through endogenous mechanisms [1–3]. In the
food industry, its application is associated with the reduction in acrylamide formation, a
carcinogenic compound generated during the Maillard reaction, particularly in starchy
foods, through the interaction of reducing sugars and asparagine. Thus, this enzyme
reduces the concentration of one of the reaction substrates and, consequently, acrylamide
formation, representing a safe alternative for use in various food products such as potatoes,
coffee and bread [4–6].

The L-asparaginase production occurs mainly through bioprocesses employing mi-
croorganisms such as Escherichia coli, Erwinia chrysanthemi, Aspergillus oryzae and Aspergillus
niger. Bacteria are predominantly used for the production of this protein for pharmaceutical
purposes, while fungal L-asparaginases are more commonly employed for applications as
food supplements [1,6,7]. The use of these microorganisms is largely due to their ability to
produce several complex biomolecules that can be applied in different industrial sectors,
produced in high concentrations and with a great benefit–cost ratio. However, several fac-
tors, including the type of carbon and nitrogen source, pH, time and temperature, directly
affect process yield [7,8].

Waste generation is one of the major challenges faced by the agro-industrial industry,
with more than 2 billion tons produced annually worldwide, causing significant environ-
mental impacts [9–12]. Addressing this issue requires alternatives that not only contribute
to environmental sustainability but also enhance process feasibility. In this context, the
biorefinery concept has gained prominence, as it enables the conversion of low-value
by-products into high-value-added products throughout the production chain [9,10]. Be-
yond mitigating environmental impacts, this strategy also reduces production costs, thus
combining economic feasibility with a waste-to-wealth approach [4,5].

As these residues are generally rich in sugars and other nutrients, microorganisms are
able to metabolize them, making them viable alternatives for use in production processes.
They represent low-cost and easily accessible substrates, which can help reduce overall
process costs, although in some cases a pretreatment step is required [11–13]. Therefore,
the use of such residues aligns with the concept of a circular economy, promoting the
conversion of environmental liabilities into high-value-added products [12,14].

Various microorganisms, including bacteria, fungi and yeasts, have already been
applied in the fermentation of agro-industrial residues to produce commercially relevant
biocompounds, such as enzymes (e.g., chitinase, amylase, phytase), biosurfactants, and
proteins [10,11]. This strategy can also be extended to the production of biopharmaceuti-
cals, such as L-asparaginase, a high-value-added therapeutic protein. This approach can
enhance production feasibility, which is often limited by high costs, while maximizing
biomass utilization, reducing energy consumption [10]. Such a production model promotes
sustainability and industrial process diversification, strengthening the bioeconomy and
creating new technological opportunities [10,15]. Hence, the use of biorefineries for obtain-
ing enzymes and other bioactive compounds establishes a bridge between technological
innovation, circular economy, and public health, reinforcing the role of biotechnology in
building a more sustainable future [11,12,16].

Given the potential of agro-industrial residues to produce L-asparaginase and reduce
production costs, this study explored the available alternatives. The findings indicate
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that production is feasible, yet several challenges remain. Addressing these challenges is
essential to achieving industrial-scale implementation. The general concept can be seen in
Figure 1.

 

Figure 1. Overview of the use of agro-industrial waste for L-Asparaginase production.

2. Agro-Industrial Residues as Substrate
Agro-industrial residues have emerged as practical, low-cost feedstocks for microbial

L-asparaginase production because they supply fermentable carbon, organic nitrogen, trace
minerals, and, in some cases, endogenous asparagine while simultaneously valorizing
waste streams. Recent syntheses emphasize that waste-based substrates can reduce medium
costs, improve process sustainability, and align bioprocessing with circular-economy goals
in both therapeutic and food applications of L-asparaginase [17–19]. Reviews focused on
food safety also frame L-asparaginase as a mature mitigation tool for acrylamide formation,
thereby motivating scalable, economical production routes that privilege cheap feedstocks.
Together, these perspectives justify a residue-centric strategy for strain cultivation and
process design [17–22].

Table 1 summarizes the agro-industrial residues explored for L-asparaginase produc-
tion, indicating the producing microorganism, fermentation mode, pre-treatments, and
reported activities.

