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Abstract 

Protease-assisted soaking has received increasing attention in recent years. However, few reports have elaborated 
on the effect of bactericides, which are used to protect raw hides from microbial damage in the soaking process, 
on the performance of protease-assisted soaking. Here we investigate the effects of three bactericides, namely, 
2-methyl-4-isothiazolin-3-one (MIT), sodium propyl 4-hydroxybenzoate (SPHB) and cetyl trimethyl ammonium 
bromide (CTAB), on the catalytic activity of protease. MIT and SPHB have little effect on the proteolytic activity, whilst 
CTAB has a negative effect. Fluorescence spectroscopy, synchronous fluorescence spectroscopy, molecular dock-
ing and molecular dynamics simulation were used to analyse the bactericide–protease interaction. The data reveal 
that MIT and SPHB are bound to the non-catalytic sites of protease, whilst CTAB affects the catalytic triad of protease. 
Furthermore, the protease and bactericides were used alone, simultaneously and sequentially in the soaking process, 
and their soaking performances were evaluated. The evaluation shows that the use of protease increases the microor-
ganisms in the soaking float, and MIT exhibits the best bactericidal effect. The simultaneous use of protease and MIT 
effectively inhibits bacteria and scarcely affects the removal of unstructured proteins from hides and the attack 
on epidermis by protease. These findings contribute to a better understanding of the scientific use of protease 
with other auxiliaries in soaking.
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Graphical Abstract

1 Introduction
Soaking is an important precursor to the whole leather-
making process [1, 2]. The main purpose of soaking is 
to clean the dirt and blood, rehydrate the raw hide and 
remove unstructured proteins [3]. However, the soaking 
procedure usually takes 12–48  h for ideal effectiveness. 
Therefore, auxiliaries, such as sodium carbonate, sur-
factants and enzymes, are often used to shorten the soak-
ing time [4]. Moreover, bactericides are always used in 
the soaking to inhibit the growth of microorganisms [5]. 
The reason is that the raw hide, which is rich in protein 
and fat, is particularly susceptible to microbial damage 
[6–8]. This susceptibility will result in leathers with grain 
damage, loose grain or an empty handle.

Enzymes have received increased attention as envi-
ronmentally friendly and efficient biocatalysts used for 
a clean leather-making process in recent years [9–11]. 
In the soaking process, proteases have also been gradu-
ally used to reduce the soaking time by accelerating the 
removal of unstructured proteins and attacking the epi-
dermis of raw hides [12–14]. However, the protease is 
sensitive to environmental temperature, pH and some 
chemicals [15]. The soaking conditions, such as room 
temperature and pH 8–10 regulated by sodium carbon-
ate, commonly have little effect on neutral and alkaline 
proteases that are chosen for soaking process. In addi-
tion, nonionic surfactants used for soaking barely affect 
the protease activity. However, the effect of bactericides 
that protect hides from microbial damage on the per-
formance of protease-assisted soaking remains unclear. 
Tanners generally consider that bactericide is likely to 
affect the activity of protease and the performance of 
protease-assisted soaking given that bactericides can 

affect the structure and functions of microorganisms and 
inhibit their growth [16, 17]. Thus, they usually use pro-
tease and bactericide separately in the soaking. However, 
the interactions between bactericide and microorgan-
isms are different from the interaction between bacteri-
cide and protease. Some bactericides may not affect the 
structure and activity of protease. Protease can accelerate 
the removal of unstructured proteins from raw hides and 
thus provide nutrients for the growth of microorganisms. 
Thus, using protease and bactericide separately may not 
be conducive to bacterial inhibition and is probably not 
the best way to perform the enzyme-assisted soaking. 
Therefore, understanding the effect of bactericides on the 
protease action on the hide and the performance of pro-
tease-assisted soaking is important for a rational design 
of the enzyme-assisted soaking operation.

Gram-positive bacteria play a major role in the putre-
faction of raw hides [18]. 2-Methyl-4-isothiazolin-3-one 
(MIT), sodium propyl 4-hydroxybenzoate (SPHB) and 
cetyl trimethyl ammonium bromide (CTAB) have been 
reported to show inhibitory effects on the bacteria [19, 
20]. The chemical structures of the three bactericides 
are shown in Additional file  1: Fig. S1. MIT, which is 
one of the main components of industrial bactericides, 
has the advantage of being broad-spectrum antibacte-
rial and is widely used in the leather industry [21]. The 
electron-deficient N–S bond of MIT is susceptible to a 
nucleophilic reaction with sulfhydryl groups of micro-
bial proteins, which can impair microbial functions and 
lead to cellular growth inhibition or cell death [22]. SPHB 
can inhibit bacteria, yeast and mould and is widely used 
in the food processing industry, because it can inhibit the 
synthesis of folic acid, which is necessary for DNA and 
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cell replication [23, 24]. CTAB is used as a bactericidal 
agent and an algaecide in the field of water treatment 
by compromising the integrity of the plasma membrane 
[24–26].

In this study, MIT, SPHB and CTAB were used to inves-
tigate the effects of bactericides on the properties of soak-
ing protease such as catalytic activity, surface charge and 
practical size. Subsequently, the interactions between the 
three bactericides and protease were analysed by fluores-
cence spectroscopy, synchronous fluorescence spectros-
copy, molecular docking and molecular dynamics (MD) 
simulation. Furthermore, the protease and bactericides 
were used alone, simultaneously and sequentially in the 
soaking process. Their soaking performances were evalu-
ated by measuring the total microorganism number, the 
protein concentration and the hydroxyproline concentra-
tion of soaking float. The epidermis, collagen fibre and 
rehydration of soaked hides were also observed for this 
evaluation. Thus, this study provides scientific guidance for 
the design of reasonable enzyme-assisted soaking process.

