
Academic Editor: Maria Gavrilescu

Received: 30 November 2025

Revised: 19 January 2026

Accepted: 23 January 2026

Published: 29 January 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Applicability Assessment of a Microbial Proteolytic
Fermentation Broth to Leather Processing and Protein
Stain Removal
Manuela Lageiro 1,2,3,* , Maria João Moura 1 , Fernanda Simões 1 , Nuno Alvarenga 1,3 and Alberto Reis 4,*

1 INIAV, National Institute of Agricultural and Veterinary Research, IP, 2780-157 Oeiras, Portugal;
mjoao.moura@iniav.pt (M.J.M.); fernanda.simoes@iniav.pt (F.S.); nuno.alvarenga@iniav.pt (N.A.)

2 NOVA School of Science and Technology, NOVA University Lisbon, 2829-516 Caparica, Portugal
3 GeoBioTech, GeoBioSciences, GeoTechnologies and GeoEngineering Research Center, NOVA School of

Science and Technology, NOVA University Lisbon, 2829-516 Caparica, Portugal
4 LNEG, Laboratório Nacional de Energia e Geologia, IP, 1649-038 Lisboa, Portugal
* Correspondence: manuela.lageiro@iniav.pt (M.L.); alberto.reis@lneg.pt (A.R.)

Featured Application

A proteolytic fermentation broth was applied to leather tanning and protein stain removal
showing its potential use in the leather and detergent industries, or even in the treatment of
industrial proteinaceous wastes and/or effluents. The microbial proteolytic broth applica-
tions exemplify the cross-sectoral benefits and environmental responsibility at the heart of
the bioeconomy. Microbial enzyme applications in leather processing, stain removal, and
waste and effluent management demonstrate how microbial biotechnology can replace pol-
luting industrial practices, thereby becoming a catalyst for sustainable growth, innovation,
and climate resilience.

Abstract

Microbial proteases are fundamental towards the eco-sustainability of proteolysis at the
industrial scale. A proteolytic broth was obtained from a bioreactor fermentation of a
proteolytic Bacillus strain isolated from an industrial alkaline bath. Broth proteolytic activity
was applied to leather tanning and to the removal of protein stains. The hide tanned with
the microbial proteolytic fermentation broth showed better physical properties than the one
tanned with commercial pancreatic proteases of the same activity (780 LVU). Proteinaceous
stains on cotton fabric were removed more efficiently using the Bacillus proteolytic broth
than water or a commercial detergent. Blood and egg yolk disappeared in less than 30 min.
The removal of soya and English sauce stains was even faster. Broth proteolytic activity
was characterised by caseinolytic (5200 LVU), collagenolytic (10.0 U mg−1), elastolytic
(3.7 U mg−1), and keratinolytic (0.7 U mg−1) activities, which were compared with those
of a commonly used commercial protease. Alkaline protease activity in the broth was
demonstrated by a 20% increase in caseinolytic activity from pH 5 to 8. Besides the
demonstrated applications in the leather and detergent industries, the produced alkaline
microbial proteases can also be used in the treatment of proteinaceous wastes and effluents,
offering potential environmental benefits reinforcing and impacting the bioeconomy.

Keywords: alkaline proteases; Bacillus; detergent industry; leather industry; agroindustry;
bioeconomy; green chemistry
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1. Introduction
Proteases are ubiquitous in all living beings, including those from the vegetal, animal,

and microbial kingdoms [1,2]. Proteases are enzymes belonging to the hydrolytic enzyme
class that catalyse the transformation of proteins into peptides and amino acids [3–5]. The
Enzyme Commission classification placed proteases in class 3 (hydrolases), sub-class 4
(proteases), and assigned each proteolytic enzyme a unique Enzyme Commission num-
ber [6–8]. Proteases were classified by their catalytic action (the active site composition) in
serine proteases EC 3.4.21 (subtilisin EC 3.4.21.62 and chymotrypsin EC 3.4.21.1), cysteine
proteases EC 3.4.22 (papain EC 3.4.22.1), aspartic proteases EC 3.4.23 (renin EC 3.4.23.1),
metalloproteases (EC 3.4.24), and threonine proteases (EC 3.4.25) [9]. Proteases can also
be classified according to their pH working range (acid, neutral, or alkaline proteases),
molecular weight, or substrate specificity.

The use of microbial proteases makes the industry more eco-sustainable, both by
reducing the consumption of chemical products and by lowering waste and effluent treat-
ment costs through their applicability and specificity [10]. Microbial proteases account for
60% of the global enzyme market sales, and Bacillus species are the most representative
sources [11,12]. Among these industrial proteases, 35% are alkaline proteases [3]. Alkaline
microbial proteases are active at high pH levels, ranging from 7 to 13, and due to their
specificity are utilised in various industrial processes [13,14], such as leather manufactur-
ing [7,15] or the detergent industry [7,16].