In the context of asparaginase production, recent studies show that the spectrum of sub-
strates is notably broad: wheat bran and legume brans were used as sole or mixed supports;
oilseed cakes and corn gluten appear as nitrogenous co-substrates; and fruit/vegetable
peels (papaya, carrot, onion, garlic, green pea) were assessed as basal media. Less con-
ventional matrices include cactus cladode flours (Opuntia/Nopalea), a fruit-processing
by-product (pitaya peel waste), a protein-rich insect biomass (Tenebrio molitor), and even
agri-food by-product carbon sources such as cane molasses and glycerol pulses in photo-
heterotrophic microalgal cultures where intracellular L-asparaginase activity is monitored.
This diversity highlights how composition (carbohydrate/protein) and physical form (par-
ticulate solids vs. soluble syrups) jointly influence process choice (Solid State Fermentation
vs. Submerged Fermentation, SSF vs. SmF) and performance [20–25].
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Table 1. Agro-industrial residues applied as substrates for L-asparaginase production.

Residue Microorganism SSF/SmF Pretreatment/
Supplementation Best Results Ref.

Wheat, arhar, kulthi
brans

Purpureocillium
lilacinum SSF RSM optimization

248.234 U/gds
(optimized); 190.439
U/gds (main effects)

[21]

Soybean meal, corn
gluten, groundnut

de-oiled cake
Aspergillus niger SSF Ternary mixture;

ANN optimization
141.45 ± 5.24

IU/gds [20]

Pitaya peel waste Aspergillus niger SmF
(induction)

Moisture optimization
~60% ≤0.6712 IU/mL [23]

Papaya peel Aspergillus
quadrilineatus

SmF
(screening) Initial screening ≈2.99 U/mL [22]

Carrot peel Aspergillus
quadrilineatus SmF

Selected after
screening for

nutritional profile

Best in mass culture
(not specified) [22]

Defatted Tenebrio
molitor biomass

(insect)

Penicillium sp.
LAMAI-505 SSF Direct use of defatted

biomass ≈2.75 U/g [24]

Cane
molasses/Glycerol

Haematococcus
pluvialis

SmF/photo-
heterotrophic

culture

Carbon pulses
(molasses or glycerol)

Intracellular
qualitative changes [25]

Cactus cladode
flours

(Opuntia/Nopalea)
Aspergillus oryzae SSF

Low flour
concentration (0.2%

w/v), acidic pH
Not quantified [26]

SSF: Solid-State Fermentation | SmF: Submerged Fermentation | RSM: Response Surface Methodology | ANN:
Artificial Neural Network | gds: gram of dry substrate.

Nutritional characteristics of these residues underpin the observed yields. In SSF
with Aspergillus oryzae, a two-level factorial design using Opuntia/Nopalea cladode flours
showed that relatively low added flour (0.2% w/v), acidic pH, and modest inoculum
supported L-asparaginase formation, consistent with these flours’ modest nitrogen and
carbon contents and amino-acid profiles (e.g., glutamate dominance), which collectively
tune Carbon/Nitrogen (C/N) and buffering behavior [26]. In microalgal cultivation of
Haematococcus pluvialis, pulses of cane molasses or glycerol (both agro-by-products) altered
intracellular protein content and L-asparaginase activity during nitrogen starvation vs.
enrichment, illustrating how carbon source type and C/N reprogram enzyme metabolism
even outside classic fungal SSF [25]. Complementarily, Carbon–Nitrogen–Hydrogen–Sulfur
(CHNS) characterization in SSF with Aspergillus niger linked lower medium C/N and
higher protein supply (from soybean meal, corn gluten meal, groundnut de-oiled cake) to
enhanced production, reinforcing nitrogen sufficiency as a primary lever on L-asparaginase
biosynthesis [20].

Regarding fermentation mode, a pragmatic split is evident: SSF remains prevalent
for particulate residues because it leverages the natural solid matrix and reduces free-
water demand, while SmF is often chosen for soluble or pulped peels and for downstream
enzyme purification. Reviews further note that, although industry frequently employs SmF
for large-scale enzyme manufacture, L-asparaginase studies on agro-residues continue to
exploit SSF to capitalize on mass-transfer advantages and the structural role of brans/peels
as both support and substrate [17,19,26].