2  Experimental
2.1  Materials
Protease from Bacillus sp. (serine protease; product 
number P0029) and MIT were purchased from Sigma–
Aldrich Co., LLC (USA). SPHB was purchased from 
Shanghai Adamas-beta Reagent Co., Ltd. (China). CTAB 
was purchased from Chengdu Kelong Chemical Reagent 
Co., Ltd. (China). Salted cattle hide was presoaked and 
fleshed conventionally for main soaking trials. The chem-
icals used for analyses were of analytical grade, and those 
used for leather processing were of commercial grade.

2.2  Determination of protease properties in the presence 
of bactericide

2.2.1  Assay of protease activity and stability
Protease activities were assayed at different concentra-
tions of bactericide. A protease solution, three MIT–pro-
tease mixture solutions, three SPHB–protease mixture 
solutions and three CTAB–protease mixture solutions 
were prepared using a phosphate buffer (pH 8.5). In all 
the solutions, protease had a concentration of 0.2  g/L. 
In the bactericide–protease mixture solutions, the mass 
ratios of bactericide to protease were 7.5:200, 15:200 and 
75:200. All the solutions (1  mL) were incubated with a 
casein solution (1 mL, 10 g/L, pH 8.5) at 22 °C for 10 min. 
Then, their protease activities were determined by Folin 
phenol method [27]. The relative proteolytic activity is 
defined in Eq. (1):

(1)Relative proteolytic activity(%) =
Pp−b

Pp
× 100%

where Pp–b is the proteolytic activity of bactericide–pro-
tease mixture solution; Pp is the proteolytic activity of the 
protease solution.

Protease activities were then assayed at different time 
points and a mass ratio of bactericide to protease 15:200. 
A protease solution, a MIT–protease mixture solution, 
a SPHB–protease mixture solution and a CTAB–pro-
tease mixture solution were prepared using a phosphate 
buffer (pH 8.5). In the four solutions, protease had a con-
centration of 0.2  g/L, and MIT, SPHB and CTAB had a 
concentration of 15 mg/L. The protease activities of the 
four solutions were determined after incubating with a 
casein solution (10 g/L, pH 8.5) at 22 ℃ for 10 min, 1 h, 
2 h, 4 h and 8 h. The relative proteolytic activity is defined 
in Eq. (2):

where P1 is the proteolytic activity determined in all the 
experimental groups; P0 is the proteolytic activity of the 
protease solution determined after incubating for 10 min.

2.2.2  Zeta potential and particle size of protease solution
A protease solution, three MIT–protease mixture solu-
tions, three SPHB–protease mixture solutions and three 
CTAB–protease mixture solutions were prepared. In all 
the solutions, protease had a concentration of 1.0  g/L. 
In the bactericide–protease mixture solutions, the mass 
ratios of bactericide to protease were 7.5:200, 15:200 
and 75:200. All the solutions were incubated at 22 °C for 
5 min, and their zeta potentials in the range of pH 5–11 
and their particle sizes at pH 8.5 were measured using 
a zeta potential and particle size analyser (Nano Brook 
Omni, Brookhaven, USA).

2.3  Interaction measurement
2.3.1  Fluorescence spectrum measurement
The solutions described in Sect.  2.2.2 were incubated 
at pH 8.5 and 22 ℃ for 30  min. Then, the fluorescence 
emission signals of the solutions were measured under 
a wavelength range of 300–500 nm using a fluorescence 
spectrophotometer (Lumina, Thermo Fisher, USA), 
where the fluorescence excitation wavelength was set at 
276 nm. Moreover, the synchronous fluorescence spec-
tra of the solutions were recorded at Δλ = 15  nm and 
Δλ = 60 nm. The scan range of emission wavelength was 
recorded from 200 to 500 nm, whereas the slit widths of 
excitation and emission spectra were 5 nm.

2.3.2  Molecular docking
The crystal structure of a serine protease (Enzyme 
Commission number 3.4.21.62) from Bacillus sp. was 

(2)Relative proteolytic activity(%) =
P1

P0
× 100%
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downloaded from the Protein Data Bank (https:// www. 
rcsb. org, PDB ID: 1DBI) [28]. The 3D structures of MIT, 
SPHB and CTAB were obtained by GaussianView 6 soft-
ware. The programme AutoDock 4 was used to eluci-
date the docking of bactericides and protease. The grid 
box was defined as enclosing the active site of protease 
molecule, and the grid spacing was set at 0.0375  nm 
with dimensions of 7.0  nm × 7.0  nm × 7.0  nm. Semi-
flexible docking and Lamarckian genetic algorithm were 
employed to obtain the possible binding mode. The dock-
ing model with the lowest energy and bonding condition 
was obtained.

2.3.3  MD simulation
GROMACS 2019 was used for MD simulation. The pro-
tein force field used amber99sb-ildnff, and the ligand 
force field was obtained by the acpype.py programme 
in Amber tools 2020. TIP3P was selected as the water 
model. The size of the cubic box followed the standard 
that the distance from the protein molecule to the edge 
of the box was larger than 2.0 nm, and the  Na+ and  Cl− 
ions were used to the neutralisation simulation systems 
[29]. The electrostatic interactions were calculated by the 
particle mesh Ewald algorithm. The van der Waals non-
bonding interactions were calculated by Lennard–Jones 
model, and the cutoff distance was 1.0  nm. The linear 
constraint solver algorithm was used to fix the chemical 
bonds between protein atoms [30], and the Berendsen 
coupling algorithm was used to maintain the constant 
temperature and pressure of each component. Periodic 
boundary conditions were applied in all directions. After 
the energy minimisation, heating and equilibration pro-
cesses [31], the dynamic simulation was run for 50  ns. 
The abovementioned process was repeated three times. 
Then, the results were evaluated with the analytical tools 
in GROMACS 2019.

