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Non‑aqueous green solvents 
improve alpha‑amylase induced 
fiber opening in leather processing
Poornima Ramamoorthi1, Aravindhan Rathinam1*, Raghava Rao Jonnalagadda2 & 
Thanikaivelan Palanisamy3*

Severe water deficit and highly polluting effluent generation from leather industries have constantly 
been pressurizing the tanners to adopt cleaner leather processing systems. The present study aims 
to minimize the use of water by substituting it with non‑aqueous green solvents and also to enhance 
the enzyme action in alpha‑amylase based fiber opening process. The activity of alpha‑amylase in 
select non‑aqueous green solvents namely, heptane, polyethylene glycol 200 and propylene glycol is 
considerably higher by 62, 38 and 31% than in water, respectively. Comparable results are obtained 
for the catalytic efficiency of alpha‑amylase and hence it is further validated in collagen fiber opening 
trials as well. Scanning electron micrographs, histological images and proteoglycan estimation 
supported the above findings at 1% alpha‑amylase dosage. The final quality of the experimental 
leathers in terms of physical and bulk properties is comparable to that of control leathers. Recycling 
studies indicate that it is possible to replace water with green solvents for enzymatic fiber opening 
with the feasibility to recover more than 85% solvent‑enzyme mixture and reuse without any 
additional alpha‑amylase usage. Reduction in pollution load coupled with the efficient catalytic action 
of enzyme in non‑aqueous media favors the present protocol for industrial applications.

Leather industry is an offshoot of the meat industry since the skins and hides are predominantly supplied from 
the meat industry; it also has economic relevance due to the offering of various consumer  products1,2. Tradi-
tional leather processing involves various unit processes and operations that require intensive use of chemicals 
and water. These processes employ nearly 25–40 L water per kilogram of  skins3. Increasing global concerns for 
environmental pollution and water scarcity has led to a negative impact on the tanneries. Resolving the issue of 
pollution coupled with operation, maintenance and treatment costs remain as a serious challenge for tanners 
all over the world. Conventional dehairing and fiber opening processes utilize lime and sodium sulfide along 
with water, which in turn release effluent with about 60–70% of total pollution  load4–6. Though lime itself is not 
toxic, large amount of sludge produced makes it an issue in safe disposal. Emission of toxic gases like hydrogen 
sulphide as a result of mixing of dehairing and pickling streams is another major challenge for the  tanners7,8.

Advances in enzyme technology have led to the use of various enzymes in leather manufacture in soaking, 
dehairing, bating and degreasing  processes9. Although several enzymatic dehairing and fiber opening methods 
have been developed, many of these processes have not yet been  commercialized1,10,11. However, enzyme assisted 
dehairing with low amount of sodium sulfide is being followed in some parts of the world. Alpha-amylase or 
NaOH based fiber opening has been standardized for cow hides and goat  skins10,12,13. However, reduced efficiency 
and the strict process control measures in enzyme-based fiber opening limits its commercial exploitation so 
far. Attempts have also been made to integrate the two-step enzymatic processes such as enzymatic dehairing 
using protease and fiber opening with alpha-amylase into a single-step process by successive and simultaneous 
enzyme  application14,15.

Typical enzyme catalysis is carried out in aqueous systems, and it was believed that enzymes are active only in 
water until studies on non-aqueous enzymology has been attempted at the end of twentieth  century16–19. Initial 
studies on non-aqueous enzymology were carried out using water-miscible organic solvents like ethanol, which 
was then replaced with biphasic mixtures. Attempts have been made to carry out reactions in nearly non-aqueous 
solvents containing trace amounts of  water20–22. The role of water in catalysis is critical as it influences the bio-
molecular structure, function, and  interactions23,24. The key determinant of enzymatic activity is the amount of 
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hydration water or enzyme-bound water available for the solvation of the  enzyme16, which is needed in trace 
amounts as low as 0.1%. Hydrolytic enzymes like protease and lipase have been shown to carry out reactions 
exhibiting change in selectivity, pH memory and increased activity and stability in non-aqueous  solvents19,23,25,26. 
Castro et al. have studied the change in the activity of few proteases in neat organic solvents based on the cleavage 
of bovine serum albumin (BSA) by the  enzymes27. They reported the change in the specificity of the enzyme by 
switching the solvent from water to glycerol.

The present study aims to understand the ability of alpha-amylase to open up the fiber bundles in the skin 
matrix in the presence of non-aqueous green solvents used as an alternative to water. GlaxoSmithKline (GSK) 
periodically releases solvent selection guide to screen and select solvents based on a relative ranking of the 
inherent environmental, health, safety and life cycle assessment issues associated with each  solvent28. Based 
on the green chemistry principles such as polarity, environment and health hazards and  LD50 values, seven 
green solvents namely ethanol, ethyl acetate, ethyl lactate, heptane, propylene carbonate, propylene glycol and 
polyethylene glycol 200 (PEG 200) were screened and selected from the list of solvents suggested by  GSK29–31. 
The activity of the enzyme in selected green solvents and water as control has been analyzed and compared. 
Accordingly, the solvents exhibiting higher or enhanced activity were chosen for application in fiber opening 
of the skin matrix. The concentration of enzyme and time for fiber opening has been standardized using drum 
method for sheepskins in the chosen solvents. The extent of fiber opening has been assessed using proteoglycan 
assay, scanning electron microscopy and histological examination. The experimental and control leathers have 
been analyzed for bulk and physical properties. The extent of pollution loads in the collected effluent has been 
quantified. The possibility of recycling enzyme-solvent mixture to the next batch of fiber opening process has 
also been investigated.

Materials and methods
Materials. Wet salted red hair sheepskins were chosen as raw material for the experiments and were pro-
cured from a slaughterhouse located at Chennai, India. Commercial grade dehairing enzyme, (Microdep C, 
protease formulation) was procured from Tex Biosciences Pvt. Ltd. India and commercial grade alpha-amylase 
(fiber opening enzyme) was procured from United Alacrity India Pvt Ltd., India. All chemicals used for leather 
processing were of commercial grade. Solvents namely ethanol, ethyl acetate, ethyl lactate, heptane, propylene 
carbonate, propylene glycol and PEG 200 were of analytical grade and purchased from Loba Chemie, India. All 
the reagents used for the assay were of analytical grade and purchased from SRL Pvt. Ltd., India.