Operationally, moisture content and pH exert first-order effects in SSF, with inoculum
size and sterilization practice as secondary drivers. An artificial neural network (ANN)-
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guided optimization for SSF using a ternary blend of soybean meal, corn gluten meal, and
groundnut de-oiled cake identified moisture as the most sensitive factor; the trained model
projected an optimum of 70% moisture, pH ≈ 6.0, and ~30 min autoclaving, which collec-
tively maximized predicted L-asparaginase [20]. In a cactus-flour SSF, a factorial design
converged on pH 4.0, 1% (v/v) inoculum, and 0.2% (w/v) flour as favorable, illustrating
that optimal regimes can be highly matrix-specific and not necessarily neutral in pH [26].
Moisture targeting around 60% was likewise implicated in a pitaya-waste system with A.
niger, underscoring moisture’s recurrent centrality to oxygen diffusion and water activity
in SSF beds [23].

Yield comparisons across studies show how substrate composition and process tailor-
ing interact. In A. niger SSF driven by an ANN-assisted optimization, the model projected
~141.45 ± 5.24 IU gds−1 at the optimum; sensitivity analysis ranked moisture > inoculum
> pH, with model accuracy R2 ≈ 0.99 for training/validation [20]. Earlier SSF work with
Purpureocillium lilacinum (formerly Paecilomyces lilacinus) on wheat, arhar, and kulthi brans
reached higher magnitudes after response-surface refinement, achieving ~248.234 U gds−1,
while main-effect studies recorded ~190.439 U gds−1—benchmarks that remain competitive
among waste-based systems [21]. In contrast, a pitaya-peel system used as an inducer with
A. niger under optimized conditions yielded ≤ 0.6712 IU mL−1, reflecting distinct titer units
and a submerged/induction context rather than classic granular SSF [23].

Vegetable peels illustrate how screening choice guides downstream process mode.
In submerged screening of multiple peels and agro-wastes for Aspergillus quadrilineatus,
papaya peel originally gave the highest measured activity (≈2.99 U mL−1), yet the authors
subsequently selected carrot peel for mass culture and reported it as best under their SmF
conditions, citing nutritional profile, availability, and cost as deciding factors. This under-
scores that the “best” substrate can be context-dependent, changing between exploratory
screening and scaled purification trials [22].

Protein-rich non-plant matrices offer a complementary route. An SSF employing
Penicillium sp. LAMAI-505 on defatted Tenebrio molitor biomass (a circular by-product from
insect farming) co-produced a biosurfactant and L-asparaginase, with a reported maximum
of ~2.75 U g−1 for the enzyme—proof-of-concept that emergent agro-food side streams can
function as nitrogenous scaffolds for enzyme production [24].

Case studies of mixed substrates further support synergy between carbon and nitrogen
sources. In SSF, combinations of cereal brans and oilseed meals frequently outperform
single substrates, because blends improve asparagine availability, moisture retention,
and porosity. Reviews synthesize examples where ternary mixtures (e.g., soybean meal–
cottonseed meal–wheat bran) outperform any single component, and where passion-fruit
peel flour drives particularly high activities with A. niger—both trends that argue for
mixture-design approaches in residue selection [17,19,22].

From a process-engineering perspective, some studies highlight that optimization
methodology matters as much as substrate choice. Data-driven tools (ANNs) captured
nonlinear moisture–biomass–activity interactions on mixed meal substrates; classical facto-
rial/RSM designs delineated pH and inoculum windows for cactus flours; and knowledge
syntheses call attention to algorithmic and AI-assisted strategies to shorten optimization
cycles for waste-based L-asparaginase bioprocesses [17,20,26].

Finally, when positioning residue-based processes for food applications (e.g., acry-
lamide mitigation), the literature converges on two themes: (i) the enzyme’s efficacy is
established across diverse foods and (ii) industrial adoption will benefit from robust, scal-
able, and economical production—precisely what agro-residue routes target. Reports
compile conventional mitigation tactics alongside enzymatic strategies, reinforcing the
unique breadth of L-asparaginase and the need for supply at cost. The combination of
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demonstrated efficacy in food matrices and the environmental co-benefits of waste val-
orization provides a coherent rationale to prioritize residue-based media in L-asparaginase
bioprocess design going forward [17,18].

3. Microbial Sources for L-Asparaginase Production
Currently, the primary microorganisms associated with the commercial production

of L-asparaginase are Escherichia coli and Erwinia chrysanthemi, which are recognized for
their high potential in medical treatments, such as first-line therapies [27]. However,
various other microbial sources, including filamentous fungi, yeasts, archaea, bacteria
and actinomycetes, have also been reported as promising for enzyme production. This
is due to their ease of handling, maintenance, rapid production and recovery, and high
scalability [6,28]. Table 2 presents examples of L-asparaginase-producing microorganisms,
induced by L-asparagine, along with their respective enzymatic activities and optimal
operating conditions.