2.4  Soaking trials and their performance evaluation
The bactericides that barely affected the protease prop-
erties were used for the following soaking trials. Eight 
groups of fleshed hides (Nos. 1–8) were soaked with 
300% water, 0.5% sodium carbonate, protease and bacte-
ricide at 22 °C for 20 h. Here, the percentages were based 
on the weight of fleshed hides, and the dosages of pro-
tease and bactericides are shown in Table 1. After soak-
ing, the total amounts of bacteria, yeasts and moulds in 
the floats were determined using mikrocount® dipslides 
 (mikrocount® duo, Schülke, Germany) [32], and the con-
centrations of protein and hydroxyproline in the floats 
were determined as described in the documents [33, 34]. 
The soaked hides were sampled to observe the epidermis 
and collagen fibre by HE staining and evaluate the rehy-
dration of hides by observing the longitudinal section 
using a stereo microscope (M205C, Leica, Germany).

3  Results and discussion
3.1  Effect of bactericide on protease properties
Given that this study aimed to investigate the effect of 
bactericides on the performance of protease-assisted 
soaking, the effects of MIT, SPHB and CTAB on the 
activity of protease were firstly analysed. As shown in 
Fig.  1a, when the mass ratio of bactericide to protease 
was lower than 75:200, MIT and SPHB barely affected 
the proteolytic activity, whilst CTAB had an inhibitory 
effect on the protease activity that increased with the rise 
in mass ratio. The soaking process generally takes a long 
time. Therefore, the protease activity should be main-
tained for a prolonged period. Figure 1b shows that the 
relative activity of protease in the absence and presence 
of bactericides all gradually decreased over time due to 
its self-hydrolysis. However, the decrements in the pro-
tease activity of the MIT and SPHB groups were similar 
to that of the blank group (in the absence of bactericide). 

Table 1 Dosages of protease and bactericide in soaking trials

a Adding 200 mg/L protease is equivalent to using the protease of 20 U/g fleshed hide

No Dosages of protease and bactericide and operation

1 Run and stop for 20 h

2 Add 15 mg/L MIT and run and stop for 20 h

3 Add 15 mg/L SPHB and run and stop for 20 h

4 Add 200 mg/L  proteasea and run and stop for 20 h

5 Add 200 mg/L protease and 15 mg/L MIT and run and stop for 20 h

6 Add 200 mg/L protease and 15 mg/L SPHB and run and stop for 20 h

7 Add 200 mg/L protease and run for 2 h; add 15 mg/L MIT and run and stop for 18 h

8 Add 200 mg/L protease and run for 2 h; add 15 mg/L MIT and run and stop for 18 h

https://www.rcsb.org
https://www.rcsb.org
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The protease activity decreased more sharply in the 
CTAB group than in the other groups. These results indi-
cated that MIT and SPHB had little effect on the protease 
activity, whilst CTAB had a negative effect.

The surface charge and particle size of protease play 
important roles in the mass transfer of protease into 
the hide and affect the enzymatic treatment of hide 
[35]. Therefore, the effects of bactericides on the surface 
charge and particle size of protease were also analysed. 
As shown in Fig.  2a, MIT nearly did not affect the zeta 
potential of protease solution, SPHB decreased the zeta 
potential of protease solution and CTAB increased the 
zeta potential of protease solution. These results indi-
cated that MIT barely affected the surface charge of pro-
tease, whilst SPHB and CTAB increased negative and 
positive charges of the protease, respectively, because 
they can ionise anions/cations in the solution. Figure 2b 
shows that the addition of bactericides increased the 

effective diameter of protease solution, and the order of 
rising particle size was CTAB > SPHB > MIT. The particle 
size of protease solution became the largest after CTAB 
was added. The reason should be that CTAB ionised 
cations in the solution and reduced the total amount of 
negative surface charges at pH 8.5, which weakened the 
electrostatic repulsion between enzyme molecules and 
the stability of colloidal protease solution.

3.2  Interaction between bactericide and protease
3.2.1  Fluorescence spectra analysis
The catalytic activity of protease is closely related to its 
molecular structure. In this section, the effect of bacte-
ricide on the structure of protease was investigated by 
measuring the fluorescence spectra and synchronous flu-
orescence spectra of protease solution at different mass 
ratios of bactericide to protease. When the mass ratio of 
MIT to protease increased, the fluorescence intensities of 
protease solution (Fig. 3a), tyrosine residues (Fig. 3b) and 
tryptophan residues (Fig. 3c) decreased drastically, and a 
red shift of the emission band was observed (Figs. 3b and 
c). The results indicated that MIT reduced the hydropho-
bicity of tyrosine and tryptophan residues in the micro-
environment. The intensities of fluorescence emission 
peaks of tyrosine and tryptophan residues decreased with 
the increase in SPHB concentration, which implies that 
SPHB changed the microenvironment in which tyros-
ine and tryptophan residues were located. When the 
mass ratio of CTAB to protease increased, a blue shift 
of the emission band for tyrosine residues (Fig.  3b) and 
a red shift of the emission band for tryptophan residues 
(Fig. 3c) were observed. The phenomena indicate that the 
hydrophobicity of tyrosine residues was enhanced, whilst 
that of tryptophan residues was weakened in the micro-
environment. The fluorescence emission peak of protease 
solution showed a red shift in the presence of CTAB 

Fig. 1 Effects of bactericide concentration (a) and incubating time (b) on the protease activity. The proteolytic activity was 33,300 U/g at pH 8.5 
and 22℃

Fig. 2 Effects of bactericides on the zeta potential (a) and particle 
size distribution (b) of protease solution
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(Fig.  3a). This phenomenon suggests that the polarity 
of the fluorescent amino acid residues of protease mol-
ecules increased in the microenvironment, and the con-
tribution of tryptophan residues to the fluorescence of 
protease was higher than that of tyrosine residues. The 
results confirmed that MIT, SPHB and CTAB all changed 
the conformation of protease to some extent. The bac-
tericides easily interacted with tyrosine and tryptophan 
residues because these residues were distributed on the 
protease surface (Fig. 3d).

