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Introduction
The leather industry, specifically tanning and its associated operations can be a source of

considerable environmental impact [1]. A crucial beamhouse process – the conventional chemical
depilation, uses sulfides to break down disulphide (S-S) bonds in the cysteine (Cys) residue of the
keratin [2]. The use of sulfides in increases the total dissolved solids as well as chemical and
biochemical oxygen demand (COD and BOD) in the effluent [3,4]. The chemicals used for
depilation can also leached into the environment. Moreover, most solid tannery wastes, including
sheepskin pelts, are currently landfilled. These factors contribute to the environmental impact of
the leather industry which are under increasingly stringent regulatory requirements [5].
Recently, enzymes has been gaining attention as a sustainable alternative to the conventional
depilation process [6,7]. Use of enzymatic depilation reduces the pollution load in the process
effluent and improves working conditions since the use of sulphide is reduced drastically [8].
The depilation process removes components such as keratin and epidermis as well as alter the
collagen fibre structure [9,10]. These changes can affect the grain surface and the quality of the
final leather produced. The changes in the structure of collagen fibres at the molecular level can
be studied using X-ray scattering technique [11], as type I collagen are aligned in a quarter stagger
structure with repeating gap/overlap regions within the fibril [12]. However, studies focused on
structural features of collagen caused by unhairing are limited. Our group has previously
established synchrotron-based small-angle X-ray scattering (SAXS) as a tool for studying
structural features of collagen with each step of beamhouse operation [13,14], as well as tanning
using various tanning agents [15]. Similarly, SAXS has also been used to describe molecular level
packing of keratin by Rafik et al. [16].
Ideally, unhairing enzymes for industrial application should have specificity towards keratin and
epidermis with minimal activity towards collagen. The present study investigates the efficacy of
the protease produced by A. hydrophila in the depilation of calf skins. The process effluents were
analysed to assess the effect of depilation process on its environmental impact and tanning agent
uptake. SAXS was also used to provide insight into the molecular-level structural changes of
collagen and other skin components and its relationship with physical properties of the leather
produced.
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Methods and Materials

2.1

Enzyme preparation

Aeromonas hydrophila previously isolated from sweated sheepskins [17] was used in this study.
A. hydrophila cryo-preserved with glycerol at -80 °C was activated by inoculation in 5 mL LB
broth at a ratio of 1:1000 and cultured overnight at 25 °C on a shaking incubator. The activated
culture was used to inoculate 3 L of freshly prepared fermentation media which was then cultured
under the same conditions for a further 48 h. The crude enzyme extract was collected by
centrifuging the resultant culture at 8000x g RCF for 20 min at 4 °C. Ammonium sulphate
precipitation was carried out at 90% saturation to separate the total proteins from the crude protease
extract, followed by centrifugation at 20,000 g for 30 min at 4 °C on Thermo Scientific™ Sorvall™
LYNX 6000 superspeed centrifuge. The partially purified protease was rehydrated using 40 mL
1x phosphate-buffered saline (PBS) and frozen down with 20% glycerol at -20 °C before
subsequent experiments.

2.2

Protease activity

Protease activity was determined against the standard curve generated with trypsin, using Azo
dye impregnated collagen (Azocoll) as a substrate. Briefly, 100 µl diluted enzyme solution was
mixed with 900 µl 5 mg ml-1 Azocoll in 100 mM Potassium Phosphate Buffer, pH 7.8. After
incubation at 37 °C for 15 min, the mixture was centrifuged and the absorbance of supernatant at
520 nm was measured on a Varian Cary® 50 UV-Vis spectrophotometer. Protease activity was
expressed as the amount of equivalent trypsin per mg proteins.
The optimum temperature for enzymatic activity was determined by performing the enzyme
assays in the temperature range of 15 to 60 °C (pH 7.8). The optimum pH for enzymatic activity
was determined by performing the enzyme assays in the pH range of 7 to 12 at 37 °C, with the
substrate being suspended in buffers with different pH values.

2.3

Depilation and tanning process

Two calf skins were split along their backbone, the left half was depilated using conventional
chemical depilation, followed by standard liming, deliming and pickling procedure. The right half
of the calf skin was depilated with enzymatic depilation, using depilatory paint prepared by mixing
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the enzyme solution with 25g/L of Solvitose as the thickener, then wrapped in plastic sheet and
stored at 37 °C for 24 h. The depilated skins from both processes were then processed into crust
leather with liming, deliming and pickling procedure followed by standard leather processing
including chrome tanning, re-tanning and fat liquoring process. The entire process for the
enzymatically depilated half is referred to as “enzymatic process” while the chemically depilated
half is referred to as “chemical process”.

2.4

Physical properties of crust leather

To evaluate the physical properties of the dried crust leather. Leather from the chemical process
and enzymatic process were conditioned at 20 °C/65% relative humidity for 48 h prior to physical
properties testing according to IULTCS/IUP6 standard procedures for tear strength, tensile
strength, elongation at break, and distension and strength of surface [18–20].