At present, 95.5% of the L-asparaginase sequences deposited in the National Center
for Biotechnology Information (NCBI) are attributed to bacteria. The remaining organisms
represent a smaller fraction, distributed among fungi (1.68%), animals (1.25%), plants
(0.24%), archaea (0.88%), and viruses (<0.01%). Nevertheless, the enzymes secreted by these
groups exhibit distinct and potentially attractive characteristics for various applications [29].
The activity data and optimal temperature and pH conditions for the L-asparaginases listed
in Table 2 highlight this, showing significant heterogeneity in these properties, both among
microorganisms from different taxonomic groups and among species of the same genus.

Other characteristics such as molecular mass, oligomerization state, and thermal
stability are also associated with the microbial species of origin. In this context, the screening
for new microorganisms and the characterization of their enzymes are fundamental steps for
the development of new and improved applications, whether in medicine, biotechnology,
or the food industry [30,31]. Understanding the characteristics of already available enzymes
is the first step.

Table 2 illustrates the remarkable heterogeneity of reported L-asparaginase activities
across microbial groups, with values ranging from less than 1 U/mL in some screening stud-
ies to more than 1000 U/mL or U/mg under optimized bacterial and fungal systems. This
broad variation underscores how enzyme performance is strongly dependent not only on
the microbial source but also on cultivation conditions and measurement units, which com-
plicates direct comparisons. Nevertheless, Table 2 highlights clear benchmarks—such as
the high titers achieved by optimized Aspergillus strains and certain bacterial isolates—that
can serve as reference points for future process development. At the same time, the modest
activities observed in less conventional microorganisms indicate opportunities for improve-
ment through bioprospecting, strain engineering, or tailored fermentation strategies.

Although a wide range of microorganisms has been reported as potential sources of
L-asparaginase, their suitability for large-scale or biorefinery applications is not uniform.
Archaeal enzymes are valued for thermostability but may require specific operational
conditions that limit broader use. Actinomycetes show high diversity, yet only part of the
strains effectively produce the enzyme. Bacteria remain the most explored, with E. coli
and Erwinia chrysanthemi being commercial references, but their application is restricted by
immunological reactions. Fungi and yeasts offer advantages such as extracellular secretion
and growth on low-cost substrates, though they depend on defined cultivation conditions
and may face variability when agro-industrial residues are used. These aspects, along with
further constraints and suitability issues, will be discussed in more detail in the following
Sections 3.1–3.5, where specific references and examples are provided.
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Table 2. Examples of L-asparaginase-producing microorganisms.

Class Microorganism Reactor Optimal
Conditions

Activity/
Specific Activity Ref.

Archaea
Thermococcus sibiricus * Shaker 90 ◦C and pH 9.0 83.361 U/mL [32]

Pyrococcus * furiosus Shaker 50 ◦C and pH 8.0 12,321.4 U/mL [33]
Pyrococcus abyssi * Shaker 80 ◦C and pH 8.0 1175 U/mg [34]

Actinomycetes Streptomyces koyangensis (SK4) Shaker - 136 U/mL [35]
Streptomyces gulbargensis Shaker 40 ◦C and pH 9.0 3.23 U/mL [30]

Bacteria

Bacillus paralicheniformis
(AUMC B-516) Shaker 35 ◦C and pH 8.0 116.4 U/mL [36]

Bacillus licheniformis (ASN51) Shaker 37 ◦C and pH 8.0 499 U/mg [37]

Escherichia coli (MF-107) Shaker 35 ◦C and pH
7.5–8.0 9.16 U/mg [38]

Pectobacterium carotovorum Shaker 37 ◦C and pH 8.7 20 U/mL [39]
Pseudomonas aeruginosa SSF 37 ◦C and pH 7.4 1900 IU/mg [40]

Sphingomonas leidyi (VN01) Shaker 37 ◦C 156 IU/mg [41]
Zymomonas mobilis (CP4) Shaker 30 ◦C 16.55 IU/L [42]

Yeast

Trichoderma viride Shaker 37 ◦C and pH 7.5 71.3 U/mL [43]
Meyerozyma guilliermondii Shaker 37 ◦C and pH 7.0 26.01 U/mL [44]