3.2.2  Molecular docking analysis
Molecular docking was used to predict the possible bind-
ing sites of MIT, SPHB and CTAB on protease molecules. 
As shown in Fig. 4, the MIT molecule inserted into the 
active pocket of the protease. Three hydrogen bonds 
formed between MIT and Cys137, Cys138 and Cys139 
residues of the protease, as well as the hydrophobic inter-
action between MIT and Leu135, Cys137, Cys139 and 
Leu144 residues, were far from the catalytic centre of the 
protease. As a result, MIT barely affected the protease 
activity. The interaction between SPHB and protease was 
similar to that between MIT and protease. Thus, SPHB 
also had little effect on the catalytic activity of protease. 
The van der Waals force between CTAB and the residues 
His72, Leu109, Gly111, Leu113, Ile116, Leu135, Gly136, 

Cys137, Asp138, Cys139, Thr141, Leu144, Gly163, 
Asn164, Tyr176, Thr225 and Ser226 supported the spa-
tial conformation of the CTAB–protease complex. The 
hydrophobic chain of CTAB was close to His72 and 
Ser226 residues that belonged to the catalytic triad of 
protease. This condition would affect the substrate bind-
ing, which would lead to the decrease in the protease 
activity.

3.2.3  MD simulation
The stabilities of protease, MIT–protease, SPHB–pro-
tease and CTAB–protease complexes were studied 
by MD simulation. The root mean square deviation 
(RMSD) and root mean square fluctuation (RMSF) 
were analysed to evaluate the tertiary structural stabil-
ity and the changes in the flexibility and local struc-
ture of protease molecule, respectively [36, 37]. A 
high fluctuation value reflects the instability of pro-
tein structure. As shown in Fig.  5a, the RMSD value 
of MIT was obviously higher than that of native pro-
tease in the MD simulation of 50 ns, which suggests 
that MIT changed the native structure of protease and 
the structure of the MIT–protease complex was unsta-
ble. As shown in Fig.  5b, the high fluctuation regions 
of MIT–protease complex were in the residue ranges 
of 172–178 and 188–195; the high fluctuation regions 

Fig. 3 Effects of bactericide concentrations on the fluorescencespectra and synchronous fluorescence spectra of protease: a Fluorescence spectra 
of protease; b Synchronous fluorescence spectra of protease (Δλ = 15 nm); c Synchronous fluorescence spectra of protease (Δλ = 60 nm); d Cartoon 
structure of protease: tyrosine(blue), tryptophan (red)
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of SPHB–protease complex were in the residue ranges 
of 61–65, 105–113 and 172–178; the high fluctua-
tion regions of CTAB–protease complex were in the 
residue ranges of 92–100 and 248–258. These results 
showed that some changes occurred in the above-
mentioned regions of protease structure. The residues 
Asp40, His73, Leu136, Gly137, Ser224 and Ser227, 
which were the active sites of protease, were not in the 
high fluctuation regions of the bactericide–protease 
complexes. Thus, the complexes had little effect on the 
protease activity. Figure  5c represents the topological 
structures of amino acid residues of native protease, 
MIT–protease, SPHB–protease and CTAB–protease 
complexes, which were in the high fluctuation regions. 
The structures of bactericide–protease complexes 
nearly overlapped the native protease structure, which 
indicates that the bactericides changed the protease 
structure slightly. B-factor plots that directly reflect 
the conformational stability of the protein are shown 
in Fig. 5d. The blue area represents the structural sta-
bility, and the red area represents the structural insta-
bility. The results showed that part of the protease 
structure was distorted by the interactions between 
bactericides and protease.

In summary, the interaction between MIT/SPHB 
and protease had little effect on the catalytic activity 
of protease, whilst the interaction between CTAB and 
protease decreased the protease activity by forming a 
stable complex and occupying the catalytic site.

3.3  Effect of bactericide on the soaking performance 
of protease

According to the effects of the three bactericides on the 
properties of protease obtained above, MIT and SPHB 
were used to treat cattle hide with protease simultane-
ously or sequentially in the soaking process, and the 
soaking performances were evaluated to achieve an ideal 
protease-assisted soaking operation.

Bactericides are always used to prevent bacterial dam-
age to hides when soaking for a long time. Thus, the 
total amount of microorganisms in the soaking float was 
measured, as shown in Fig.  6 and Additional file  1: Fig. 
S2 and Table 2. The results showed that MIT had a better 
germicidal efficacy than SPHB. This may be because the 
minimum inhibitory concentration of SPHB against bac-
teria is higher than that of MIT [20, 38]. Adding protease 
in the soaking process (control) greatly increased the 
total amount of bacteria, yeasts and moulds in soaking 

Fig. 4 Interactions between bactericides and protease: a Molecular docking model of bactericide and protease; b 2D diagram of the interaction 
between bactericide and protease processed by Discovery Studio Visualiser software
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float. The reason might be that hide proteins hydrolysed 
by the protease can provide nutrients for the growth of 
microorganisms. Fortunately, the simultaneous use of 
protease and MIT could create an environment that is 
not conducive to the reproduction and proliferation of 
microorganisms. However, the sequential use of protease 
and bactericide (using bactericide after adding protease 
for 2  h) could not limit the growth of microorganisms 
successfully. The reason might be that a large number 
of microorganisms proliferated within 2 h after protease 
was added, and a small amount of bactericide could not 
exhibit an effective germicidal efficacy. These results 
suggested that protease and bactericide should be used 
simultaneously in the soaking process to effectively pre-
vent bacterial damage to hides.