The tanning industry is highly traditional and has a negative environmental impact,
but is crucial to the economy [17,18]. The industrial process of converting raw skin or hides
into finished leather consumes significant amounts of chemicals, water, and energy through
a complex technological process that involves both doing and undoing operations [7,19],
making it highly polluting. Figure 1 illustrates the sequence of operations from raw hides
to finished leather, emphasising the pre-tanning beam-house operations where proteases
and lipases are applied. In addition to protease application in the pre-tanning beam-house
operations (such as soaking rehydration, unhairing, bating, degreasing, and pickling),
protease can also be used in chrome tanning and post-tanning operations [20].

 

Figure 1. The operation sequence, from raw putrescible hides to finished leather (non-putrescible),
highlights the main protease application steps in the beam-house pre-tanning process. The different
possible tanning processes (chrome, vegetable, aldehyde, synthetic, or mineral) and several post-
tanning wet-finishing and finishing processing steps are also identified.

The traditional tanning of one ton of raw hides results in 200 to 250 kg of finished
leather [8], with a yield of only 20–25% in the transformation from raw hides into strong,
non-putrescible finished leather, and resulting in the disposal of almost 80% of raw material
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in solid and liquid wastes during the leather-making process [21]. The traditional process
utilises 500 kg of chemical products, consuming 15 to 50 m3 of water and 9.3 to 42 GJ of
energy, resulting in 15 to 50 m3 of liquid effluents, 450 to 739 kg of solid waste, and 40 kg of
organic solvent emissions [22].

This scenario can be changed for a more sustainable tanning industry by using en-
zymes instead of polluting chemical products and by replacing conventional, faster, cheaper,
but highly polluting chrome tanning (wet blue leather) [20] with viable chrome substi-
tutes. Alternative tanning processes using chrome substitutes include vegetable (green
leather) [23], aldehyde (wet white leather) [24], synthetic [20], and mineral tanning [23].

European Union regulations restrict the use of hazardous substances that generate
significant amounts of corrosive wastewater, aiming to reduce the environmental impact
of tanneries by implementing combined enzymatic technologies [25]. In fact, enzymatic
tanning requires less water and generates less waste than chrome tanning, selectively
breaking down the collagen fibres, resulting in a uniform, softer, and more flexible leather
product [25].

Protease application during the tanning process reduces chemical usage by 50%,
lowering effluent chemical oxygen demand (COD), biological oxygen demand (BOD), and
sulphide content, and thereby improving sustainability [22].

Despite the availability of new bacterial and fungal enzymes, pancreatic bating agents
continue to dominate the market because they offer a cheap, balanced mixture of different
proteases with a high lipase content [7].

The application of alkaline protease during soaking can accelerate hide rehydration by
removing blood, dirt, grease, and proteoglycans. Protease application during unhairing can
reduce COD, BOD, and sulphide content in the final effluents, thereby improving wastewa-
ter treatment efficiency and reducing chemical use. This approach also provides smoother
grain, increases leather softness, and enhances the possibility of a higher area recovery
and hair recovery [18,22]. Proteases are used as auxiliaries during liming to accelerate the
processing. However, the bating step relies entirely on proteolytic enzymes [18] to digest
the non-structural proteins, ensuring collagen integrity, cleaning up the interfibrillar region,
improving grain openness and texture [26], and preparing the leather for uniform dye
penetration and tanning.

Lipases can be used in degreasing to break down natural grease into partially self-
emulsifying soaps, thereby reducing or eliminating the need for non-biodegradable surfac-
tants, such as alkylphenol ethoxylates [19].

All enzymes must be active under industrial operating conditions over a temperature
range of 25 ◦C to 35 ◦C and at alkaline pH [27] to be applied in the leather industry.

Protease assays can be divided [28] into (a) homogeneous assays (not needing sep-
aration of product and/or substrate from the reaction mixture, relying on the physical
change along substrate turnover, usually detecting a colourimetric or fluorescent signal)
and (b) separation-based assays, in which the product and substrate are separated before
analysis. Fluorescent assays are more precise than colourimetric assays. Separation-based
assays based on labelled peptides offer significant advantages: they are suitable for exten-
sive library screening and can enable a kinetic analysis of the enzymatic reaction. Greenfield
et al. (2021) critically evaluate the most common colourimetric and fluorimetric methods
used for measuring protease activity [29].

The first enzyme-based detergent was delivered in 1913 (company Röhm and Haas,
Esslingen, Germany) under the trade name Burnus, containing a crude protease extract
from animal pancreas, and was used to break down protein-based stains, such as blood,
sweat, and food residues [7]. Burnus marked the first practical use of enzymes in laun-
dry detergents, representing an important milestone in enzyme technology and cleaning
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solutions. However, the pancreatic proteases were unstable at high temperatures and in
the alkaline conditions typically encountered in laundry processes, which limited their
performance and durability [9].

Since then, proteases have been extensively applied in detergent preparation, enhanc-
ing detergent efficiency, particularly in low-temperature washing, aligning with energy-
saving and eco-friendly trends. Nearly 25–30% of the commercial enzymes are the key
ingredients in detergent manufacturing [9]. The development of stabilised protease formula-
tions ensures compatibility with several detergent components and conditions. Novozymes
(Bagsværd, Denmark) is considered the largest and most dominant producer and supplier
of proteases to the detergent industry due to its advanced technology, global market reach,
and innovation in sustainable solutions.