Candida utilis (ATCC 9950) Fermenter
(Batch) 245.6 U/mL [45]

Saccharomyces cerevisiae * Shaker 40 ◦C and pH 8.6 196.2 U/mg [46]
Leucosporidium scottii (L115) Shaker - 178.1 U/gdcw−1 [47]

Lachancea thermotolerans Shaker 37 ◦C and pH 8.6 313.8 U/mg [48]
Cyberlindnera subsufficiens

(GULAMMS8) Shaker - 57.54 U/mL [49]

Meyerozyma guilliermondii Shaker 37 ◦C and pH 7.0 26.01 U/mL [44]

Fungi

Aspergillus oryzae (IOC 3999) Shaker 60 ◦C and pH 5.0 1443.57 U/mL [50]
Aspergillus niger (INCQS

40018) Shaker 40 ◦C and pH 5.0 0.6712 U/mL [23]

Penicillium brevicompactum
(NRC 829) Shaker 37 ◦C and pH 8.0 132.4 U/mg [51]

Cladosporium sp. Shaker - 255-428 U/mL [52]
Aspergillus caespitosus;

Aspergillus oryzae Shaker - 0.0249 and 0.0139
U/mL [18]

Fusarium equiseti (AHMF4) Shaker - 40.78 U/mL [53]
Penicillium sizovae (2DSST1)
and Fusarium proliferatum

(DCFS10)
Shaker - 3.68 and 1.86

U/mL [54]

Aspergillus sydowii and
Fusarium oxysporum Shaker - 146 and 143 U/mL [55]

Aspergillus niger SSF 50 ◦C and pH 9.0 187.19 U/mg [56]
Fereydounia khargensis

(IBRC-M 30116) Shaker - 61.3 U/mL [57]

Aspergillus oryzae SSF - 16.122 U/g [58]
Aspergillus caespitosus

(CCDCA 11593) SSF - 2.75 U/mL [59]

* Recombinant. Expressed in E. coli. | SSF: Solid-State Fermentation.

Figure 2 summarizes the pros and cons of each microorganism class.
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Figure 2. Pros and cons of each microorganism class producer of L-Asparaginase.

3.1. Archaea

Archaeal organisms stand out for the wide diversity of proteins they produce and for
being safe, as there are no records of pathogenic species in this group. Among those capable
of synthesizing L-asparaginase, the genera Pyrococcus and Thermococcus are noteworthy [60].
Most available studies to date indicate that L-asparaginases from archaea can be divided
into five different families (Asp1, Asp2, IaaA, Asp2like1 and Asplike2), with the first three
similar to those found in bacteria [61]. The asparaginases found in P. horikoshii, P. furiosus
and T. kodakarensis did not show lateral glutaminase activity, a desirable characteristic in
clinical applications and a differentiator from other microbial sources. Furthermore, many
enzymes produced by archaea exhibit thermostability and tolerance to extreme conditions,
making them particularly suitable for biotechnological processes, especially in the food
industry [62].

3.2. Actinomycetes

Actinomycetes are still underexplored regarding the production of L-asparaginases
(ASNases), with the genus Streptomyces as the main exception. The first description of
this enzymatic activity for the group occurred in the 1970s, with its identification in S.
griseus. Since then, various species of the genus have been investigated, including S.
gulbargensis [30], S. albidoflavus [63], S. rochei [64], and S. koyangensis [31]. Despite extensive
investigation, not all Streptomyces species are capable of producing the enzyme. Rath et al.
(2023) [65] evaluated 28 strains and observed ASNase activity in only 12 of them. Other
genera of producing actinomycetes include Actinomyces sp., Thermoactinomyces sp., and
Nocardia sp. [7].

3.3. Bacteria

Bacteria remain the main sources, in terms of quantity, of ASNases and are also the
most extensively studied. It is now known that both Gram-positive and Gram-negative bac-
teria are capable of synthesizing the enzyme. While Gram-negative bacteria have received
more attention, producing type I (cytosolic) L-asparaginases, Gram-positive bacteria have
the advantage of secreting the enzyme, facilitating its application in industrial processes
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and reducing purification costs [66,67]. The family of greatest interest is Enterobacteriaceae,
represented by Escherichia coli and Erwinia chrysanthemi, which are currently used for com-
mercial purposes [68]. However, these enzymes are often associated with immunological
reactions [69]. Bioprospecting studies continue to reveal novel bacterial sources with high
potential, such as Sphingomonas leidyi, which demonstrated a high enzymatic activity of
156 IU/mg [41].