Amylase assay in green solvents. Activity of alpha-amylase in the selected green solvents namely etha-
nol, ethyl acetate, ethyl lactate, heptane, propylene carbonate, propylene glycol and PEG 200 was measured 
according to the method proposed by Bernfeld employing dinitrosalicylicacid (DNSA) with slight modifications 
for the  solvents32. For control assay, water was used instead of the solvent. Starch was used as substrate and the 
amount of maltose released in the enzyme reaction was measured using a spectrophotometer. The reaction mix-
ture consisted of 1 ml of starch (10 mg/ml in sodium phosphate buffer pH 6.9), 1 ml of the solvent under study 
and 1 ml of the enzyme solution (50 mg/ml in water) and incubated for 10 min. The enzyme reaction was termi-
nated with the addition of 1 ml DNSA and allowed to boil for 15 min and cooled in cold water bath (4 °C) and 
made up to 13 ml by adding distilled water. The development of reddish-brown color indicates release of maltose 
from starch and the absorbance of this solution was recorded at 540 nm using UV–visible spectrophotometer 
(Hitachi, U-2000). Control for each solvent was also set up with the same procedure without addition of enzyme.

Standard graphs were plotted by varying the maltose concentration in various solvents as shown in Sup-
plementary Fig. S1. The concentration of maltose was varied from 0.4 to 4 mg/ml. Initially, stock solution of 
maltose with a concentration of 2 mg/ml was prepared in water as it was sparingly soluble in other chosen 
solvents. Subsequently, varying volumes (0.2–2.0 ml) of the stock solution was made up to 3 ml by adding 1 ml 
of respective solvent and remaining with water. To this mixture, 1 ml of DNSA was added and allowed to boil 
for 15 min. Then, the reaction mixture was cooled in cold water bath (4 °C) and made up to 13 ml by adding 
distilled water. Absorbance of the same was recorded at 540 nm using UV–visible spectrophotometer. As can 
be seen, the presence of the organic solvents used in this study did not alter the standard line significantly. The 
deviations in the calculated enzyme activity were within the error range of ± 0.5 mmol/min/ml and hence the 
standard graph derived using water was used for all further calculations. The enzyme activity as a measure of 
amount of maltose released was derived from this graph (Supplementary Fig. S1a). One unit of the enzyme is 
equivalent to the liberation of 1 mg of maltose per ten minutes from starch at pH 6.9 at 30 °C. The end point assay 
demonstrating the linearity of initial reaction rates over a period of 10 min is given in Supplementary Fig. S2. 
The enzyme activity was calculated using the following equation.

where [Maltose] is the concentration of maltose obtained from standard graph, mg/ml, dilution factor is the 
total volume used in the assay, ml, the volume of enzyme used, ml, time of assay is the total time of incubation 
substrate with the enzyme, min and MW of maltose is the molecular weight of maltose, g/mol. All trials were 
carried out in triplicate. Those green solvents, which showed enhanced enzyme activity in comparison to aque-
ous medium, were chosen for further studies.

Reaction kinetics. The effect of substrate concentration on alpha-amylase activity in the presence of sol-
vents was studied using the procedure stated in the previous section with slight modification. The concentration 

(1)Enzyme activity (mmol/min/ml) =
[Maltose]× Dilution factor

Volume of enzyme used × time of assay ×MW of maltose
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of starch in the reaction medium was varied in the range of 10 to 100 mg/ml, at the alpha-amylase activity of 
4.6 mmol/min/ml in water, 6.5 mmol/min/ml in heptane, 5.3 mmol/min/ml in propylene glycol and 6 mmol/
min/ml in PEG 200 and keeping incubation time (10 min) constant, as described in the procedure stated in the 
previous section. The effect of substrate concentration in the presence of the three non-aqueous solvents namely 
heptane, propylene glycol, PEG 200, and water (control) was  analyzed33. Table S1 (supplementary Information) 
shows the raw data derived using Eq. (1) for calculating the enzyme activity in each green solvent and enzyme–
substrate reaction rates in water (control), heptane, propylene glycol and PEG 200. Michaelis–Menten kinetics 
was assumed for the enzyme–substrate reaction. Michaelis–Menten equation is as follows.

where V is the initial rate (velocity) of the reaction, mmol/min/ml,  Vmax is the maximal rate of the reaction, 
mmol/min/ml, S is the concentration of the substrate, mg/ml and  Km is the Michaelis–Menten constant, mg/ml.

A graph for the Michaelis–Menten equation (Eq. 2) was plotted with the predicted initial reaction rate, V, as 
a function of the substrate concentration, S, to depict the kinetic parameters  Vmax and  Km graphically.

Reciprocal of the Eq. (2) yields to the following equation.

Using the substrate concentration data for each solvent, a Lineweaver–Burk plot (1/V vs. 1/S) was drawn to 
determine the kinetic parameters of the enzyme-assisted reaction, which yielded a straight line with Y-intercept 
of 1/Vmax and slope of  Km/Vmax

34,35.
Catalytic rate constant or turnover number,  Kcat, for the enzyme as a measure of its ability to catalyze or 

convert a particular number of substrate molecules per second can be calculated from the  Vmax using the fol-
lowing equation.

where  Eo is enzyme concentration in mg/ml and  Kcat is the turnover number in  S–1.