A main purpose of soaking, especially protease-assisted 
soaking, is to remove unstructured proteins from hides 
and attack on the epidermis, which is essential to acceler-
ate the soaking process and enable the rapid penetration 

of chemicals during the subsequent liming process. Thus, 
the removal of protein from soaked hides was evaluated 
by analysing the total protein concentration of soaking 
float, and the epidermis and collagen fibre of soaked hide 
were observed by HE staining.

As shown in Fig.  7, the protein concentration of 
soaking float followed the order using bactericide 
alone < using protease alone < using protease and bacte-
ricide simultaneously < using protease and bactericide 
sequentially. The higher protein concentration by using 
protease alone than those by using bactericide alone 
should be attributed to the added protease (which itself is 
also a protein), the hide proteins hydrolysed by protease 
and the increased microorganisms. The protein concen-
tration by using protease and MIT simultaneously was 
higher than that by using protease alone, which might be 
due to that the effective germicidal efficacy of MIT could 
protect the protease from microorganisms and was help-
ful for the hydrolysis of hide proteins by protease [39, 40]. 

Fig. 5 Profiles of MD simulations: a Root mean square deviations (RMSD) of protease residues; b Root mean square fluctuation (RMSF) of protease 
residues; c Aligned structures of amino acids: (c1) 162–178, (c2) 188–195, (c3) 105–113, (c4) 162–178, (c5) 92–100 and (c6) 248–258, native protease 
(grey), MIT–protease complex (red), SPHB–protease complex (blue), CTAB–protease complex (green); d B-factor plots: (d1) MIT, (d2) SPHB and (d3) 
CTAB
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In addition, the protein concentrations by using protease 
and bactericides sequentially were higher than those by 
using protease and bactericides simultaneously. The rea-
son might be that the microorganisms containing protein 
multiplied rapidly within 2  h after protease was added 

and damaged some hide collagen (the hydroxyproline 
concentration of soaking float was the highest).

The HE stained images of longitudinal sections of soaked 
hide are shown in Fig. 8 and Additional file 1: Fig. S3. The 
epidermis of soaked hide by using bactericide alone was 
intact, and that by using protease alone was attacked, which 
should be attributed to the proteolysis of hide proteins. The 
epidermis was also attacked by using protease and bacte-
ricides simultaneously, which might be due to that the 
bactericides barely affected the protease activity and could 
protect the protease from microorganisms. Moreover, the 
rehydration of all the hides was similar (Additional file 1: 
Fig. S4), and the grain and flesh surfaces of all soaked hides 
were clean (Additional file 1: Figs. S5 and S6).

These results suggested that the addition of protease can 
improve soaking performance including removing unstruc-
tured proteins and attacking on the epidermis. In the mean-
time, the bactericides that barely affected the catalytic 
activity of protease should be used with the soaking protease 
simultaneously to reduce the microbial damage to hides.

Fig. 6 Evaluation of the total amount of bacteria in the soaking float: a Images of  mikrocount® dipslides; b Schematic of the total amount 
of bacteria in the soaking float with simultaneous and sequential use of protease and MIT

Table 2 Total amounts of bacteria, yeasts and moulds in the 
soaking float

No Sample Total amount of 
bacteria (CFU/
mL)

Total amount of 
yeasts and moulds 
(CFU/mL)

1 Blank 107 103

2 MIT 104 102

3 SPHB 107 103

4 Control 107 104

5 Protease + MIT 106 102

6 Protease + SPHB 107 103

7 Protease (2 h) + MIT 107 102

8 Protease (2 h) + SPHB 107 104



Page 10 of 12Liu et al. Collagen and Leather            (2023) 5:27 

4  Conclusion
The effects of three bactericides MIT, SPHB and CTAB 
on the protease properties and their interactions with 
the protease were analysed. The results indicated that 
MIT and SPHB barely affected the protease activity 
because the hydrogen bonds and hydrophobic inter-
action between MIT/SPHB and the protease were far 
from the catalytic site of protease. CTAB decreased 
the protease activity with the increase in concentra-
tion because it interacted with the catalytic triad of 
protease and interfered with the substrate binding. 

The experimental results for enzyme-assisted soaking 
showed that MIT had excellent germicidal efficacy in 
the soaking environment. Adding protease increased 
the microorganisms in the soaking float because pro-
tease can hydrolyse hide proteins and provide nutrients 
for the growth of microorganisms. The simultaneous 
addition of MIT and protease can protect protease and 
hides from microbial damage and promote the hydroly-
sis of unstructured hide proteins and the rehydration 
of raw hide. However, adding bactericides and pro-
tease sequentially had difficulty inhibiting the growth 

Fig. 7 Protein and hydroxyproline concentrations of the soaking float

Fig. 8 Microscopic images of the longitudinal sections of soaked hides (HE staining)



Page 11 of 12Liu et al. Collagen and Leather            (2023) 5:27  

of microorganisms. Overall, protease and bactericides 
that nearly do not affect the protease activity and 
have ideal germicidal efficacy are suggested to be used 
simultaneously in an enzyme-assisted soaking process 
to promote the soaking process and protect hides from 
microbial damage.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s42825- 023- 00135-5.

Additional file 1: Fig. S1. The chemical structures of the three bacteri-
cides. Fig. S2. Images of  mikrocount® dipslides for determining the total 
amount of yeasts and moulds in the soaking float. Fig. S3. Microscopic 
images of the longitudinal sections of soaked hides (HE staining). Fig. S4. 
Stereo microscopic images of longitudinal sections of soaked hides (bar: 5 
mm). Fig. S5. Photos of grain surfaces of soaked hides. Fig. S6. Photos of 
flesh surfaces of soaked hides.

Acknowledgements
We thank Dr. Jinwei Zhang for technical assistance in the fleshing operation.