2.5

Analysis of physico-chemical parameters of the process effluent

To evaluate the effect of the depilation process on the pollution load of the process effluents,
spent liquor were collected at the pre-tanning, tanning, and post-tanning steps. The effluent were
then analysed by an accredited third party laboratory using standard methods for common tannery
effluent parameters including biochemical oxygen demand (BOD), chemical oxygen demand
(COD), total dissolved solids (TDS), total suspended solids (TSS), calcium, chloride, sulphate,
sulphide, and chromium [21].

2.6

Thermal characterisation

To evaluate the thermal characteristics of the leather, shrinkage temperature was determined
using a standard method as per ISO 3380 [22]. Differential scanning calorimetry (DSC)
measurements were also carried out on DSC Q2000, TA Instruments. Ten 50 µm cross-sections
of samples were obtained using a freezing microtome (Leica CM1850 UV, Germany), rehydrated
with 0.2 M sodium acetate, and then sealed in Tzero aluminium pans for 2 hours. The rehydrated
samples were then analysed under heating rate of 5 °C/min from 30 °C to 120 °C under a nitrogen
gas purge of 50 ml/min. The onset temperature of the endothermic peaks on heat flow curves were
taken as the denaturation temperature of the sample.
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2.7

Structural changes of skin with SAXS

Hide samples were cut into squares of size 0.3 cm× 0.3 cm×200 μm (L × W × H) using a
microtome from leather cross-section. The sections were then air-dried at room temperature prior
to SAXS measurement. SAXS experiments were conducted on beamline I22 at Diamond Light
Source. The measurements were carried out at 12.4 keV X-rays and a 9.7 m (q = 0.021–1.7 nm−1)
sample-to-detector distance.
Peak fittings were then performed using protocol according to previous studies using SAXSFit
and Fityk [23]. Briefly, the scattering intensity I(q) is presented as a function of scattering vector,
q, where q = 4π sin(θ/2)/λ, and where θ is the angle between incident and scattered radiation.
Relative diffraction peak intensity is calculated as Rn/m = An/Am, where An and Am stands for the
area of peak order n and m. Peak positions were recorded and converted to real-space distance d =
2π/q.
3

Results and Discussion

3.1

Protease activity of enzymes from A. hydrophila

Proteins produced by A. hydrophila were precipitated using ammonium sulphate, followed by
dialysis and cryopreservation with glycerol. The total protein concentration was 1.33 mg/ml and 1
mg of partially purified A. hydrophila enzymes exhibited protease activity equivalent to 14.13 mg
trypsin.
Enzymes from A. hydrophila exhibited maximum protease activity at 35 °C, while 90% of the
activity was still detected at 50 °C. Protease activity remained above 40% in the temperature range
of 30 °C to 60 °C. The optimum pH for protease activity in A. hydrophila was found to be 8 and
60% of activity was still present when pH was at 7. The protease activity dropped drastically once
the pH increased to over 9. The results confirm the enzyme from A. hydrophila as a promising
candidate with high depilation efficiency, similar to other studies using enzymes with high
proteolytic activity [10,24].
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3.2

Physical Properties and visual assessment of leathers

Physical properties of crust leather produced from enzyme depilation were comparable with
those made from chemical process, with higher tear strength in parallel direction and lower tensile
strength in the perpendicular direction. These results shown in Table 1 suggest differences in
collagen fibre arrangement, which might had been altered by enzymatic depilation process.

Table 1. Physical properties of leather including tear strength, tensile strength, elongation at break and
grain crack strength produced using the chemical process and
Method

Tear strength (N

Tensile strength (N

Elongation at break

mm-1)

mm-2)

(%)

Parallel

Perpendic

Parallel

Perpendic

ular
Chemical

50.8

Process

3.64

Enzymatic

64.4a

Process

8.24

±

46.8

ular
±

2.06

a

±

49.8
3.65

Parallel

32.7

±

3.58
±

30.3

24.1

±

2.56
±

2.58

±

0.74

17.8b
2.67

41.2

b

±

41.4
4.46

Grain crack strength

Perpendi

Distension

Load

cular

(mm)

(kg)

9.7 ± 0.21

52.0

63.6

±

5.52
±

70.4

±

8.62
±

5.64

10.6 ± 0.69

61.5

±

12.08

* a and b are statistically different values
Visual inspection of the leather revealed that complete hair removal was accomplished with both
chemical and enzymatic process. The samples were free from hair/short hair/scud, as well as
epidermal layer (a white surface on the grain side), achieving comparable extent of depilation with
studies using enzymatic depilation process [25].

3.3

Enzymatic process reduces pollutant load in the process effluents.