Figure 2 illustrates the action steps for stain removal from fabric by a protease-
embedded detergent [7] agglomerate, from dirty to clean fabric.

Figure 2. Action steps of the detergent with protease to remove dirt from the fabric.

Herein is described a new proteolytic microbial broth that was applied for leather
tanning and for the removal of protein stains from cotton. The protease broth was produced
through submerged fermentation in a bioreactor using a Bacillus strain previously isolated
from a Portuguese tannery’s alkaline bath [30]. The cell-free fermentation broth’s enzymatic
activities were assessed for their caseinolytic, collagenolytic, keratinolytic, and elastolytic
activities. Also, its industrial proteolytic activity (Löhlein–Volhard Unit) was determined
and compared with that of a commercial pancreatic protease cocktail. The leather tanning
application of the microbial proteolytic broth was compared with the commercial pancreatic
protease under the same conditions. Proteinaceous stain removal from fabric using the
produced microbial proteolytic broth was demonstrated and compared with destaining
using a commercial detergent.

2. Materials and Methods
2.1. Microorganism

The protease-producing microorganism was isolated from an alkaline spent purge
bath (pH 9.45) from a Portuguese tannery (Monteiro Ribas, Porto, Portugal) as previously
described [30]. The isolate was taxonomically affiliated within the Bacillus subtilis group
and is part of the Culture Collection of Industrial Microorganisms of the Portuguese
National Institute for Agricultural and Veterinary Research, INIAV (Oeiras, Portugal),
under accession CCMI1253 (BMR2) [30].

The B. subtilis CCMI1253 (BMR2) was maintained on slants or in Petri dishes with
nutrient agar (NA) medium at 4 ◦C (Radiber Sa, UKS-5000, Barcelona, Spain) and was
monthly reinoculated.

All culture media (BD Difco, Franklin Lakes, NJ, USA) were sterilised in an autoclave
(AJC, Uniclave 88, Cacém, Portugal) for 20 min at 121 ◦C.
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2.2. Production of Proteolytic Fermentation Broth

The bioreactor preinoculum was prepared in a 2000 mL shake flask containing 500 mL
NB medium previously inoculated with 10% inoculum from a smaller flask (250 mL)
derived from a single colony on nutrient agar (NA) medium and cultivated at 200 rpm and
37 ◦C.

The proteolytic crude broth was produced through fermentation in two SGI (Setric
Genie Industrial, Toulouse, France) bioreactors with 7 L capacity that were in situ steam-
sterilisable. Each bioreactor was inoculated with 10% inoculum (500 mL) in a 5 L sterile
medium. Bioreactor working operation was stirring at 200 rpm (rotations per minute) and
aeration of 1 vvm (air volume per medium volume per minute); pH and dissolved oxygen
were monitored using Ingold electrodes (Ingold, Mettler Toledo, Columbus, OH, USA)
connected to the SGI Modular Control Unit (Setric Genie Industrial, Toulouse, France) but
that were not online controlled. Temperature was measured with a PT100 probe (SGI, Setric
Genie Industrial, Toulouse, France) inserted into the fermenter and maintained at 37 ◦C
using bioreactor online control through cold water or heating. The fermentation medium
consisted of 7 g/L beef extract, 4 g/L yeast extract, 5 g/L peptone, and 0.4 g/L CaCl2.

Figure 3 shows the proteolytic fermentation broth production scheme from a single
colony in a Petri dish to applications in the leather tanning industry and in stain removal
from cotton fabric.

 

Figure 3. Proteolytic broth production and applications. (a) Inoculation scheme from the Petri
dish to the bioreactor pre-inoculum and the bioreactor fermentation (7 L capacity), followed by cell
separation from broth. (b) Proteolytic broth applications in leather-making and stain removal from
cotton. NA and NB are nutrient agar and nutrient broth, respectively; rpm is rotations per minute,
and vvm is air volume per medium volume.

2.3. Assessment of the Fermentation Broth Properties

Sterile sampling of fermentation broth was performed every hour over the fermen-
tation time (8 h) to assess biomass by measuring optical density at 600 nm in a spec-
trophotometer (Jasco 7800, Tokyo, Japan). The cells were removed from the sampled
fermentation broth through vacuum filtration with a 0.22 µm cellulose membrane filter
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(Millipore, Bedford, MA, USA) to obtain a cell-free crude broth to determine the protein
content spectrophotometrically [31] and the proteolytic activities (caseinolytic [32,33] and
collagenolytic [34–36]) as described in the following sections.

After fermentation, the crude broths from the two fermenters were combined. The
downstreaming process of the fermentation crude broth was performed using a tangential
filtration system Hi-Flow (SGI, Setric Genie Industrial, Toulouse, France) with a hollow fibre
cartridge with a 0.2 µm cut-off to remove the cells, followed by tangential ultrafiltration
with 10 kD cut-off regenerated cellulose membranes (Sartorius, Gottingen, Germany), to
obtain the proteolytic broth to be used for the protease applications in leather and stain
removal and for the proteolytic activity assessments.