Author contributions
HL: Investigation, Methodology, Visualization, Writing—original draft; YHP: 
Investigation, Formal analysis; BS: Supervision, Writing—review and editing; 
YHZ: Conceptualization, Methodology, Supervision, Writing—review and edit-
ing. All authors read and approved the final manuscript.

Funding
This work was supported by the “Ju Yuan Xing Chuan” Project of Sichuan 
Province (2022ZHCG0128).

Availability of data and materials
Data will be made available on request.

Declarations

Competing interests
Bi Shi serves as the Editor-in-Chief of Collagen and Leather, and was not 
involved in the editorial review, or the decision to publish this article. All 
authors declare that there are no competing interests.

Author details
1 National Engineering Laboratory for Clean Technology of Leather Manufac-
ture, Sichuan University, Chengdu 610065, China. 2 College of Biomass Science 
and Engineering, Sichuan University, Chengdu 610065, China. 

Received: 17 August 2023   Revised: 13 September 2023   Accepted: 14 
September 2023

References
 1. Kanagaraj J, Panda RC, Kumar MV. Trends and advancements in sustain-

able leather processing: future directions and challenges—a review. J 
Environ Chem Eng. 2020;8:104379. https:// doi. org/ 10. 1016/j. jece. 2020. 
104379.

 2. Appiah-Brempong M, Essandoh HMK, Asiedu NY, Dadzie SK, Momade 
FWY. An insight into artisanal leather making in Ghana. J Leather Sci 
Eng. 2020;2:25. https:// doi. org/ 10. 1186/ s42825- 020- 00039-8.

 3. Ammasi R, Victor JS, Chellan R, Chellappa M. Alkaline protease for an 
efficacious rehydration of skin matrix by a novel Bacillus crolab MTCC 
5468 in sustainable leather production: a green approach. Biotechnol 
Lett. 2020;42:249–67. https:// doi. org/ 10. 1007/ s10529- 019- 02769-0.

 4. Stockman G, Didato DT, Steele S, Black C, Allison R. Soaking: bal-
ancing operational and quality issues. J Am Leather Chem As. 
2008;103(2):76–85.

 5. Muthusubramanian L, Mitra RB. A cleaner production method for the 
synthesis of bronopol—a bactericide that is useful in leather making. 
Plant Pathol. 2006;14(5):536–8. https:// doi. org/ 10. 1016/j. jclep ro. 2005. 03. 
020.

 6. Shede PN, Kanekar PP, Polkade AV, Dhakephalkar PK, Sarnaik SS. Bacterial 
succession on raw buffalo hide and their degradative activities during 
ambient storage. Int Biodeterior Biodegrad. 2008;62(1):65–74. https:// doi. 
org/ 10. 1016/j. ibiod. 2007. 12. 007.

 7. Jhahan E, Bhattacharyya S, Chaudhuri A, Sarkar N, Akhtar S, Chaudhuri P. 
Optimization and application of UVC irradiation for prevention of fungal 
biodeterioration of vegetable tanned and chrome tanned leather. J 
Leather Sci Eng. 2022;4:28. https:// doi. org/ 10. 1186/ s42825- 022- 00104-4.

 8. Li XG, Sen KY, Zhang YQ, Tian YQ, Shi B. Spatiotemporal dynamics of the 
microbial diversity on salt-preserved goatskins assessed by culturing 
and 16S rRNA gene amplicon sequencing. J Leather Sci Eng. 2022;4:32. 
https:// doi. org/ 10. 1186/ s42825- 022- 00107-1.

 9. Zhang YF, Liu H, Tang KY, Liu J, Li XM. Effect of different ions in assisting 
protease to open the collagen fiber bundles in leather making. J Clean 
Prod. 2021;293:126017. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 126017.

 10. Liu C, Chen XY, Zeng YH, Shi B. Effect of the surface charge of the acid 
protease on leather bating performance. Process Biochem. 2022;121:330–
8. https:// doi. org/ 10. 1016/j. procb io. 2022. 07. 023.

 11. Khambhaty Y. Applications of enzymes in leather processing. 
Environ Chem Lett. 2020;18(3):747–69. https:// doi. org/ 10. 1007/ 
s10311- 020- 00971-5.

 12. Hasan MJ, Haque P, Rahman MM. Protease enzyme based cleaner leather 
processing: a review. J Clea Prod. 2022;365:132826. https:// doi. org/ 10. 
1016/j. jclep ro. 2022. 132826.

 13. Ma JZ, Hou XY, Gao DG, Lv B, Zhang J. Greener approach to efficient 
leather soaking process: role of enzymes and their synergistic effect. J 
Clean Prod. 2014;78:226–32. https:// doi. org/ 10. 1016/j. jclep ro. 2014. 04. 058.

 14. Valeika V, Beleska K, Biskauskaite R, Valeikiene V. Effect of enzymatic 
soaking on properties of hide and the leather produced. J Soc Leather 
Technol Chem. 2019;103(2):74–9.

 15. Zhang YF, Ge J, Liu Z. Enhanced activity of immobilized or chemically 
modified enzymes. ACS Catal. 2015;5(8):4503–13. https:// doi. org/ 10. 
1021/ acsca tal. 5b009 96.

 16. Cloete TE. Resistance mechanisms of bacteria to antimicrobial com-
pounds. Int Biodeterior Biodegrad. 2003;51(4):277–82. https:// doi. org/ 10. 
1016/ S0964- 8305(03) 00042-8.

 17. Crovetto SI, Moreno E, Dib AL, Espigares M, Espigares E. Bacterial toxicity 
testing and antibacterial activity of parabens. Toxicol Environ Chem. 
2017;99(5–6):858–68. https:// doi. org/ 10. 1080/ 02772 248. 2017. 13009 05.

 18. Samidurai S, Khambhaty Y, Alagamuthu TS. Bio-preservation of raw 
hides/skins: a review on greener substitute to conventional salt curing. 
Environ Sci Pollut Res. 2022;29:64513–35. https:// doi. org/ 10. 1007/ 
s11356- 022- 22027-7.

