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Abstract

The glycoconjugates, herein glyco-proteins, existing in animal skins are closely related to the effectiveness of
unhairing and fiber opening-up. Glycosidases have been used in leather making processes to reduce pollutants and
improve leather quality. But the selection of glycosidases is still blind because the related mechanisms are not well
understood yet. Hence, the animal skin structures and glycoconjugates components, the advances in the methods
and mechanisms of removing glycoconjugates related to unhairing and fiber opening-up in leather manufacture,
the kinds, compositions, structures and functions of typical glycoconjugates in skin are summarized. Then the
approaches to destroy them, possible glycosidases suitable for leather making and their acting sites are analyzed
based on the recognition of glycoconjugates in skin and the specificities of glycosidases toward substrates. It is
expected to provide useful information for the optimization of glycosidases and the development of new enzymes
and the cleaner technologies of unhairing and opening up fiber bundles assisted by glycosidases.
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1 Introduction
As the relationship between human beings and the en-
vironment are more concerned, the cleaner and high-
efficient leather production is an irresistible trend in this
scenario. The leather making process is aimed at con-
verting the raw animal skins, a byproduct of the animal
husbandry and slaughter industry, into not only the
high-quality leather but also the eco-benign products
[1]. Enzymes, a kind of the promising cleaner materials,
are expected to change the negative image of leather
manufacturing by reducing the environmental pollution
produced by the heavy application of polluting chemicals
in the beamhouse [2, 3]. The main purposes of

conventional beamhouse processes are to remove the
unwanted substances in skins and open up the collagen
fibers by using acids, alkalis and salts [4]. The liming
and hair-dissolving processes based on the use of sul-
fides and lime to achieve hair removal and fiber
opening-up are the major sources of pollution. Thus, the
substitution of the conventional liming process with
cleaner chemicals and easier methods is a goal for the
leather industry. Enzymatic unhairing and opening up
fiber are the developing tendencies [5, 6].
Despite there are copious literatures about the applica-

tion of enzymes in leather production, few of biotech-
nologies are widely used on an industrial scale except for
the bating process based on pancreatic enzymes. So far,
the mechanisms of enzyme unhairing and fiber opening
up are still not clear and fully understood [7, 8]. For pro-
tease unhairing, it is very hard to solve the problem of
keeping the balance of the complete unhairing and good
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grain layer [9]. Although the effectiveness and safety of
glycosidases on promoting unhairing and fiber opening-
up have been verified, the related mechanism is also still
under the veil, including the structure of the targeted
materials, kinds and specificity requirements for en-
zymes, and cleavage sites and ways of enzymolysis [10].
Nowadays with the development of hotspot in glycocon-
jugates, especially the proteoglycan (PG) and glycopro-
tein (GP) [11], more knowledge and study of the related
interfibrillar substances in skins will help to understand
the mechanism of unhairing and fiber opening up
assisted by glycosidases, and develop high-efficient bio-
technologies for leather-making [12].
Aiming to understand the related mechanisms and

provide the useful information for the optimization of
glycosidases and development of cleaner technologies of
unhairing and fiber opening-up assisted by glycosidases,
the advances in the methods and mechanism of remov-
ing glycoconjugates, the kinds, compositions, structures
and functions of typical glycoconjugates in skin are sum-
marized, and the approaches to destroy them and pos-
sible acting sites of glycosidases are analyzed according
to the structures of glycoconjugates in skin and the gly-
cosidase specificities, and then the suitable glycosidases
for leather making are suggested.

2 Animal skin and hair follicle structures
There are many kinds of glyco-protein conjugates indis-
pensable to the skin, although their contents are rather
low, accounting for about 0.70% and 0.58% of the total
weight of wet cattle hide and sheepskin, respectively
[13]. The glyco-protein conjugates play very important
roles in cell morphogenesis, proliferation, growth and
signal transduction, especially maintaining the fiber
structure and physical and mechanical properties of skin,
keeping the moisture, promoting materials exchange
among organizations, regulating ion contents in skin tis-
sue, and preventing pathogens, bacteria and foreign ma-
terials [14]. Glyco-protein conjugates in skin are mainly
composed of proteins and polysaccharides. According to
the difference of proteins and saccharides, they can be
classified as glycoprotein (GP) and proteoglycan (PG),
respectively. PGs consist of a core protein heavily glyco-
sylated by the unbranched long saccharide chains called
glycosaminoglycan (GAG), while GPs contain a few
saccharides.