All reactants, solvents, and standards used were of reagent or analytical grade
(Merck/Sigma, José Manuel dos Santos, Lisbon, Portugal). All solutions were prepared
with purified water (Millipore Elix Essential 10, Burlington, MA, USA).

2.3.1. Determination of Protein Content

The protein content of the filtrated broth sample (20 µL) was determined through the
Bradford method [31] using a spectrophotometer (Jasco 7800, Tokyo, Japan) at a wavelength
(λ) of 595 nm. The calibration curve was made with bovine serum albumin (BSA) over the
range 0 to 2000 µg mL−1, with linearity from 200 to 1400 µg mL−1.

2.3.2. Caseinolytic Activity

Colourimetric protease activity was assessed through the Anson and Folin
method [32,33] modified by [37], using casein as substrate at 37 ◦C and pH 7.5, mea-
suring absorbance at 660 nm, and calibrating with L-tyrosine at concentrations ranging
from 0 to 55 µM. One unit of proteolytic activity (U) was defined as the amount of enzyme
required to hydrolyse 1.0 µmol of L-tyrosine per minute at pH 7.5 and a temperature of
37 ◦C through the hydrolysis of casein at a wavelength of 660 nm [32,33].

Fluorometric protease activity was assessed through the Twining method [38], mod-
ified by Teixeira et al. [39], using fluorescein isothiocyanate (FITC) derivatisation and a
fluorimeter (Hitachi model F3000, Tokyo, Japan) with 525 nm emission, 490 nm excitation,
and 3 nm slot opening. One unit of proteolytic activity was defined as the enzymatic
activity that increases the emitted fluorescence at 525 nm by one unit, after 30 min of
hydrolysis at 37 ◦C, under the specified assay conditions [39], equivalent to the release of
1 ng of protein/min from the substrate FTC-casein.

Industrial proteolytic bate activity was assessed through the Tegewa method in
Löhlein–Volhard Units (LVUs) [40] using Hammarsten casein as a substrate. One unit
of bate activity (1.0 LVU) is the amount of proteolytic enzyme that produces an increase in
protein degradation products, such as casein, equivalent to 5.75 × 10 −3 mL of a NaOH
solution (0.1 N) under the test conditions (at pH 8.2 and during 1 h of reaction at 37 ◦C).

2.3.3. Collagenase Activity

The collagenolytic activity was determined spectrophotometrically through ab-
sorbance measuring at 570 nm, based on the hydrolysis of collagen by collagenases, forming
small peptides as a product, stained with ninhydrin, following a method developed by
Moore et al. and Mandl et al. [34–36], and using a calibration curve with L-leucine at a
concentration range from 0 to 0.8 µmol to calculate collagenolytic activity. One unit of
collagenolytic activity releases ninhydrin-stained peptides from the collagen molecule,
equivalent to 1.0 µmole of L-leucine in 5 h, at pH 7.4 and 37 ◦C, in the presence of cal-
cium ions.
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2.3.4. Elastase Activity

Proteases with elastolytic activity are capable of hydrolysing some of the elastin-orcein
peptide bonds and releasing free orcein and small peptides bound to orcein, resulting in an
increased absorption at 578 nm; the elastase activity was determined spectrophotometrically
as described by Sachar et al. [41] with modifications by Jany et al. [42], using an elastin–
orcein substrate and a calibration curve with L-leucin in the range of 0 to 0.8 µmol. One unit
of elastase activity is the amount of enzyme that, under test conditions (30 ◦C, pH 9.2, for
2 h), hydrolyses elastin–orcein to release free orcein and small orcein peptides, equivalent
to an increase of 0.002 absorption units per minute at 578 nm.

2.3.5. Keratinase Activity

The keratinolytic activity was determined through the modified method of Hänel
et al. [43] using keratin–azure (20 mg) as the substrate and 0.05 M sodium phosphate buffer
(pH 7.5) containing 200 µL of Tween 85 and 0.6 mL of enzyme solution. The mixture was
incubated at 37 ◦C for 1.5 h. After vacuum filtration with a 0.22 µm Millipore membrane,
the absorbance was read at 595 nm. Keratinolytic activity was determined from a calibration
curve with proteinase K. One unit of keratinolytic activity is the amount of enzyme that
releases amino acids and small peptides bound to remazol, as indicated by an increase of
0.002 units of absorbance per minute at 595 nm under test conditions (37 ◦C, pH 7.5, for
1.5 h).

2.4. Applications of the Proteolytic Broth

The proteolytic fermentation broth was then tested using the proteolytic broth obtained
through ultrafiltration after cell removal in the bating step of the hide tanning process and
in proteinaceous stain removal from cotton fabric.

2.4.1. Leather Tests
Proteolytic Broth Activity on Collagen and Pelt Trimmings

The collagenolytic activity of the produced microbial proteolytic broth was analysed
using collagen and pelt trimmings as substrates and compared with that of the commer-
cial enzymatic cocktail Oropon®. Collagenolytic activity determination is described in
Section 2.3.3.