 19. Nicoletti G, Boghossian V, Gurevitch F, Borland R, Morgenroth P. The anti-
microbial activity in vitro of chlorhexidine, a mixture of isothiazolinones 
(‘Kathon’ CG) and cetyl trimethyl ammonium bromide (CTAB). J Hosp 
Infect. 1993;23(2):87–111. https:// doi. org/ 10. 1016/ 0195- 6701(93) 90014-Q.

 20. Gutiérrez-Larraínzar M, Rúa J, Arriaga DD, Valle PD, García-Armesto MR. In 
vitro assessment of synthetic phenolic antioxidants for inhibition of food-
borne Staphylococcus aureus, Bacillus cereus and Pseudomonas fluorescens. 
Food Control. 2013;30(2):393–9. https:// doi. org/ 10. 1016/j. foodc ont. 2012. 
07. 047.

 21. Wang WL, Nong YJ, Yang ZW, Wu QY, Hübner U. Chlorination of isothia-
zolinone biocides: kinetics, reactive species, pathway, and toxicity evolu-
tion. Water Res. 2022;223:119021. https:// doi. org/ 10. 1016/j. watres. 2022. 
119021.

 22. Ettorre A, Andreassi M, Anselmi C, Neri P, Andreassi L, Stefano AD. 
Involvement of oxidative stress in apoptosis induced by a mixture of 
isothiazolinones in normal human keratinocytes. J Invest Dermatol. 
2003;121(2):328–36. https:// doi. org/ 10. 1046/j. 1523- 1747. 2003. 12360.x.

 23. Al-Degs YS, Abu-Ghazaleh BM, Abdelghani JI, Zaid O. Application of inter-
val wavelength selection by iterative space shrinkage approach iVISSA for 
spectroscopic quantifcation of spectrally overlapping food preservatives 

https://doi.org/10.1186/s42825-023-00135-5
https://doi.org/10.1186/s42825-023-00135-5
https://doi.org/10.1016/j.jece.2020.104379
https://doi.org/10.1016/j.jece.2020.104379
https://doi.org/10.1186/s42825-020-00039-8
https://doi.org/10.1007/s10529-019-02769-0
https://doi.org/10.1016/j.jclepro.2005.03.020
https://doi.org/10.1016/j.jclepro.2005.03.020
https://doi.org/10.1016/j.ibiod.2007.12.007
https://doi.org/10.1016/j.ibiod.2007.12.007
https://doi.org/10.1186/s42825-022-00104-4
https://doi.org/10.1186/s42825-022-00107-1
https://doi.org/10.1016/j.jclepro.2021.126017
https://doi.org/10.1016/j.procbio.2022.07.023
https://doi.org/10.1007/s10311-020-00971-5
https://doi.org/10.1007/s10311-020-00971-5
https://doi.org/10.1016/j.jclepro.2022.132826
https://doi.org/10.1016/j.jclepro.2022.132826
https://doi.org/10.1016/j.jclepro.2014.04.058
https://doi.org/10.1021/acscatal.5b00996
https://doi.org/10.1021/acscatal.5b00996
https://doi.org/10.1016/S0964-8305(03)00042-8
https://doi.org/10.1016/S0964-8305(03)00042-8
https://doi.org/10.1080/02772248.2017.1300905
https://doi.org/10.1007/s11356-022-22027-7
https://doi.org/10.1007/s11356-022-22027-7
https://doi.org/10.1016/0195-6701(93)90014-Q
https://doi.org/10.1016/j.foodcont.2012.07.047
https://doi.org/10.1016/j.foodcont.2012.07.047
https://doi.org/10.1016/j.watres.2022.119021
https://doi.org/10.1016/j.watres.2022.119021
https://doi.org/10.1046/j.1523-1747.2003.12360.x


Page 12 of 12Liu et al. Collagen and Leather            (2023) 5:27 

by multivariate calibration. J Food Meas Charact. 2022;16:1930–43. 
https:// doi. org/ 10. 1007/ s11694- 022- 01311-7.

 24. Dao H, Lakhani P, Police A, Kallakunta V, Ajjarapu SS, Wu KW, Ponkshe P, 
Repka MA, Murthy SN. Microbial stability of pharmaceutical and cosmetic 
products. AAPS PharmSciTech. 2018;19(1):60–78. https:// doi. org/ 10. 1208/ 
s12249- 017- 0875-1.

 25. Wu JX, Li YF, Chen XP, Li N, He WH, Feng YJ, Liu J. Improved membrane 
permeability with cetyltrimethylammonium bromide (CTAB) addition for 
enhanced bidirectional transport of substrate and electron shuttles. Sci 
Total Environ. 2022;822:153443. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 
153443.

 26. Wang CH, Wu JH, Li L, Mu CD, Lin W. A facile preparation of a novel non-
leaching antimicrobial waterborne polyurethane leather coating func-
tionalized by quaternary phosphonium salt. J Leather Sci Eng. 2022;2:2. 
https:// doi. org/ 10. 1186/ s42825- 019- 0014-8.

 27. Wang H, Lei C, Zeng YH, Song Y, Zhang QX, Shi B. Reversible inhibition 
of trypsin activity with soybean flour in hide bating process for leather 
quality improvement. Ind Crops Prod. 2021;161:113222. https:// doi. org/ 
10. 1016/j. indcr op. 2020. 113222.

 28. Li XG, Zhang SH, Zhang Q, Gan LZ, Jiang GY, Tian YQ, Shi B. Characteriza-
tion and application of a novel halotolerant protease with no collagenase 
activity for cleaner dehairing of goatskin. Process Biochem. 2022;113:203–
15. https:// doi. org/ 10. 1016/j. procb io. 2022. 01. 006.