Optimization of enzyme concentration for fiber opening in solvents. Four wet salted sheep skins 
were weighed and soaked with water at the proportion of 3 times their weight for a period of 8 h. After soaking 
process, the skins were drained of water and the soaked weight of the skins was noted. Subsequently, dehairing 
was carried out by pasting method, where 2% dehairing enzyme and 10% water (based on soaked weight) were 
used to prepare the paste. The paste was applied on the flesh side of each skin and the skins were piled flesh to 
flesh for a period of 18 h. The skins were then dehaired manually using a blunt knife. The dehaired pelts were 
then subjected to fiber opening using varying concentrations of alpha-amylase [0.25, 0.5, 0.75 and 1% (w/w)] 
and 100% (v/w) solvent (based on dehaired weight), respectively for each selected solvent namely heptane, pro-
pylene glycol and PEG 200 for 1 h. For control, the same trial was carried out with 100% (v/w) water (based on 
dehaired weight). The change in weight of the pelt after fiber opening for each enzyme concentration in respec-
tive solvents and water was noted. The extent of fleshing and grain intactness was also noted.

Enzymatic fiber opening in selected green solvents (with optimized alpha‑amylase concentra‑
tion). Twelve salted sheep skins were weighed and soaked with water at the proportion of 3 times their weight 
for a period of 8 h. After soaking process, the skins were drained of water and the soaked weight of the skins was 
noted. Dehairing enzyme was applied on the flesh side of the soaked skins and left overnight (18 h) following the 
procedure as given above. Following day, the skins were dehaired using a blunt knife and the weight was noted. 
The dehaired pelts were then processed in drums. Each skin was subjected to fiber opening with 1% (w/w) alpha-
amylase (optimized concentration) in presence of 100% (v/w) solvent (based on dehaired weight) respectively 
for each selected solvent namely heptane, propylene glycol and PEG 200 for 1  h36. For control, the same trial was 
carried out with 100% (v/w) water (based on dehaired weight). The experiments were carried out in triplicate. 
The spent liquor from the experiment and control was collected at the end of fiber opening and was assayed for 
proteoglycan release as given below. The opened-up skins were then pickled, chrome tanned and post tanned 
conventionally into crust upper leathers as detailed in Supplementary Table S2. To evaluate the efficiency of fiber 
opening, the pelts were subjected to morphological and structural analysis as detailed below. The composite liq-
uor was collected and analyzed for pollution load as detailed below. The experimental and control crust leathers 
were examined for bulk and physical properties as detailed below.

Scanning electron microscopic analysis. Samples from control and experimental crust leathers treated with 1% 
alpha-amylase were cut at the specified positions with uniform  thickness37. Samples were dried by gradient 
dehydration method in ethanol gradually. The dried samples were then coated with gold using an Edwards E306 
sputter coater. Leica Cambridge Streoscan 440 microscope operated at 20 kV was used for the analysis. Micro-
graphs for surface and cross section of the specimen were obtained with different magnifications.

Histological analysis. Samples from control and experimental leathers treated with 1% alpha-amylase were sub-
jected to Hematoxylin & Eosin (H&E) staining protocol to study the degree of fiber opening. The samples were 
cut from opened up pelts without any pre-treatment from the specified sampling  position37. The samples were 

(2)V =
Vmax × S

Km + S

(3)
1

V
=

1

Vmax
+

[

Km

Vmax
×

1

S

]

(4)Vmax = Eo × Kcat
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then coated with paraffin from which thin sections were cut and mounted on a microscopic slide for staining. 
The stained slides were examined under compound optical  microscope38.

Analysis of composite liquor. Composite liquors from experimental and control processes were collected after 
each unit process excluding soaking until tanning. The liquor was analyzed for total dissolved solids (TDS) in 
 effluent39. Emission loads were calculated by multiplying concentration (mg/L) with volume of effluent (L) per 
metric ton (t) of raw skins processed.

Shrinkage temperature (Ts) of control and experimental leathers. The shrinkage temperature of experimental 
and control wet blue leathers was analyzed using a shrinkage tester, SATRA STD 114 apparatus, with samples of 
1 × 2 cm2. Samples were cut from the wet blue leathers at the official sampling position as per the IUP  method37. 
Samples were then suspended in the shrinkage tester filled with water and the instrument was heated externally 
using a burner under closed pressure until shrinking of the sample leather was visually observed. The tempera-
ture at which the leather shrinks was recorded as the shrinkage temperature.

Physical and bulk properties of leathers. For carrying out the characterization of physical properties, samples 
from experimental and control crust leathers were cut from the official sampling position as per IUP  method37. 
The leathers were conditioned for 48 h at 20 ± 2 °C and 65 ± 2% relative humidity. Physical properties namely 
tensile strength, tear strength, elongation at break and grain crack strength were determined as per standard 
 procedures40–42. Various organoleptic properties such as softness, fullness, grain smoothness, grain tightness 
and general appearance of the experimental and control crust leathers were rated by three expert tanners on a 
0–10 scale by hand and visual examination. The average of the rating from three expert tanners corresponding 
to each functional property was calculated along with the standard error. Higher ratings denote better property.

Reusability of the spent solvent‑enzyme mixture. Reusing ability of the spent solvent-enzyme mixture was stud-
ied by using spent mixture for a consecutive trial of fiber opening process. Reusability of heptane was given 
preference as it is volatile compared to the other two solvents. Four wet salted skins were cut into halves and 
each half was subjected to fiber opening consecutively in the same bath for same interval as that of the standard-
ized time. The spent liquor was assayed for proteoglycan release as detailed below. Activity of alpha-amylase in 
the spent liquor was also assayed as detailed above for determining the additional dosage requirement for the 
subsequent reuse. Further studies on consecutive reusability of the spent liquor for all three selected solvents 
were carried out. Four wet salted skins of approximately same weight were subjected to fiber opening in the used 
solvent-enzyme mixture in each selected solvent without any additional enzyme use. Another study was carried 
out to examine the stability of the used solvent-enzyme mixture by ageing for 30 days by measuring the activity 
of alpha-amylase as described above.