Proteolytic Broth Application in the Leather Bating

The test for application in the tanning process was performed by using the produced
fermentation broth with 780 LVU (Löhlein–Volhard Unit) [40] of proteolytic activity on
half-skin tanning, and using the commercial pancreatic bate Oropon® (BASF, Ludwigshafen
am Rhein, Germany) [44] with the same LVU on the other half-skin tanning, both under
the same tanning conditions of conventional tanning leather-making. The Löhlein–Volhard
Unit (LVU) is a measure of proteolytic enzyme activity used in the leather industry, usually
during the bating operation, a process that removes unwanted proteins and prepares the
hide for tanning. One LVU represents the amount of enzyme needed to digest a specific
amount of casein (1.725 mg) under standard conditions (pH 8.2 at 37 ◦C for one hour) [45].

Two hides with different thicknesses (2.4 and 1.6 mm) were used. The proteolytic
fermentation broth produced by B. subtilis CCMI1253 (BMR2) was applied to one half of
the hide, and the commercial enzyme cocktail Oropon® was applied to the other half for
both thicknesses (Figure 4). The tanning trials were carried out at the tanning pilot plant of
the Tanning Industry Technological Centre, CTIC, located in Alcanena, Portugal.

The physical properties of the tanned half skins were inferred through the determi-
nations of load (Kg) and elongation (mm) to bursting (ISO 2589:2016 Leather—Physical
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and mechanical tests—Determination of thickness [46]; ISO 3376:2020 Leather—Physical
and mechanical tests—Determination of tensile strength and percentage elongation [47];
ISO 3377-1:2011 Leather—Physical and mechanical tests—Determination of tear load [48];
ISO 3379:2024 Leather—Determination of distension and strength of grain—Ball burst
method [49]).

Figure 4. Protease application to the tanning bating step of hides 2.4 and 1.6 mm thick, comparing the
microbial proteolytic broth action in half of the hide with the pancreatic commercial enzyme cocktail
(Oropon®) action in the other half, using the same 780 LVU proteolytic activity (LVU: Löhlein–Volhard
Unit) for the different bates.

2.4.2. Proteolytic Broth Application in Stain Removal

Proteinaceous stain removal from cotton fabric (squares of cotton fabric with the
centre stained with egg yolk, blood, soya sauce, and English sauce) was assessed using
the produced proteolytic broth and compared with the use of water (blank) or commercial
detergent, under the same agitation (150 rpm) at room temperature (Figure 5). Identified
cotton fabrics with a 5 cm side were used, on which a stain volume (100 µL) was impreg-
nated and allowed to dry. The stained cotton was placed in different Petri dishes with
the same volume (40 mL) of water as a blank, proteolytic broth, or commercial Presto®

detergent (Unilever FIMA, Lisbon, Portugal) at 20% (mass of detergent per volume of
water). The stain removal was visually observed, and stain removal time was determined
in triplicate experiments and reported in minutes.

Figure 5. Protein stain degradation studies using fermentation proteolytic broth, water, and aqueous
solution of commercial detergent to remove blood, egg yolk, soya sauce, and English sauce stains
from cotton fabrics. Tests were carried out in Petri dishes with orbital stirring at room temperature.
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2.5. Statistical Analysis

The Statistica software, v. 8.0 (StatSoft, Tulsa, OK, USA), was used to calculate
means and standard deviations through one-way ANOVA with the Tukey HSD test at
p < 0.05 (n = 3) to determine significant differences. Graphics presenting standard deviation
bars were created using Excel software (Office 2019, Microsoft Corporation, Redmond,
WA, USA).

3. Results and Discussion
The literature includes several papers providing information on the isolation, purifica-

tion, and characterisation of bacterial strains for protease production, isolated from diverse
sources such as soil [50,51], effluent [52], waste [19,53], and marine environments [54,55].
However, protease production by bacteria isolated from leather tanning baths remains
scarce. The B. subtilis CCMI1253 (BMR2) used to obtain extracellular proteases was isolated
from an alkaline bath from a Portuguese leather industry [30] and produced a proteolytic
broth through submerged fermentation in a bioreactor.

3.1. Fermentation Broth Characterisation

The fermentation pH and dissolved oxygen parameters assessed online and the ab-
sorbance at 600 nm (biomass) are presented in Figure 6. An almost 3 h lag phase, followed
by an exponential growth phase from 3 to 7 h, and a stationary phase were observed in the
absorbance over time analysis [56]. Dissolved oxygen decreased with growth, as expected.
The fermentation monitoring revealed that extracellular proteolytic activity initiates simul-
taneously with a minimum dissolved oxygen of 10% at the end of the exponential growth
phase, possibly due to secondary metabolism activation, in which cells, having depleted
the more readily assimilable nutrients, start to break down the more complex substrates.
The pH was maintained during the lag phase, decreased during the exponential phase, and
slightly increased by the end of the exponential growth phase and the stationary phases.

Figure 6. Biomass, pH, and dissolved oxygen parameters versus fermentation time. Standard
deviation error bars (n = 2 bioreactors).