The chemical depilation step uses large amounts of lime and sulphide, while enzymatic
depilation step involves a relatively simple application of the depilatory paint followed by
washing. As a result, water consumption of the pre-tanning process was reduced by 75.7%, with
most effluent parameters showing a significant decrease (See Table 2). At the tanning and posttanning steps, a significant reduction of chromium load was also observed for the enzymatic
6

process, with a reduction of 63.7% and -35.2 % for tanning and post-tanning step respectively.
This is attributed to the enhanced uptake of the tanning agent [25]. Since beamhouse operation
commonly accounts for 70–80% of BOD and COD loading in tannery wastewater, the drastic
reduction of pollutants at this step is expected to have a significant effect on the overall
environmental impact of the leather production process [26].
Table 2. Difference in total load (%) of the enzymatic process with respect to the chemical process of key
effluent parameters for the pre-tanning, tanning and post tanning process
Difference in total load*a(%)

Parameter

Pre-tanning

Tanning

Post tanning

BOD

-77.4

+6.3

+12.1

COD

-77.8

-15.1

+4.3

TDS

-68.3

-26.2

+2.3

TSS

-83.9

-42.3

-33.9

Calcium

-81.5

-53.7

-

Chloride

+23.6

-26.6

-11.3

Sulphate

-97.1

-22.2

+2.2

Sulphide

-73.7

+28.6

-

-63.7

-35.2

+2.6

+25.6

Chromium
Effluent volume

*a

-75.7

indicates the percentage difference of the total load (concentration * effluent volume) of the enzymatic

process with respect to the chemical process.
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3.4

Thermal properties

Figure 1. DSC results of crust leather produced using the chemical and the enzymatic process

The denaturation temperature of leather produced via the chemical process was found to be
higher than leather produced via enzymatic process. The results were confirmed using shrinkage
temperature test, with leather from chemical process showing a shrinkage temperature of 97 ⁰ C,
while leather from enzymatic process showing a shrinkage temperature of 92 ⁰ C. The reduction
of thermal stability of leather from enzymatic process combined with an increase in chromium
uptake suggest an increase in carbonyl (-COO) groups, the primary functional group available for
chrome crosslinking [27]. This indicates some enzymatic degradation to the collagen fibre
structure. Despite the reduction in thermal stability, the physical properties outlined in Section 3.2
indicate that the enzymatic process can produce leather of comparable quality from calf skins.

3.5

Collagen structural changes: SAXS analysis
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Figure 2. (a) 2D SAXS pattern of raw calf skin showing characteristic diffraction rings caused by the
long-range ordered collagen structure. (b): Integrated SAXS data in the q region of 0.02–0.12 A-1 showing
changes of overall peak intensities during the process from raw to wet crust. C): Integrated SAXS data in
high q region of 0.1 – 0.52 A-1 showing specific peaks indicating the keratin intermediate filament (a2, 3, 4)
and fat (b1). C = chemical process, E = enzymatic process.

The SAXS diffraction pattern in Figure 2 (a) demonstrated a group of well-resolved diffraction
rings within the q region of 0.01–0.3 A-1 confirming the long-range ordered packing of collagen
molecules within the collagen fibrils of raw calf skin. SAXS data obtained for enzymatic process
and chemical process process in different steps are shown in Figure 2 (b) and Figure 2 (c), the
structural changes observed from the four steps from raw to wet crust were consistent with the
previous SAXS/WAXS results, indicating a comparable structure to standard leathers. [14,28]. In
the low q region (0.02–0.12 A-1), the peak intensity decreased from raw to pickling step, likely
caused by the removal of non-collagenous proteins. During chrome tanning, the 3rd order peak
9

decreased while the other peaks increased significantly. From Figure 2(b), C-wet blue compared
to E-wet blue, a slightly higher 6th order peaks of E-wet blue, suggesting a relatively higher uptake
of chromium in the tanning step for enzymatic process.
In the q region of 0.1 – 0.52 A-1, we observed a pair of broad peaks, a2 and b1, at around q = 0.15
Å-1. According to previous studies, peak a2, a3 and a4 can be attributed to the regular packing of
keratin intermediate filaments [16,29]. The size of packing distance was calculated to be around
90 Å. The peak b1 - assigned to the scattering that originates from the layered structure of fat or
triglyceride molecules confirms the typical bilayer distance of 45 Å [30]. The intensity of peak a2a4 reduces significantly from the deliming to pickling step for both the enzymatic process and the
chemical process. At the unhairing step, some keratin molecules remain in the follicle in the grain
of skin, but these were completely removed by the high salt concentration at the pickled step. The
decrease in intensity of peak b1 highlights the removal of fat (lipid) during the degreasing step after
pickling and before chrome tanning. The structural changes observed in keratin and lipid were
similar to our previous study [13].
4

Conclusion
The enzymatic depilation process from a novel bacterium - A. hydrophila was found to produce

calf skin leather of comparable physical and thermal properties, with a significant reduction in
pollutant load in process effluents compared to a conventional chemical process. The specificity
of the enzymatic activity remains a challenge with a decrease of thermal stability observed. Further
characterisation of the protease activity and the optimisation of depilatory paint application
procedure can improve the depilation applicability of A. hydrophila. The use of SAXS
demonstrated the technique’s ability to detect structural changes of lipid, collagen, and keratin
through different leather processes. The findings of this study can guide future developments of
sustainable manufacturing methods for the leather industry.
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