Quantification of proteoglycan release. Spent liquor from the standardized fiber opening process carried out in 
selected green solvents and water medium was collected. The liquor was filtered and used for estimation of pro-
teoglycan using Schiff ’s  assay43,44. Mucin (glycoprotein) was used as the standard. To a set of 10-50 µg of mucin 
standards in 1 ml of water, 100 µl of freshly prepared periodic acid solution (a mixture of 10 ml of 7% acetic acid 
and 10 µl of 50% periodic acid) was added and incubated at 37 °C for 2 h. 100 µl of decolorized Schiff ’s reagent 
was added and allowed for color development at room temperature for 30 min. The absorbance at 555 nm was 
recorded using a Hitachi U-2000 UV–Visible spectrophotometer. Water was used as blank. The standard curve 
was plotted between mucin standard concentrations against absorbance at 555 nm. The amount of proteoglycan 
present in the sample was determined from the standard graph.

Ethical approval. This article does not contain any studies with animals performed by any of the authors.

Results and discussion
Enzyme activity in organic solvents. The alpha-amylase at a concentration of 50 mg/ml in water was 
assayed in presence of the non-aqueous green solvents and the activity in terms of mmol/min/ml using DNSA 
assay was recorded. Figure 1 shows the activity of alpha-amylase in different solvents as well as in water. It is 
interesting to see that the enzyme activity is highest in heptane medium rather than in water. Indeed, both 
PEG 200 and propylene glycol exhibit enhanced activity in comparison to the aqueous medium. On the other 
hand, ethyl lactate completely inhibited alpha-amylase. The activity of alpha-amylase in presence of different 
green solvents can be ordered as Heptane > PEG 200 > Propylene glycol > Ethanol > Propylene carbonate > Ethyl 
acetate > Ethyl lactate. This tendency of enhancing the activity of the enzyme in certain solvents can be attributed 
to their low dielectric and hydrophobic nature. Water plays an essential role in bio-catalysis. The water surround-
ing the active site of the enzyme molecule confers flexibility in solution. It is known as hydrated or bound water. 
In the presence of heptane, a hydrophobic solvent, event of stripping of the hydration water around the enzyme’s 
active site will not take place unlike a water-miscible  solvent45,46. Enzyme in organic solvents becomes rigid due 
to lack of water for its conformational mobility and ability to engage in hydrogen bond formation thereby lead-
ing to strong intra-protein electrostatic  interaction47. In such cases, the enzyme activity can be enhanced by add-
ing trace amounts of water or the addition of solvents capable of forming multiple hydrogen  bonds48. In the case 
of PEG 200 and propylene glycol having multiple OH groups, the increase in enzyme activity can be inferred 
with the fact that they are capable of forming hydrogen bonds and can mimic the effect of  water46. On the other 
hand, heptane due to its extremely low dielectric constant should make the enzyme rigid due to its inability to 
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engage in hydrogen bond formation. However, the alpha-amylase assay contributed a small amount of water 
(2 ml) used for preparing starch and enzyme solution, which helped in the conformational mobility of the alpha-
amylase and resulted in the enhanced (highest) activity for heptane in comparison to any of the studied solvents 
including water. In the case of ethyl lactate, it is reported that the pure ethyl lactate exhibits strong intermolecular 
association competing with the intramolecular hydrogen bonding of  water49. This behavior is expected to strip 
off the hydration water around the enzyme’s active site leading to complete inhibition as observed here. These 
results are in agreement with our earlier report on the protease-green solvents  interactions50. The three green 
solvents namely, heptane, propylene glycol and PEG 200, which resulted in higher activity in comparison to 
water, were chosen for further experiments.

Enzyme kinetics study. The Michaelis–Menten plots (V (mmol/min/ml) vs. S (mg/ml)) of the enzyme–
substrate reaction in each solvent namely water, heptane, propylene glycol and PEG 200 are presented in Fig. 2 
(a–d). The Michaelis–Menten plots show a saturation plateau as the starch concentration increases beyond 
50 mg/ml for water and the selected solvents. This means that the available enzyme molecules in the reaction 
are saturated with the substrate concentration of 50 mg/ml and increasing the substrate concentration beyond 
this will not increase the maximum reaction rate (product generation rate). From the Michaelis–Menten plots, 
the maximum reaction rate,  Vmax, and the Michaelis–Menten constant,  Km, can be predicted. However, the 
Lineweaver–Burk plot (1/V vs. 1/S) was employed for obtaining the values of  Vmax and  Km (kinetic parameters) 
as linearizing the data increases the accuracy. Figure 3 (a–d) shows the Lineweaver–Burk plots for the enzyme–
substrate reaction in water, heptane, propylene glycol and PEG 200 medium, respectively. The  Vmax (mmol/
min/ml) and  Km (mg/ml) were found to be 19 and 18.18 for heptane, 23.9 and 34.5 for PEG 200, 14.9 and 13.7 
for propylene glycol and 17.86 and 18.18 for water, respectively. The  Kcat value for heptane, PEG 200, propylene 
glycol and water were determined to be 8, 10, 6 and 7  S–1, respectively. Higher  Kcat indicates a higher turnover of 
the substrate. A lower  Km indicates that low substrate concentration is sufficient to reach half maximum reaction 
rate  (Vmax)51. The  Kcat/Km value provides the efficiency of the enzyme both in terms of better affinity for the sub-
strate as well as a fast reaction rate. The catalytic efficiency of the enzyme in heptane, PEG 200, propylene glycol 
and water were found to be 0.44, 0.29, 0.43 and 0.38 respectively. It is evident that heptane and propylene glycol 
medium show slightly higher catalytic efficiency compared to water and provide higher affinity for the enzyme to 
the substrate with a fast reaction rate thereby suggesting that the enzyme reaction is feasible even in hydrophobic 
solvent. The kinetics data support that the selected green solvents, excluding PEG 200, can efficiently replace 
water. Although PEG 200 showed higher enzyme activity than water (Fig. 1), it is seen that the reaction kinetics 
are slightly inferior to water medium.