2.1 Structure of animal skin
Animal skins and hides, commonly pigskins, sheepskins,
goatskins and cattle hides, are the raw materials of lea-
ther industry. The skin can be divided into three layers
in histology according to their structure and function,
i.e. epidermis (upper layer), dermis (middle layer), and
subcutaneous tissue (flesh layer). In different layers, the

distribution and content of glyco-protein conjugates are
different. The sketch of skin is presented in Fig. 1.
Epidermis, the first protective barrier of the skin, is

made up of gradually keratinized multilayer cells [16].
The PG and GP in epidermis mainly exist in the basal
layer and cellular matrix in the form of sticky and
amorphous ground substances.
The basement membrane is a thin fibrous tissue of the

extracellular matrix, tightly connecting the epidermis
and dermis [17]. It consists of an underlying network of
collagen IV fibrils, coated by various PGs, such as perle-
can, laminin, and anchored by collagen VII and fibronec-
tin [18, 19].
In the leather making process, the epidermis as the

permeability barrier and the basement membrane as an
adhesive need to be removed. The epidermis and base-
ment membrane are mainly broken in the unhairing
process [20–22].
The dermis accounting for about 90% of skin lies

under the epidermis. After combining with tanning
agents, the dermis determines the properties of the final
leather. It is composed of a few cells such as fibroblasts
and mastocytes, a large quantity of fiber components
and extrafibrillar matrix. The collagen fibers are hier-
archically structured as a skeleton. The other elastin and
reticulin fibers help to wrap and protect the skeleton.
The viscous and amorphous extrafibrillar matrix cement
these fibers.
The fundamental material in the dermis is collagen,

and its structure is of the essence. Three peptide chains
form a collagen molecule by the involvement of a right-
hand helix [23]. Then the collagen microfibril is ar-
ranged by several collagen molecules with the quarter
staggered pattern. Many microfibrils are cemented into
collagen fibrils by PGs and GPs, and then many fibrils
are assembled to fibers. Hundreds and thousands of fi-
bers come closer to form fiber bundles. Then fiber bun-
dles with different sizes are woven into a three-
dimensional network structure in different directions.
The filamentous elastin and reticular fibers surround
hair follicles and exist in blood vessels wall. The spaces
between fibers are filled with the cementing materials,
mainly consisting of PGs and GPs, making the fibers
tightly and orderly arranged. The content of proteogly-
cans in the skin is found to be 0.4% -0.8%. The PG con-
tent of the grain layer is about twice of the reticular
layer attributing to the larger superficial area of the finer
fiber in the grain layer than its case in the reticular layer
[24].

2.2 Structure of hair follicle
The animal skins and hides are usually covered and pro-
tected by hairs firmly anchored in the hair follicles deep
in the dermis [25], as illustrated in Fig. 1. To remove the
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hair from skin, structure of hair follicle needs to be
destroyed.
Hair bulb like an onion is where the hair grows by

proliferation and differentiation of epidermis cells up-
ward. The hair follicle, which is made up of the collagen,
elastin and PG, holds and catches the hair shaft. The
inner root sheath outside the hair shaft is the sunk epi-
dermis made by the keratinized epidermal cells. Then
the outer root sheath comprises the suprabasal and basal
layer of the epidermis. Dermis sheath outlines the epi-
thelium of the hair follicle. There are abundant PGs in
the papilla, root sheath and dermis sheath, which are
mandatory for the growth cycle of hair.
As mentioned above, the cell spaces of the epidermis,

corium and hair bulbs are cemented by the sticky and
amorphous interfibrillar substances, mainly including
PGs and GPs, which are also called mucin and mucoid
in 1940s. These substances are not only the components
of skin, but also the key factors to keep the mechanical
properties of skin [26]. It has been well recognized that
the existence of these substances is closely related to the
leather making processes and the quality of leather, such
as the effectiveness of unhairing and fiber opening-up.
Hence, there is much work focused on promoting lea-
ther processes and improving leather quality by the ways
of removing these kinds of protein-saccharide conju-
gates, including chemical and biochemical methods, as
described below.