3.4. Fungi and Yeasts

Fungi represent the second-largest group of L-asparaginase producers and are consid-
ered potential substitutes for bacteria due to high production yields, the ability to grow
on low-cost substrates, and the production of extracellular enzymes. Furthermore, several
fungal species are considered safe (GRAS), presenting little to no immunogenicity. Cur-
rently, the industrial production of L-asparaginase by fungi is mainly carried out through
submerged fermentation; however, solid-state fermentation offers advantages such as the
use of agro-industrial by-products and the generation of smaller volumes of waste [59,70].
Among the most common producing microorganisms are the genera Aspergillus sp. and
Penicillium sp., whose optimal pH and temperature conditions range from 6.0 to 9.5 and
from 30 to 50 ◦C, respectively. As for yeasts, various genera including Saccharomyces sp.,
Candida sp., Pichia sp., Rhodotorula sp., Rhodosporidium sp., and Trichoderma sp. also exhibit
ASNase activity [71].

3.5. Advances in Protein Engineering and Bioprospecting

Given the growing demand for L-asparaginase and the limited yields of conventional
methodologies, microbial protein engineering is emerging as a promising strategy, enabling
industrial-scale production with increased efficiency and reduced costs. Recent studies
demonstrate that both the optimization of cultivation conditions [72] and the genetic
improvement of microorganisms result in significant production gains, reaching up to
thousands of units per milliliter. Furthermore, the use of combined methodologies of
rational design and directed evolution has allowed the development of L-asparaginase
variants with greater thermal stability, enhanced specificity, and lower immunogenicity,
which are essential for industrial applications [5,73].

4. Perspectives on L-Asparaginase Production Using
Agro-Industrial Residues

This final section will examine the main trends and perspectives that may influence
the future of L-asparaginase production from residues from the agro-industry. The focus
is on how technological advances, environmental considerations, and regulatory factors
intersect to create both opportunities and obstacles. To frame this discussion, we will first
present an overview of emerging technologies and prospects in this field, followed by a
SWOT analysis that critically assesses the strengths, weaknesses, opportunities, and threats
associated with this strategy.

4.1. Technological and Sustainability Trends

In the context of biopharmaceutical production from renewable resources, it is es-
sential to recognize recent progress and anticipate the directions that may guide future
research and industrial implementation. Current developments indicate a movement to-
ward sustainable practices, the adoption of emerging bioprocess technologies, and the
expansion of application niches, while significant regulatory and technical hurdles persist.
Table 3 summarizes these trends and perspectives, providing a concise overview of the
opportunities and barriers that are likely to influence the next steps in L-asparaginase
production from agro-industrial residues.
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Table 3. Trends and perspectives in L-asparaginase production using agro-industrial residues,
highlighting sustainability, technological advances, applications, and regulatory challenges.

Category Trends and Perspectives Potential Impacts Ref.

Sustainability and green
bioprocesses

Development of processes with
low energy consumption,

sustainable solvents, and reuse of
inputs.

Cost reduction, lower
environmental impact, and
contribution to the circular

economy. Increased industrial
feasibility and compliance with

environmental regulations.

[17,18,23,74]

Funding and public
policies

Incentives for bioeconomy
projects and financing of clean

technologies at national and
international levels.

Greater investment attractiveness
and acceleration of industrial

implementation.
[75]

Emerging technologies

Integration with advanced
bioreactors (e.g., continuous),
automation, and omics-based

tools.

Better process control, improved
scalability, and real-time

optimization.
[67,76]

Metabolic engineering and
bioprospection

Use of novel bioprospected or
genetically modified

microorganisms and robust
recombinant systems to enhance

enzyme yield from residues.

Higher productivity and
improved efficiency in the

utilization of heterogeneous
substrates.

[8,66,77–79]

AI and digitalization

Application of AI, machine
learning, big data, and digital

twins to optimize media
formulation, predict yields, and

control processes.

Reduced R&D time and costs,
more robust processes, and faster

scale-up.
[77,80,81]

Integration into
biorefineries

Combined production of
L-asparaginase, bioenergy,

enzymes, and biopolymers within
multiproduct platforms.

Product diversification and
greater economic valorization of

residues.
[79,82,83]

Stability and formulation

Use of biocompatible additives,
encapsulation, and stabilization
technologies for residue-derived

L-asparaginase.