Optimization of enzymatic fiber opening in green solvents. Enzyme concentration was varied as 
0.25, 0.5, 0.75 and 1.0% (w/w) with 100% (v/w) green solvent for experiments and 100% (v/w) water for con-
trol. The extent of fiber opening in terms of percentage increase in pre-fleshed weight to dehaired weight was 
compared. Figure 4 shows the percentage increase in pre-fleshed weight of the skins after fiber opening for each 
solvent and enzyme concentration. It is seen that the swelling (increase in pre-fleshed weight) for all three sol-
vents and water is in the range of 9 ± 3% up to 0.5% alpha-amylase. Higher concentrations of the enzyme (0.75 
and 1%) produced better swelling in all three solvents (10.5 ± 1.5%), more specifically in PEG 200, than in water 
medium. The inherent water present in the skin matrix had contributed to the effective enzyme action in the case 

Figure 1.  Activity of alpha-amylase in various solvents analysed by employing 1 ml each starch (10 mg/ml) and 
enzyme (50 mg/ml) solutions incubating at 30 °C at pH 6.9 for 10 min.
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of heptane medium although it is an extreme hydrophobic solvent. Pelts treated with 1% alpha-amylase in the 
three solvents showed better swelling compared to water medium. Increasing the enzyme concentration beyond 
1% produced grain damage and loss of grain intactness in both control and experiments, which affects quality of 
the final leather. Hence, 1% enzyme concentration was chosen for further experiments.

Fiber orientation and morphology of treated pelts. Histological analysis of the samples with H&E 
staining would provide an insight of the fiber opening at the tissue level. The stain, hematoxylin, shades mucin 
and chromatin as blue and eosin tints the cytoplasmic structures with varying shades of red to pink. The cyto-
plasm is scarcely  colored52. Figure 5 (a–d) illustrates the H&E stained sections of opened up pelts from control 
and experimental processes. It is evident from the images that the compact structure of the fiber bundles has 
been loosened by alpha-amylase suggesting effective fiber opening. Opened pores on the top portion of the skin 
indicate effective removal of hair along with bulb during dehairing. The experimental pelts show comparable or 
even better degree of fiber opening to that of the control. Among the experimental solvents, PEG 200 was found 
to exhibit better fiber opening than the rest including control.

Scanning electron micrographs of crust leather samples showing the surface and cross section from control 
and experiments are given in Figs. 6 (a–d) and 7 (a–d), respectively. The grain surfaces show similar pattern in 
control and all the experimental leathers. There is no detectable grain damage on the surface showing effective 
fiber opening and the enzyme applied for fiber opening did not rupture the grain. Cross sectional views indicate 
that the experimental leathers have higher degree of opening than control leather (water) suggesting efficient 
fiber opening in the green solvents than in water medium. Indeed, the fiber opening is found to be better in PEG 
200 compared to other two solvents and water (control). This is in agreement with the data obtained in H&E 
staining as shown above.

Shrinkage temperature of processed leathers. Shrinkage temperature was determined for experi-
mental and control wet blue leathers. The shrinkage temperature is a measure of thermal stability of the wet 
blue leathers. Shrinkage temperature of the control leather was 103 ± 2 °C, while it was 101 ± 1 °C for heptane, 
102 ± 2 °C for propylene glycol and 102 ± 1 °C for PEG 200 medium. Higher Ts values of above 100 °C for both 

Figure 2.  Michaelis–Menten plot of the enzyme substrate reaction (V vs S) (a) Control (water), (b) Heptane, (c) 
Propylene glycol and (d) PEG 200. Reaction was conducted by varying the concentration of starch in the range 
of 10–100 mg/ml along with 1 ml of enzyme (having activity of 4.6 mmol/min/ml in water, 6.5 mmol/min/ml 
in heptane, 5.3 mmol/min/ml in propylene glycol and 6 mmol/min/ml in PEG 200) and 1 ml of the respective 
solvent incubating at 30 °C and at a pH of 6.9 for 10 min.
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experimental and control leathers indicate that the distribution of chromium is comparable due to the fairly 
analogous fiber opening and in turn providing stability to the samples processed in solvents. Therefore, the 
enzymatic fiber opening in solvents did not affect the thermal stability of the leathers.

Figure 3.  Lineweaver–Burk plot for enzyme–substrate reaction (1/V vs 1/S) (a) Control (water), (b) Heptane, 
(c) Propylene glycol and (d) PEG 200. Reaction was conducted by varying the concentration of starch in the 
range of 10–100 mg/ml along with 1 ml of enzyme (having activity of 4.6 mmol/min/ml in water, 6.5 mmol/
min/ml in heptane, 5.3 mmol/min/ml in propylene glycol and 6 mmol/min/ml in PEG 200) and 1 ml of the 
respective solvent incubating at 30℃ and at a pH of 6.9 for 10 min.

Figure 4.  Percentage increase in weight of the skins after fiber opening in various solvents (before fleshing).
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Physical and bulk properties of leathers. Crust leathers prepared from both control and experiments 
were analyzed for physical and bulk properties. Tensile and tear strength testing along and across the backbone 
line were carried out and the mean values were calculated. Grain crack strength was measured using a lastometer 
and the mean was calculated. All the experimental leathers show comparable or even higher tensile strength, 
tear strength and grain crack strength than the control leathers (Table 1). Bulk properties such as softness, grain 
tightness, fullness, grain smoothness and overall appearance were assessed by experienced tanners. As can be 
seen from Fig. 8, all the bulk properties were comparable or better than the control leathers. Specifically, grain 
smoothness of experimental leathers was much better than control leathers. Among the three selected green 
solvents, PEG 200 resulted in leathers with outstanding bulk properties than leathers treated in other solvents 
as well as aqueous medium. Hence, it can be perceived that enzymatic fiber opening in green solvents does not 
impair the physical and bulk properties of the leathers.

Environmental benefits. Spent liquor after each processing step from enzymatic fiber opening until tan-
ning was collected separately and combined into a composite effluent according to the volume ratio. The com-
posite liquor obtained was analyzed for TDS using the standard procedure. The concentration of TDS in the 
composite liquor and the emission load are presented in Table 2. It should be noted that no effluent was collected 
from the enzyme-only dehairing process for both control and experimental processes. Also, the enzymatic fiber 
opening process did not employ lime and hence the process of deliming is also eliminated in both control and 
experimental processes. As can be seen, TDS of composite liquor from experimental processes is lower than that 
of control process. This reduction in TDS concentration and emission load can be attributed to varying solubil-
ity of the compounds in the selected solvents and water. The fiber opening in solvent medium is expected to 
increase the levels of chemical oxygen demand than in control. This effect can be undone by recycling the used 
enzyme-solvent mixture for the subsequent trials, as shown in the following section.