3 Advances in the methods and mechanism of
removing glyco-protein conjugates related to
unhairing and fiber opening-up in leather
manufacture
Chemicals, i.e., salts, acids and alkalis are used to remove
the unwanted substances except for the collagen, such as

scurf, hairs, fats and the interfibrillar substances in the
traditional beamhouse processes, thus resulting in heavy
pollution. In the conventional leather manufacturing
process, scurf, blood, dirt and soluble protein in skin are
removed by surfactant and sodium carbonate in soaking
process. The hair shafts, epidermis and basement mem-
brane are destroyed and even dissolved by sodium sul-
fide and lime. Consequently, the hairs are separated and
removed from the dermis. As far as opening up fiber
bundles of skin is concerned, lime and sulfide provide
strong alkali condition to make fiber bundles swell by
ionization of acidic groups of the side chains of collagen
molecules, such as glutamic and aspartic acids. The elec-
trostatic repulsion of negative charges between collagen
molecule chains extends their space distance, conse-
quently, the microfibrils, fibrils and fibers are separated.
The removal of interfibrillar substances, i.e. PGs or GPs,
probably from the cleavage of the linkage of protein and
saccharide in strong alkali condition, is closely related to
the performances of the leather, especially the softness
[27–29]. But it is also reported that only about half of
the PGs with the GAG chain of dermatan sulfate (DS) is
removed in the liming process, and the incomplete re-
moval leads to the opening-up of fibers not enough for
soft leather [24, 30].
Besides the defects of nonsufficient removal of the hair

roots and interfibrillar substances, the conventional lim-
ing process produces 70% of pollutants in leather manu-
facture. To change the negative image of heavy
environment pollution and increase production effi-
ciency, the development of cleaner and more efficient
methods for unhairing and fiber opening-up is vital.
As early as the 1940–1950s, leather chemists and tech-

nologists believed that the mucin and mucoid, the sticky
and amorphous substances in animal skins, composed of

Fig. 1 The sketch of skin. Reprinted from ref. [15], Copywright (2004), with permission from Blackwell Publishing Ltd.
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proteins and saccharides and located in the interfibrillar
substances, maybe the adhesives between hair papillae
and hair roots, outer hair root sheaths and hair shafts,
and among collagen fibers. They not only help to bind
the hair papillae and follicles, but also bind the collagen
microfibrils to form fibrils, fibers and fiber bundles.
Therefore, it is speculated that the destruction of these
materials is benefit for achieving fiber opening-up and
hair removal [31], and some glycosidases with the ability
to hydrolyze glycosidic bonds of mucin and mucoid,
such as hyaluronidase, amylase, pectinase and glucoamy-
lase, are used in soaking, liming, unhairing and bating
processes [32, 33].

3.1 Glycosidase assisting soaking
Aiming to rehydrate of the skin in soaking process
completely, it is necessary for removal of the unwanted
non-collagenous substance including glyco-protein con-
jugates by enzymes. Bowes et al. found that using the
mucolytic enzyme hyaluronidase in soaking was an ef-
fective method to remove the interfibrillar fluids in ani-
mal skin in 1951 [34]. Hyaluronidase was also used to
help the rehydration of skin in soaking process because
hyaluronidase could remove the hyaluronic acid from
the interfibrillar matrix [35]. Botev used an amylase from
bacteria for soaking dried wool lamb skins. Many re-
searchers support the opinion that using carbohydrases
can break down the carbohydrates in the interfibrillar
substances, thus it can assist the rehydration of salted
and dried skin, decrease soaking time, promote the
penetration of chemicals into the skin in the following
processes, and improve the physical and mechanical
properties of leather, especially softness [36–38]. The
common glycosidases used in soaking include α-amylase,
α-galactosidase, glucoamylase and hyaluronidase. In
addition, cellulase, xylanase, lactase and their mixture
could effectively break the dung of animal skin by break-
ing the cellulose, hemicellulose and lignin [39, 40]. Most
of the reports only involved in the effects of some cer-
tain carbohydrases on assisting soaking, and the avail-
ability of enzyme action was simply judged by
determining the content of sugar in soaking bath. The
relative mechanisms, i.e., the exact targets, cutting sites
and work ways of glycosidases, the types of optimum en-
zymes and so on, were seldom mentioned, because the
glyco-protein conjugates in the interfibrillar matrix are
multifarious, and different carbohydrases or glycosidases
have different specificities on glucosides [41].