Improved stability, longer shelf
life, and expanded possibilities

for industrial use.
[4,77,84–86]

Expanded applications

Extension of applications beyond
pharmaceuticals, including the

food industry (acrylamide
reduction) and biotechnology.

Market expansion and broader
commercial potential for the

enzyme.
[29,87,88]

Regulation and safety
Increasing demand for

traceability and validation in the
use of residues as substrates.

Significant regulatory barriers,
but opportunities for green and

sustainable certification.
[75,89]

The use of agro-industrial residues as feedstocks for L-asparaginase production aligns
with current efforts to promote sustainable bioprocesses and the principles of the circular
economy [17,23,74]. For instance, production costs can be reduced by employing materials
such as sugarcane bagasse, rice husks, or soybean cakes while simultaneously addressing
waste disposal and environmental concerns [18]. This approach not only supports global
sustainability agendas but also benefits from public policies and funding initiatives that
encourage the development of bioeconomy projects, particularly in countries with strong
agricultural sectors [75].

Technological progress has also played a decisive role in making this strategy more
feasible. The adoption of energy-efficient operations and solvent recycling contributes
to greener processes, while advances in bioreactor design, automation, and omics-based
monitoring improve control and scalability [67,76,77,90]. For example, researchers have
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been bioprospecting or engineering novel microorganisms with higher resistance and
productivity to overcome the variability of complex substrates [8,66,78,79]. In parallel,
new formulations of L-asparaginase, such as PEGylated variants, additives, encapsulated
systems, and nano-based carriers, have been developed to improve stability, reduce im-
munogenicity, and extend therapeutic half-life [4,77,84]. Moreover, it is possible to predict
yields and optimize conditions more effectively with artificial intelligence (AI) and other
digital tools. Together, these developments point toward more robust and integrated
production systems [77,80,81].

4.2. Regulatory Challenges and SWOT Analysis

L-asparaginase is beginning to find uses that go beyond its established role in oncology.
One of the most promising areas is the food industry, where it can reduce acrylamide levels
in baked or fried products, responding to demands for healthier and safer foods [29,87].
There is also growing interest in industrial biotechnology applications, such as in the biosyn-
thesis of fine chemicals, which expands the potential market [88]. In parallel, its integration
into multiproduct biorefineries provides opportunities to generate L-asparaginase along-
side bioenergy, enzymes, and biopolymers, improving the economic return of agro-residue
utilization [79,82,83].

Despite these advances, regulatory hurdles persist. Agricultural residues are het-
erogeneous in origin and composition, raising concerns about traceability, contaminants,
and product consistency. These are critical issues for biopharmaceutical and food pro-
duction, as they also involve the possibility of irritation, allergenicity, or other adverse
effects, demanding rigorous assessment and validation prior to approval [89]. On the
other hand, sustainability-oriented policies create new opportunities. Renewable energy
programs, national waste management strategies and international agreements encourage
the valorization of agricultural residues. In this context, assigning producers responsibility
for the entire life cycle of their products and public–private partnerships can foster the
adoption of green biorefineries, supporting eco-labeling and certifications that mitigate
regulatory barriers, add market value, and enhance global acceptance of residue-derived
enzymes [75].

Given the growing interest in sustainable biopharmaceutical production and the poten-
tial of agro-industrial residues as low-cost substrates, it becomes essential that we critically
assess the advantages and limitations of this approach. Hence, Figure 3 summarizes this
evaluation through a SWOT analysis of L-asparaginase production using agro-industrial
residues, outlining the variables that influence the feasibility of its industrial application.

The strengths demonstrate the economic and environmental appeal of using agro-
industrial residues. Their low cost and wide availability help to reduce raw mate-
rial expenses, while their valorization supports sustainability and circular economy
goals [18,91,92]. This advantage is particularly evident in countries with strong agricultural
industries. In Brazil, for instance, sugarcane bagasse and soybean cakes are produced in
vast amounts [92,93], while, in India and Southeast Asia, rice husks, wheat bran and palm
oil residues represent major by-products of staple crops [94,95]. China also generates sub-
stantial volumes of maize stover and wheat residues, whereas, in Europe, wine-producing
countries such as France, Italy, and Spain yield large amounts of grape pomace [94,96].
These diverse feedstocks allow multiple opportunities for integration into local biopro-
cesses, and in many regions, regulatory and social initiatives support their use to promote
bioeconomy and waste valorization.
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Figure 3. SWOT analysis of L-asparaginase production from agro-industrial residues, showing key
strengths, weaknesses, opportunities, and threats of this sustainable strategy.