Reusability and stability of the spent solvent‑enzyme mixture. The solvent-enzyme mixture used 
for fiber opening of skins in the first trial was recovered and reused with no further addition of enzyme. There 
was up to 10% reduction in the volume of the solvent after recovery after the first batch of fiber opening process, 
which was supplemented with fresh solvent (Table 3). The efficiency of enzyme was validated by quantifying the 
extent of fiber opening in terms of proteoglycan release after each recycling trial. Fiber opening is the process 
of removal of non-collagenous cementing substances such as proteoglycans that reinforce the collagen fiber 
bundles. Removal of these cementing substances splits the fiber bundles into individual fibers and then into 
fibril level. Fiber opening process ensures better crosslinking of the collagen at fibril level during the subsequent 

Figure 5.  H&E stained sections of opened up sheep skins as viewed under a compound microscope at 100× 
magnification. (a) Control (water), (b) Heptane, (c) Propylene glycol and (d) PEG 200.
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Figure 6.  Scanning electron micrographs of grain surface of control and experimental leathers at 100× 
magnification (a) Control (water), (b) Heptane, (c) Propylene glycol and (d) PEG 200.

Figure 7.  Scanning electron micrographs of cross section of control and experimental leathers at 250× 
magnification (a) Control (water), (b) Heptane, (c) Propylene glycol and (d) PEG 200.
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chrome tanning process. Hence, the extent of fiber opening can be quantitatively analyzed by measuring the 
release of proteoglycans after the fiber opening process. The proteoglycan concentration in the fiber opening 
liquor was estimated using Schiff ’s assay. The process liquor was filtered and subjected to spectrophotometric 
analysis. In the case of the solvent treated liquors, respective solvent blank was used. From the assay, it is seen 
that the release of proteoglycan is higher in all the experimental solvents compared to control (Fig. 9). Heptane 
showed highest release of proteoglycan among the chosen experimental solvents followed by propylene glycol 

Table 1.  Physical properties of control and experimental leathers.

Control Heptane Propylene glycol PEG 200

Tensile strength (N/mm2) 16.1 ± 1.3 20.9 ± 1.5 18.0 ± 2.1 23.7 ± 1.8

Elongation at break (%) 67.3 ± 1.9 67 ± 2.5 60.3 ± 3.3 75.7 ± 4.2

Tear strength (N) 20.3 ± 0.5 20.9 ± 1.6 21.1 ± 0.8 22.4 ± 2.2

Grain crack strength

 Load (N) 210.7 ± 5.5 200.6 ± 8.2 230.2 ± 6.7 225.8 ± 9.1

 Distention (mm) 8.9 ± 0.4 9 ± 0.7 9.3 ± 0.8 10.1 ± 0.5

Figure 8.  Organoleptic properties of control and experimental crust leathers.

Table 2.  Composite liquor analysis for control and experimental leather processing. # Liquor collected up to 
chrome tanning excluding soak liquor.

Parameter Control Heptane Propylene glycol PEG 200

Composite liquor#

TDS (mg/l) 35,620 ± 55 33,920 ± 82 30,960 ± 67 30,700 ± 61

Volume of effluent (L/t of raw skin) 3890 3820 3830 3830

Emission load from composite liquor (kg/t of raw skin)

TDS 138.6 129.6 118.6 117.6

Table 3.  Recycling of the used solvent-enzyme mixture in the fiber opening process.

Parameters Water Heptane Propylene glycol PEG 200

Solvent recovered in trial 1 (%) 85.2 91.5 96.1 96

Solvent recovered in trial 2 (%) 75.7 85 90.4 90

Residual enzyme activity (mmol/min/ml) in trial 1 4.07 6.32 4.51 5.88

Residual enzyme activity (mmol/min/ml) in trial 2 3.17 4.95 3.72 4.35
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and PEG 200. This can be correlated with the high activity of the enzyme in heptane medium (Fig. 1). The pro-
teoglycan release is also high in the reused mixture for all the three solvents indicating efficient fiber opening 
even during recycling.

The residual activity of alpha-amylase in used solvent-enzyme mixture up to two consecutive trials was 
studied. It is observed that alpha-amylase retained around 70% activity in each solvent after the reuse (Table 3). 
Propylene glycol showed highest residual activity, 80%, among other solvents. The enzyme activity values of all the 
solvents are higher than that of water after the reuse. Hence, it should be noted that no additional alpha-amylase 
was used for the 2nd trial during recycling. Recycling of the solvent-enzyme mixture reduces the environmental 
and cost burden levied by them. Further, we also analyzed the activity of alpha-amylase in the solvent-enzyme 
mixture after 30 days and found that the enzyme retained its activity (5.88, 5.17 and 4.78 mmol/min/ml in 
heptane, PEG 200, propylene glycol, respectively). Therefore, the stability and recyclability of alpha-amylase in 
the selected green solvents offer great potential for application in fiber opening of skins/hides during leather 
processing.

Conclusions
The global impact on environmental issues has become a serious concern to all industries including leather; 
hence the shift from conventional to green technologies is an essential factor for their growth and sustainability. 
This investigation has attempted to provide a green approach for reduction of chemicals as well as water for the 
processing of sheep skins. Water was replaced with non-aqueous green solvents in alpha-amylase based fiber 
opening process for improved process efficiency as well. Out of the seven green solvents, heptane, propylene 
glycol and PEG 200 were chosen for fiber opening of skins based on activity and kinetics data. In trials on opti-
mization of fiber opening, it was found that 1% alpha-amylase was sufficient to bring about an efficient fiber 
opening comparable to the control without any grain damage. Morphological, bulk and physical property analysis 
of both control and experimental leathers show that the extent of fiber opening is satisfactory with a clean grain 
surface and the quality of the leather is not affected. Further, it is shown that the recycling of the solvent-enzyme 
mixture is feasible thereby suggesting a possible application of solvents in enzymatic processes industrially.