3.2 Glycosidase assisting opening up fiber bundles
The widely accepted opinion is that the removal of PGs
is closely related to the effect of fiber opening-up. Lea-
ther with well opening-up of fibers exhibits better com-
prehensive performances [42]. It is also well accepted

that the good fiber opening-up requires to reduce the
content of the dermatan sulfate (DS), the typical glycos-
aminoglycan (GAG) chain of PG, in skin lower than
0.2%–0.3% (based on the dry collagen weight). However,
only less than 4% of DS is removed in the conventional
soaking process and about half of the DS is removed in
liming process [30]. Enzymes or extracts of animals or
plants with the amylolytic activity were used for unhairing,
meanwhile improving the softness of leather [43–45]. The
leather treated by α-amylase showed better softness and
comparable physical and mechanical properties to that in
the conventional liming process [46–48]. α-amylase could
hydrolyze α-glucosidic bond of carbohydrates in skin and
increase content of the reducing sugar in the bath. But
there were still glyco-protein conjugates left in skin
treated by α-amylase, which could be observed by the
stained method of Periodic acid-Schiff according to our
research. The effect of fiber opening-up with 0.5% of α-
galactosidase for 30min was better than 10% of lime for
48 h, and the removal ratio of total sugar and proteoglycan
was 15% higher than that of the conventional method,
even reached to 90% [49, 50]. It was speculated that galac-
tosidase could help fiber opening-up by removing the
oligosaccharide moieties of α1 or α2 chain in collagen
molecules. Therefore, collagen fiber bundles with sugar
free showed increased void space for easy penetration and
enhanced interaction of collagen functional groups with
tanning chemicals [49]. Xylanase was also used to help the
penetration of chemicals into the skin by breaking the
melanin and adhering materials existing between the epi-
dermal and melanin layer, and the cleaner grain was ob-
tained [50]. The effectiveness of glycosidases promoting
the fiber opening-up can be attributed to the two aspects:
the one is that glycosidases can break proteoglycans in
interfibrillar substance to eliminate the adhesion between
fiber bundles, which is illustrated in Fig. 2a; the other is
that proteoglycans wrapping microfibrils and fibrils are
destroyed, consequently, the bounds are loosened, and the
microfibrils and fibrils are separated, which is illustrated
in Fig. 2b.

3.3 Glycosidase assisting unhairing
On the early age, it is reported that glycosidases had the
effect of unhairing because they might destroy the mu-
cins around hair follicles [32, 33, 51, 52]. Even though
the unhairing time was up to 3 days, the epidermis with
intact hair was removed as sheets and the grain of pelt
was very good. However, it was also reported that this
kind of enzymes alone had no unhairing ability, and the
observed unhairing effect might be from the protease
components of the crude glycosidase preparations with-
out purified, and the growth of microorganisms in the
long treatment without any bactericide [31]. Further-
more, the crystalline enzymes, i.e. amylase and wheat
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bran glycosylase, were used to remove hairs by the way
of injecting enzymes into the skin, and the results
showed that they couldn’t dehair [53]. The penetration
and reaction conditions of the injection method were
quite different from that in the real leather manufactur-
ing process, and the dosages of the pure enzymes were
too low, hence, the results were controversial. Then it
was found that amylase could assist protease unhairing
but couldn’t act alone through comparing the unhairing
results from the “pure protease”, the “pure amylase” and
the mixture enzymes, respectively [54].
Enzyme unhairing is regarded as a cleaner method of