A maximum growth rate of 1.31 ± 0.09 h−1 was calculated using the Monod
method [57], based on the slope of the exponential phase data and the logarithmic relation-
ship between the ratio of biomass and initial biomass versus time. The shake flask experi-
ments with the same microorganism achieved a lower growth rate of 0.88 ± 0.10 h−1 [30].

The time course of broth protein content, extracellular proteolytic activities (col-
lagenolytic and caseinolytic), and specific protease (caseinolytic activity per protein mass) is
shown in Figure 7. The maximum values observed were (i) a protein content of 68.1 mgL−1
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at 5 h, which decreased to 57.3 mg L−1 at the end of fermentation (8 h); (ii) a collagenase
activity of 28.5 U mL−1 at 5.5 h, followed by a slight decline toward the end of fermentation;
and (iii) a protease activity of 0.49 U ml−1 (8.6 U mg−1 of protein) at the end of fermentation.
The maximum proteolytic activities (collagenolytic and caseinolytic) occurred at the end of
the exponential growth phase, in agreement with the previous reports for B. subtilis by Abe
et al. [58] and by the authors’ earlier shake flask study [30].

Figure 7. Protein content [31] in mg L−1, protease activity (caseinolytic) in U mL−1, and specific
protease activity in U mg−1 of protein versus fermentation time. Standard deviation error bars (n = 2
bioreactors). One unit (U) of collagenolytic activity was defined by Moore et al., 1948 and 1954, and
Mandl et al., 1953 [34–36], using collagen as substrate. One unit of proteolytic activity was defined by
Anson 1938 and Folin 1929 [32,33] using casein as substrate.

3.2. Fermentation Broth Proteolytic Activities Comparison with the Pancreatic Enzymatic Cocktail

Table 1 compares the specific proteolytic activities of the microbial proteolytic broth
and the commercial pancreatic protease Oropon®. The microbial enzymatic broth showed
higher specific proteolytic activities than those of the pancreatic commercial cocktail, in-
cluding collagenolytic activity using pelt trimmings as substrate, elastolytic, keratinolytic,
and Löhlein–Volhard industrial enzymatic activity. Due to the high insolubility of the
commercial enzymatic cocktail, the results were presented per mg of Oropon® since it
was not possible to determine the protein content of the commercial enzyme. For the
fermentation proteolytic broth, the specific activity results were presented per mg of total
protein determined in [31].

Table 1. Proteolytic broth and Oropon® commercial cocktail assessment to specific caseinolytic,
collagenolytic, elastolytic, and keratinolytic activities.

Enzymatic Activity Collagenolytic 1 Elastolytic 2 Keratinolytic 3 Löhlein–Volhard Unit 4

Proteolytic broth 5 10.0 U mg−1 3.70 U mg−1 0.70 U mg−1 5200 LVU
Oropon® 6 16.5 U mg−1 0.002 U mg−1 0.24 U mg−1 5000 LVU

1 One unit (U) of collagenolytic activity releases ninhydrin-stained peptides from the collagen molecule, equivalent
to 1.0 µmole of L-leucine in 5 h, at pH 7.4 and 37 ◦C, in the presence of calcium ions [34–36]. 2 One unit of elastase
activity was the amount of enzyme that, under test conditions (30 ◦C, pH 9.2), hydrolysed elastin–orcein to
release free orcein and small orcein peptides, equivalent to an increase of 0.0019 absorption units per minute at
578 nm [41,42]. 3 One unit of keratinolytic activity was the amount of enzyme that releases amino acids and small
peptides bound to remazol equivalent to an increase of 0.002 units of absorption per minute at 595 nm [43]. 4 One
LVU represents the amount of enzyme needed to digest a specific amount of casein (1.725 mg) under standard
conditions (pH 8.2 at 37 ◦C for one hour) [40,44]. LVU: Löhlein–Volhard Unit. 5 Results presented in specific
enzyme activity per protein mass in U mg−1 of protein content [31]. 6 Results presented in U mg−1 of enzyme
cocktail Oropon® weight.
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As shown in Table 1, the proteolytic broth activity was higher than the OPORON®

enzymatic activity, except for collagenolytic activity.
The proteolytic activities determined at pH 5.0 and pH 8.0 for the cell-free fermentation

broth and the commercial enzymatic cocktail Oropon® are presented in Table 2. The pH
increasing from 5 to 8 led to about a 20% higher proteolytic activity for both enzyme sources,
the microbial and the pancreatic, due to the alkaline proteases.

Table 2. Proteolytic broth and Oropon® commercial cocktail assessment of proteolytic activities at
different pH using the Twining modified method [39].

Proteolytic Activity (U mg−l) pH 5.0 pH 8.0

Proteolytic broth 1 3528 U mg−l 17,530 U mg−l

Oropon® 2 25,000 U mg−l 127,000 U mg−l

1 One unit of proteolytic activity was defined as the enzymatic activity that increases the emitted fluorescence at
525 nm by one unit, after 30 min of hydrolysis at 37 ◦C under the specified assay conditions [38,39], equivalent
to the release of 1 ng of protein/min from the substrate FTC-casein [38]. Results presented in specific enzyme
activity per protein mass in U mg−1 of the protein content [30]. 2 Results presented in U mg−1 of enzyme cocktail
Oropon® weight.