Received: 5 May 2020; Accepted: 8 December 2020

References
 1. Aravindhan, R. et al. A bio-driven lime and pickle free tanning paves way for greener garment leather production. J. Am. Leather 

Chem. Assoc. 99, 53–66 (2004).
 2. Desrochers, P. Market processes and the closing of industrial loops: A historical reappraisal. J. Ind. Ecol. 4, 29–43 (2000).
 3. Germann, H. P. The ecology of leather production—present state and development trends, Science and technology for leather into 

the next millennium. In: Proceedings of the XXV IULTCS Congress,  283 (Tata McGraw-Hill Publishing Company Ltd., 1999).
 4. Maia, R. A. M. Clean technologies, targets already achieved and trends for coming years. J. Soc. Leather Technol. Chem. 82, 111–113 

(1998).
 5. Ludvik, J. UNIDO Report (UNIDO, 1997).
 6. Marsal, A., Cot, J., Boza, E. G., Celma, P. J. & Manich, M. Oxidizing unhairing process with hair recovery. Part I. Experiments on 

the prior hair immunization. J. Soc. Leather Technol. Chem. 83, 310–315 (1999).
 7. Ramasami, T. & Prasad, B. G. S. Environmental aspects of leather processing. In: Proceedings of the LEXPO–XV, Calcutta, India, 

43–71 (1991).
 8. World Bank, Tanning and Leather Finishing. In: Pollution prevention and abatement handbook 1998, 404 (World Bank Group, 

1999).
 9. Taylor, M. M., Bailey, D. G. & Feairheller, S. H. A review of the uses of enzymes in the tannery. J. Am. Leather Chem. Assoc. 82, 

153–164 (1987).

Figure 9.  Proteoglycan release after fiber opening during recycling of solvent-enzyme mixture.



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:22274  | https://doi.org/10.1038/s41598-020-79406-8

www.nature.com/scientificreports/

 10. Thanikaivelan, P., Rao, J. R., Nair, B. U. & Ramasami, T. Zero discharge tanning: A shift from chemical to biocatalytic leather 
processing. Environ. Sci. Technol. 36, 4187–4194 (2002).

 11. Thanikaivelan, P., Rao, J. R., Nair, B. U. & Ramasami, T. Recent trends in leather making: Processes, problems, and pathways. Crit. 
Rev. Environ. Sci. Technol. 35, 37–79 (2005).

 12. Saravanabhavan, S. et al. An integrated ecofriendly tanning method for the manufacture of upper leathers from goatskins. J. Soc. 
Leather Technol. Chem. 87, 149–158 (2003).

 13. Saravanabhavan, S., Thanikaivelan, P., Rao, J. R., Nair, B. U. & Ramasami, T. Natural leathers from natural materials: Progressing 
toward a new arena in leather processing. Environ. Sci. Technol. 38, 871–879 (2004).

 14. Thanikaivelan, P. et al. Single step hair removal and fiber opening process: Simultaneous and successive addition of protease and 
α-amylase. J. Am. Leather Chem. Assoc. 101, 388–398 (2006).

 15. Thanikaivelan, P. et al. An improved process for dehairing and fibre opening of hide/skin. Indian Patent IN256251. (2013).
 16. Lu, Y., Dordick, J. S. & Garde, S. Hydration of enzyme in nonaqueous media is consistent with solvent dependence of its activity. 

Biophys. J. 87, 812–821 (2004).
 17. Krishna, S. H. Developments and trends in enzyme catalysis in nonconventional media. Biotechnol. Adv. 20, 239–267 (2002).
 18. Klibanov, A. M. Why are enzymes less active in organic solvents than in water?. Trends Biotechnol. 15, 97–101 (1997).
 19. Zaks, A. & Klibanov, A. M. Enzyme-catalyzed processes in organic-solvents. Proc. Natl. Acad. Sci. USA 82, 3192–3196 (1985).
 20. Krishna, S. H., Srinivas, N. D., Raghavarao, K. S. M. S. & Karanth, N. G. Reverse micellar extraction for downstream processing of 

proteins/enzymes. In History and Trends in Bioprocessing and Biotransformation, Advances in Biochemical Engineering/Biotechnol‑
ogy (eds Dutta, N. N. et al.) 119–183 (Springer, Berlin, 2002).

 21. Klibanov, A. M. Enzymes that work in organic solvents. ChemTech 16, 354–359 (1986).
 22. Klibanov, A. M. Enzymatic catalysis in anhydrous organic solvents. Trends Biochem. Sci. 14, 141–144 (1989).
 23. Klibanov, A. M. Improving enzymes by using them in organic solvents. Nature 409, 241–246 (2001).
 24. Dordick, J. S. Designing enzymes for use in organic solvents. Biotechnol. Prog. 8, 259–267 (1992).
 25. Zaks, A. & Klibanov, A. M. Enzymatic catalysis in organic media at 100 °C. Science 224, 1249–1251 (1984).
 26. Zaks, A. & Klibanov, A. M. Enzymatic catalysis in non-aqueous solvents. J. Biol. Chem. 263, 3194–3201 (1988).
 27. Castro, G. R. Enzymatic activities of proteases dissolved in organic solvents. Enzyme Microb. Technol. 25, 689–694 (1999).
 28. Concepción, J. G., Alan, D. C., David, J. C. C. & Virginia, L. C. Expanding GSK’s Solvent Selection Guide—Application of life cycle 

assessment to enhance solvent selections. Clean Technol. Environ. Policy 7, 42–50 (2004).
 29. Henderson, R. K. et al. Expanding GSK’s solvent selection guide—Embedding sustainability into solvent selection starting at 

medicinal chemistry. Green Chem. 13, 854–862 (2011).
 30. Sathish, M., Madhan, B., Sreeram, K. J., Rao, J. R. & Nair, B. U. Alternative carrier medium for sustainable leather manufacturing—