Weaknesses, however, reveal the complexity of translating these advantages into con-
sistent industrial practice [94,97,98]. Residues vary considerably in chemical composition
depending on crop, harvest, and processing methods, which complicates process repro-
ducibility [94]. Contaminants such as pesticide residues or mycotoxins present additional
risks, potentially reducing microbial growth efficiency or compromising enzyme safety.
Productivity tends to be lower when compared to synthetic media optimized for yield,
often requiring pretreatments, supplementation, and careful process engineering to achieve
competitive results. Scaling up adds another layer of difficulty, as ensuring homogeneity,
sterilization, and a steady industrial supply chain for heterogeneous residues is far from
trivial [94,97].

Opportunities arise from broader global trends. The rising demand for sustainable
and environmentally responsible biopharmaceuticals strengthens the case for processes
based on renewable substrates [99,100]. L-asparaginase, beyond its central role in leukemia
treatment, has a growing potential in the food industry, particularly in reducing acrylamide
levels during baking and frying [101]. Integration into biorefineries represents another promis-
ing path, where residues can be processed simultaneously for the production of bioenergy,
biopolymers, and enzymes, creating more resilient and efficient value chains [79,82]. Moreover,
the availability of green funding and sustainability-oriented innovation programs, particu-
larly in the European Union, North America, and parts of Asia, may provide financial and
policy incentives that accelerate industrial uptake [75].

At the same time, threats remain significant. Conventional production in synthetic
media is already well established, offering stable yields and predictable quality [94,97].
Regulatory and safety challenges may also create barriers since the use of heterogeneous
residues in biopharmaceutical production raises strict requirements for traceability and
control [89]. Market fluctuations in residue supply (linked to agricultural cycles, climate
variability, or trade dynamics) pose additional risks to process stability. Finally, tech-
nological bottlenecks, particularly the need for robust methods to scale up production,
standardize raw materials, and ensure consistent enzyme quality, may delay industrial
translation [94,97].

Thus, this SWOT analysis suggests that, while agro-industrial residues offer a promis-
ing and sustainable pathway for L-asparaginase production, their successful adoption
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depends on overcoming variability, safety concerns, and regulatory hurdles. Building
reliable supply chains and developing scalable, standardized technologies will be crucial
for this strategy to compete with conventional processes on a global scale.

Overall, the trends and perspectives discussed here suggest that producing L-
asparaginase from agro-industrial residues offers real potential but also significant hurdles.
Technological advances and new applications add momentum, while sustainability policies
and funding opportunities create favorable conditions for development. At the same time,
variability of raw materials, process control, and regulatory approval remain decisive for
scaling up.

5. Conclusions
L-asparaginase production from agro-industrial residues has advanced from isolated

trials to consistent demonstrations of feasibility, showing that low-cost substrates such
as brans, oilseed cakes, fruit peels, and even insect biomass can sustain enzyme yields
competitive with synthetic media. These studies confirm that residue-based processes not
only reduce production costs but also align with global sustainability agendas, integrating
waste valorization with the development of high-value therapeutic and industrial enzymes.

Emerging approaches are reshaping this field by expanding both the microbial spec-
trum and the technological tools available. Novel fungal and bacterial isolates, rationally
engineered strains, and protein variants with enhanced stability and reduced immuno-
genicity are being combined with process innovations such as solid-state fermentation
optimization, machine learning-guided design, and biorefinery integration. In parallel,
applications of L-asparaginase are diversifying: while its established role in leukemia
therapy still drives most research, its validated capacity to mitigate acrylamide in foods is
creating a strong incentive for industrial-scale production from renewable substrates.

Despite these advances, significant challenges remain. Variability in residue com-
position, risks of contaminants, and difficulties in scaling up bioprocesses complicate
reproducibility and regulatory approval. For pharmaceutical use, rigorous standards of
purity, safety, and traceability must be met; for food and biotechnology applications, con-
sistent performance across heterogeneous feedstocks is essential. Addressing these hurdles
through standardized pretreatments, harmonized regulations, and robust supply chains
will be decisive for transforming L-asparaginase production from agro-industrial residues
into a competitive industrial reality.
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