3.3. Applications of the Produced Proteolytic Broth

Proteolytic broth applications in leather processing and in stain removal from cotton
fabrics will be presented and discussed.

3.3.1. Leather Tests
Proteolytic Broth Activity on Collagen and Pelt Trimmings

The collagenolytic activity of the microbial proteolytic broth produced was analysed
using collagen and pelt trimmings as substrates, and the activities were compared with
those of the pancreatic commercial enzymatic cocktail Oropon®, and are presented in
Figure 8.

Figure 8. Collagenolytic activity using collagen and pelt trimmings as substrates (Moore et al., 1948
and 1954, and Mandl et al., 1953 method [34–36], with standard deviation error bars (n = 2)). U:
One unit releases ninhydrin-stained peptides from the collagen molecule, equivalent to 1.0 µmole of
L-leucine in 5 h at pH 7.4 and 37 ◦C, in the presence of calcium ions [34–36]. * Results in U mg−1 of
the Oropon® weight. ** Results in U mg−1 of the protein content. The data are presented as the means
calculated using one-way ANOVA (p < 0.05) with standard deviation error bars (n = 3). Different
letters express significant differences (Tukey test) with a for the highest value.
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The results presented in Figure 8 showed that the collagenolytic activity was higher
when pelt trimmings were used as a substrate than when collagen was used, in either the
pancreatic Oropon® or the microbial proteolytic broth. The proteolytic broth exhibited a
higher activity against pelt trimmings than the pancreatic enzymes, showing the potential
application of the broth’s microbial protease in the leather industry.

Proteolytic Broth Application in the Leather Bating

The hide tanned using the proteolytic fermented broth and the hide tanned with
pancreatic commercial bate’s physical properties were assessed in terms of the bursting
load (kg) and bursting elongation (mm) for hides with two different leather thicknesses
(2.4 mm and 1.6 mm). The results are shown in Table 3. The hide tanned with the produced
proteolytic broth showed better physical tests for bursting (with elongation till 6.8 mm
before bursting) than the one tanned with commercial proteases (elongation only till
6.3 mm) for the same bursting load of 19 kg and 1.6 mm leather thickness. The thicker
leather (2.4 mm) showed the same bursting elongation of 10 mm at a higher load (54 Kg)
for the hide tanned with bulk proteases than commercial proteases.

Table 3. The physical–mechanical properties of skins tanned using concentrated proteolytic broth
(microbial bulk proteases bate) and pancreatic commercial bate (Oropon®) with enzyme activities of
780 LVU under the same tanning conditions.

Leather Thickness Proteolytic Bate Bursting

(mm) (780 LVU) 1 Load (Kg) Elongation (mm)

2.4
Proteolytic broth 54

10Oropon® 2 55

1.6
Proteolytic broth

19
6.8

Oropon® 2 6.3
1 LVU: Löhlein–Volhard Unit. 2 Oropon® was the tested commercial bate of pancreatic origin.

Thinner-skin tanning with the microbial proteolytic broth showed better physical tests
for leather elongation (6.8 mm) for the same load than pancreatic commercial proteases
with the same enzymatic activity and tanning process conditions. Microbial proteolytic
broth application in the 1.6 mm thickness skin showed an 8% greater elongation than
the commercial protease application at the same enzymatic activity and tanning process
conditions. The thicker skin with microbial bulk proteases showed the same elongation
as pancreatic commercial tanning for a 2% lower load force. The reported differences are
not statistically meaningful, since they were obtained with only two replicates, but they
present a trend in the studied applications.

The proteolytic broth’s ability to increase leather elongation by 8% compared with
commercial proteases (under the tested conditions and formulations of proteolytic bate
activity and leather processing conditions) indicates an improved fibre modification and
better penetration, directly correlating with higher quality, more durable leather. This
greater leather stretching may be due to the greater elastolytic activity of the proteolytic
broth in relation to that of the commercial enzyme.

Alam et al. [59] used crude protease produced by bacteria isolated from a tannery solid
waste dumping yard, achieving significant reductions in chemical usage and improvements
in leather mechanical properties, such as tensile strength and grain crack load [59]. Their
results support the 8% increase in leather elongation obtained with the present microbial
proteolytic broth application compared to the commercial pancreatic protease leather
application under identical conditions. Recent studies that applied microbial proteases to
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enhance leather properties have demonstrated microbial proteases’ efficacy in the leather
industry [20,59,60].

The pancreatic commercial bate, derived from animal pancreas, raises ethical and
cost concerns, and its proteolytic activity is mainly due to trypsin and chymotrypsin. The
proteolytic broth produced from a microbial source enables applications at higher pH and
temperature ranges, offering various enzymatic activities (alkaline proteases, keratinases,
and lipases), as well as a lower allergenicity due to its production by a Generally Recognised
as Safe (GRAS) microorganism, such as Bacillus subtilis [61]. The microbial proteolytic
broth is more sustainable and environmentally friendly, making it a greener alternative to
pancreatic bate.