A review and perspective. J. Clean. Prod. 112, 49–58 (2016).
 31. Capello, C., Fischer, U. & Hungerbuhler, K. What is a green solvent? A comprehensive framework for the environmental assess-

ment of solvents. Green Chem. 9, 927–934 (2007).
 32. Bernfeld, P. Amylases α and β. Methods Enzymol. 1, 149–158 (1955).
 33. Madhumathi, M. et al. Factors influencing activity of enzymes and their kinetics. Appl. Biochem. Biotechnol. 136, 265–278 (2007).
 34. Scopes, R. K. Encyclopedia of Life Sciences (Macmillan, New York, 2002).
 35. Risso, F. V. A. et al. Effect of organic solvent on the characteristics of free and immobilized inulinase from Kluyveromyces marxianus 

ATCC 16045. Food Technol. Biotechnol. 48, 143–150 (2010).
 36. Saravanabhavan, S. et al. A source reduction approach: Integrated bio-based tanning methods and the role of enzymes in dehairing 

and fibre opening. Clean Technol. Environ. Policy 7, 3–14 (2005).
 37. IUP 2 Sampling. J. Soc. Leather. Technol. Chem. 84, 303–309 (2000).
 38. Fischer, A. H., Jacobson, K. A., Rose, J. & Zeller, R. Hematoxylin and eosin staining of tissue and cell sections. In Basic Methods 

in Microscopy (eds Spector, D. L. & Goldman, R. D.) (Cold Spring Harbor Laboratory Press, New York, 2008).
 39. Clesceri, L. S., Greenberg, A. E. & Trussell, R. R. Standard Methods for the Estimation of Water and Wastewater 17th edn. (American 

Public Health Association, Washington, 1989).
 40. IUP 6. Measurement of tensile strength and percentage elongation. J. Soc. Leather. Technol. Chem. 84, 317–321 (2000).
 41. IUP 8. Measurement of tear load—Double edge tear. J. Soc. Leather. Technol. Chem. 84, 327–329 (2000).
 42. IUP 9 Measurement of distension and strength of grain by the ball burst test, Official methods of analysis. (The Society of Leather 

Technologists and Chemists, 1996).
 43. Mantle, M. & Allen, A. A colorimetric assay for glycoproteins based on the periodic acid/Schiff stain. Biochem. Soc. Trans. 6, 

607–609 (1978).
 44. Madhan, B., Rao, J. R. & Nair, B. U. Studies on the removal of inter-fibrillary materials. Part-I: Removal of protein, proteoglycan, 

glycosaminoglycans from conventional beamhouse process. J. Am. Leather. Chem. Assoc. 105, 145–149 (2010).
 45. Rupley, J. A. & Careri, G. Protein hydration and function. Adv. Protein Chem. 41, 37–172 (1991).
 46. Kuntz, I. D. & Kauzmann, W. Hydration of proteins and polypeptides. Adv. Protein Chem. 28, 239–345 (1974).
 47. Jeffrey, J. A. & Saenger, W. Hydrogen Bonding in Biological Structures, 1st edn, 459–486 (Springer, Berlin, 1994).
 48. Xu, Z. F. et al. Transition state stabilization of subtilisin in organic media. Biotechnol. Bioeng. 43, 515–520 (1994).
 49. Aparicio, S., Halajian, S., Alcalde, R., García, B. & Leal, J. M. Liquid structure of ethyl lactate, pure and water mixed, as seen by 

dielectric spectroscopy, solvatochromic and thermophysical studies. Chem. Phys. Lett. 454, 49–55 (2008).
 50. Aravindhan, R. et al. Highly clean and efficient enzymatic dehairing in green solvents. J. Clean. Prod. 140, 1578–1586 (2017).
 51. Lehninger, A. L., Nelson, D. L. & Cox, M. M. Lehninger Principles of Biochemistry (WH Freeman and Company, New York, 2005).
 52. Gill, G. W. H&E Staining: Oversight and Insights. Connection 14, 104–114 (2010).

Acknowledgements
This study was financed under Project No. CSC0202 titled “Research Initiatives for Waterless Tanning (RIWT)” 
of the CSIR, New Delhi, India. CSIR-CLRI Communication No. 1258.

Author contributions
P.R. performed most of the experiments and P.R. and A.R. wrote the main manuscript text. T.P. involved in the 
design of the experiments and editing of the manuscript. R.R.J. was responsible for project planning. All authors 
reviewed the manuscript.

Competing interests 
The authors declare no competing interests.



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:22274  | https://doi.org/10.1038/s41598-020-79406-8

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material  available at https ://doi.
org/10.1038/s4159 8-020-79406 -8.

Correspondence and requests for materials should be addressed to A.R. or T.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-79406-8
https://doi.org/10.1038/s41598-020-79406-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-aqueous green solvents improve alpha-amylase induced fiber opening in leather processing
	Materials and methods
	Materials. 
	Amylase assay in green solvents. 
	Reaction kinetics. 
	Optimization of enzyme concentration for fiber opening in solvents. 
	Enzymatic fiber opening in selected green solvents (with optimized alpha-amylase concentration). 
	Scanning electron microscopic analysis. 
	Histological analysis. 
	Analysis of composite liquor. 
	Shrinkage temperature (Ts) of control and experimental leathers. 
	Physical and bulk properties of leathers. 
	Reusability of the spent solvent-enzyme mixture. 
	Quantification of proteoglycan release. 

	Ethical approval. 

	Results and discussion
	Enzyme activity in organic solvents. 
	Enzyme kinetics study. 
	Optimization of enzymatic fiber opening in green solvents. 
	Fiber orientation and morphology of treated pelts. 
	Shrinkage temperature of processed leathers. 
	Physical and bulk properties of leathers. 
	Environmental benefits. 
	Reusability and stability of the spent solvent-enzyme mixture. 

	Conclusions
	References
	Acknowledgements