 29. Geng S, Jiang ZJ, Ma HJ, Wang Y, Liu BG, Liang GZ. Interaction mechanism 
of flavonoids and bovine beta-lactoglobulin: experimental and molecular 
modelling studies. Food Chem. 2020;312:126066. https:// doi. org/ 10. 
1016/j. foodc hem. 2019. 126066.

 30. Yue YK, Geng S, Shi Y, Liang GZ, Wang JS, Liu BG. Interaction mechanism 
of flavonoids and zein in ethanol-water solution based on 3D-QSAR and 
spectrofluorimetry. Food Chem. 2019;276:776–81. https:// doi. org/ 10. 
1016/j. foodc hem. 2018. 10. 083.

 31. Zhu L, Song XB, Pan F, Tuersuntuoheti T, Zheng FP, Li Q, Hu SQ, Zhao FF, 
Sun JY, Sun BG. Interaction mechanism of kafirin with ferulic acid and 
tetramethyl pyrazine: multiple spectroscopic and molecular modeling 
studies. Food Chem. 2021;363:130298. https:// doi. org/ 10. 1016/j. foodc 
hem. 2021. 130298.

 32. The product brochure of  mikrocount® duo. https:// www. schue lke. com/ 
intl- en/ produ cts/ mikro count- duo. php? highl ight= mikro count% C2% AE. 
Accessed 1 Aug 2023.

 33. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with 
the Folin phenol reagent. J Biol Chem. 1951;193(1):265–75.

 34. Reddy GK, Enwemeka CS. A simplified method for the analysis of 
hydroxyproline in biological tissues. Clin Biochem. 1996;29(3):225–9. 
https:// doi. org/ 10. 1016/ 0009- 9120(96) 00003-6.

 35. Song Y, Wu SQ, Yang Q, Liu H, Zeng YH, Shi B. Factors affecting mass 
transfer of protease in pelt during enzymatic bating process. J Leather Sci 
Eng. 2019;1:4. https:// doi. org/ 10. 1186/ s42825- 019- 0007-7.

 36. Janati-Fard F, Housaindokht MR, Monhemi H, Nakhaeipour A. How a 
multimeric macromolecule is affected by divalent salts? Experimental 
and simulation study. Int J Biol Macromol. 2018;106:284–92. https:// doi. 
org/ 10. 1016/j. ijbio mac. 2017. 08. 018.

 37. Hu X, Zeng Z, Zhang J, Wu D, Li H, Geng F. Molecular dynamics simulation 
of the interaction of food proteins with small molecules. Food Chem. 
2023;405:134824. https:// doi. org/ 10. 1016/j. foodc hem. 2022. 134824.

 38. Collier PJ, Ramsey AJ, Austin P, Gilbert P. Growth inhibitory and biocidal 
activity of some isothiazolone biocides. J Appl Microbiol. 1990;69(4):569–
77. https:// doi. org/ 10. 1111/j. 1365- 2672. 1990. tb015 50.x.

 39. Orlita A. Microbial biodeterioration of leather and its control: a review. Int 
Biodeterior Biodegrad. 2004;53:157–63. https:// doi. org/ 10. 1016/ S0964- 
8305(03) 00089-1.

 40. Kayalvizhi N, Anthony T, Gunasekaran P. Characterization of the predomi-
nant bacteria associated with sheep and goat skin. J Am Leather Chem 
Assoc. 2008;103(6):182–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s11694-022-01311-7
https://doi.org/10.1208/s12249-017-0875-1
https://doi.org/10.1208/s12249-017-0875-1
https://doi.org/10.1016/j.scitotenv.2022.153443
https://doi.org/10.1016/j.scitotenv.2022.153443
https://doi.org/10.1186/s42825-019-0014-8
https://doi.org/10.1016/j.indcrop.2020.113222
https://doi.org/10.1016/j.indcrop.2020.113222
https://doi.org/10.1016/j.procbio.2022.01.006
https://doi.org/10.1016/j.foodchem.2019.126066
https://doi.org/10.1016/j.foodchem.2019.126066
https://doi.org/10.1016/j.foodchem.2018.10.083
https://doi.org/10.1016/j.foodchem.2018.10.083
https://doi.org/10.1016/j.foodchem.2021.130298
https://doi.org/10.1016/j.foodchem.2021.130298
https://www.schuelke.com/intl-en/products/mikrocount-duo.php?highlight=mikrocount%C2%AE
https://www.schuelke.com/intl-en/products/mikrocount-duo.php?highlight=mikrocount%C2%AE
https://doi.org/10.1016/0009-9120(96)00003-6
https://doi.org/10.1186/s42825-019-0007-7
https://doi.org/10.1016/j.ijbiomac.2017.08.018
https://doi.org/10.1016/j.ijbiomac.2017.08.018
https://doi.org/10.1016/j.foodchem.2022.134824
https://doi.org/10.1111/j.1365-2672.1990.tb01550.x
https://doi.org/10.1016/S0964-8305(03)00089-1
https://doi.org/10.1016/S0964-8305(03)00089-1

	Effects of bactericide–protease interactions on the protease-assisted soaking performance
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Determination of protease properties in the presence of bactericide
	2.2.1 Assay of protease activity and stability
	2.2.2 Zeta potential and particle size of protease solution

	2.3 Interaction measurement
	2.3.1 Fluorescence spectrum measurement
	2.3.2 Molecular docking
	2.3.3 MD simulation

	2.4 Soaking trials and their performance evaluation

	3 Results and discussion
	3.1 Effect of bactericide on protease properties
	3.2 Interaction between bactericide and protease
	3.2.1 Fluorescence spectra analysis
	3.2.2 Molecular docking analysis
	3.2.3 MD simulation

	3.3 Effect of bactericide on the soaking performance of protease

	4 Conclusion
	Anchor 22
	Acknowledgements
	References