Microbial broths derived from low-value biomass or food waste can create high-value
outputs, supporting the transition toward zero-waste manufacturing.

3.3.2. Stain Removal Tests

Regarding the use of proteolytic broth in proteinaceous stain removal, Figure 9 shows
the results of stain removal from cotton fabric stained with egg yolk, blood, English sauce,
and soya sauce using water action as a blank, in contrast to the actions of the proteolytic
broth produced through B. subtilis CCMI1253 (BMR2) fermentation and a commercial
detergent (Presto®). The proteolytic broth removed blood and egg yolk stains better than
water or the detergent.

 

Figure 9. Pictures of the stain removal experiments at the beginning and the end. Tests of stain
removal from the cotton fabric of egg yolk, blood, and sauces with proteolytic broth, commercial
Presto® detergent, and water as blank, under orbital agitation at room temperature. Stain images
showing labels for the average time of stain removal, in minutes, for triplicate assays (standard
deviation < 1 min).
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The application of the produced proteases to remove stains from cotton fabric demon-
strated a better removal of blood and egg yolk stains than the detergent or water, with
removal times of 30 min for egg yolk, 25 min for blood, and around 15 min for soya sauce
and English sauce. The assessment of proteinaceous stain removal by the proteolytic
broth resulted in, compared to egg removal, 16.7% and 50% reductions in process time
for blood and sauces, respectively. Under the tested conditions and formulations, the
results suggested that the proteases produced can also be used as additives in detergent
formulations to remove proteinaceous stains from clothes and to treat proteinaceous wastes
and effluents.

To obtain more accurate results, other stain removal examination methods [62], such
as colorimetric [63] or image analyses [64], should be performed in addition to the vi-
sual evaluation. Also, the proteolytic broth compatibility with detergents [65] needs to
be assessed.

Alshehri et al. [64] reported industrial proteolytic applications to replace chemical
catalysts with eco-friendly solutions, using an extracellular protease produced by a newly
isolated Bacillus paramycoides, suggesting that the thermostable, alkaline, and detergent-
biocompatible protease could be a promising additive for eco-friendly use in the detergent
industry [64].

In the search for innovative strategies to improve proteolytic stabilisation, extensive
research has focused on increasing enzyme stability through techniques such as the im-
mobilisation [24], aggregation, and chemical modification of the enzyme structure [66]
and encapsulation [67]. Yang et al. (2024) also improved the proteolytic stability through
enzyme-catalysed crosslinking for detergent application [67].

Enzymes replace harsh chemicals, reducing environmental impact and promoting
low-energy and low-toxicity reactions, as demonstrated by [22,23,25,26]. Proteases are
naturally degradable, unlike synthetic detergents which can persist in ecosystems.

The leather-making and stain removal applications demonstrated the potential for
bioeconomy and green chemistry development.

4. Conclusions
Microbial enzymes produced through scalable fermentation processes offer a sus-

tainable alternative to animal-derived enzymes, with lower environmental impacts on
greenhouse gas emissions and land and water use, as indicated by life cycle assessment
studies. In this work, the high extracellular proteolytic activity obtained with short fermen-
tation times demonstrates industrial scalability and energy efficiency.

The enzymatic activities achieved support the potential replacement of pancreatic
enzymes in industrial applications, facilitating more reliable supply chains and integration
into circular bioeconomy models. Moreover, the direct use of proteolytic broth rather than
purified enzymes provides an additional economic advantage for industrial processing
applications, especially for leather and detergents.

Microbial proteolytic fermented broth application in the leather tanning of thinner
skin resulted in better physical leather test results, with 8% more elongation than leather
tanned with commercial proteases, under the tested conditions and formulations using the
same enzymatic activity and tanning process conditions. The microbial proteolytic broth is
a greener alternative to pancreatic bates for leather industry applications.

The shift towards sustainable leather processing has led to the exploration of microbial
enzymes as an alternative to traditional animal-derived bating agents. This work con-
tributes to this trend by showcasing a greener alternative that improves leather quality and
aligns with environmental sustainability goals.
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Regarding the stain removal application, the proteolytic broth showed better blood
and egg yolk stain removal than Presto® commercial detergent or water, under the tested
conditions and formulations. The removal of sauce stains was faster, followed by blood
and egg yolk removal.

Future research should focus on protease characterisation, kinetic parameter study,
fermentation production optimisation, enzyme separation from broth, and protease pu-
rification. The long-term operational stability and reuse of the proteolytic broth under
process conditions should be assessed. The enzymatic activity and stability (effects of
temperature, pH, salt, and heavy metals), as well as the impact of surfactants and oxidising
agents on broth proteolytic activity, need to be investigated. In particular, for the protease’s
biochemical and molecular characterisation, the effects of inhibitors and metal ions on
alkaline protease activity, as well as the determination of the protease’s molecular weight,
should also be performed.

The study presented an innovative approach based on the application of an ex-
tremophilic strain isolated from an unconventional industrial environment (leather in-
dustrial baths), offering novel biotechnological solutions that address current challenges
in enzyme-based industrial applications in pursuit of sustainability and more efficient
production systems.
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