removing hairs from skin, in which proteases are mainly
used to break the protein substances between hair shaft
and hair follicle, and between hair bulb and hair papilla
to release the intact hair from skin, illustrated in Fig. 3.
Current enzyme unhairing technologies still mainly

depend on proteases. The key problem is that it is diffi-
cult to achieve the complete removal of hairs while with-
out leather grain loose and damaged. Because it is not
easy for the proteases with a large molecular size to
penetrate through the dense epidermis and basement
membrane to arrive at the action points. Enzyme unhair-
ing costs large dosage of protease and long unhairing
time. Consequently, the collagen, especially in grain
layer, are excessively enzymolysis.
Since the unwanted components of skin are compli-

cated, the biotechnology of a single enzyme is not so

ideal. The multi-enzymatic processes can improve the
efficiency [55, 56]. It is a feasible way using glycosidases
to break the polysaccharides of interfibrillar substances,
rather than only protease hydrolyzing proteins, to reduce
the dosage of protease and make protease penetrate
quickly, thus, hydrolysis effect on the collagen in grain
layer is decreased. Based on this point of view, a rapid
and integrated process of unhairing and fiber opening-up
with the combination of proteases and glycosidases, i.e.
amylases or galactosidases, was designed and conducted
to replace the conventional liming, deliming and bating
process, which offered an eco-friendly leather process with
reduced pollution load, time and cost [57–59]. The related
mechanism and unhairing effect of a protease and a glyco-
sidase are illustrated in Fig. 4. The histological photos of
skin stained by Periodic acid-Schiff and Alcian blue show
that the PGs are almost completely removed after the
unhairing process. The glyco-protein conjugates existing
in the hair root sheaths, hair papillae and the basement
membrane, can hold the root and negatively impact the
penetration of proteases. The broken of the glyco-protein
conjugates makes the hair root loose and shortens the
time of protease penetration. Actually, penetration of pro-
tease costs 70% of unhairing duration [60], thus it
can avoid the excessive hydrolysis of collagen in the grain
layer by reducing the penetration time of protease.
Although the positive role of glycosidases on unhairing

and fiber opening-up was related to the breaking of

Fig. 2 The mechanism of glycosidase assisting opening-up fiber. a Large proteoglycan aggregates in interfibrillar substances; b Proteoglycans
wrapping microfibrils, fibrils and fiber bundles

Fig. 3 The mechanism of protease unhairing
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decorin, a kind of PG in skin [61, 62], the mechanism
was not yet fully elucidated. How to select the optimum
glycosidase was still not clear. Most of the work only
focus on trying to find the availability of a certain glyco-
sidase. Because the composition and structure of glyco-
protein conjugates are complicated, the mechanism of
glycosidase acting on glyco-protein conjugates, espe-
cially, the requirement of substrate specificities to glyco-
sidase, is not well understood. Nowadays, as the study of
glycomics is a hotspot with the development of the re-
lated technologies. Hence, the constituents, structures
and distribution of glyco-protein conjugates in the skin
and their relationship with collagen or hair follicles be-
come more and more clear. It is worth recognizing them
to rethink of the more effective methods of removing
them.

4 Recognition of glyco-protein conjugates in skin
Glyco-protein conjugates, the main components of skin
interfibrillar substances, are composed of protein and
polysaccharide. The saccharides are covalently linked to
the protein by the O-glycosidic bond or N-glycosidic
bond in the site of the serine, threonine or aspartic acid
residue of the peptide chain, which is called O-linked
saccharide or N-linked saccharide. According to the dif-
ference of protein and saccharide contents, they are di-
vided into glycoprotein (GP) and proteoglycan (PG).
Similarities and differences of PG and GP are

summarized in Table 1. The properties of GPs which
contain a few saccharides are more like those of com-
mon proteins. But the amount of saccharides accounts
for higher than 50% in PG molecules, and the long
chains of glycosaminoglycan (GAG) with high charge ac-
cumulation exhibit the property of higher adhesion and
viscosity, consequently, most of them are difficult to be
removed.

4.1 Glycoproteins(GPs) in skin
GPs are composed of long peptide chains conjugated
with the branched oligosaccharides (commonly less than
15 saccharides) [63]. The main GPs in the skin are fibro-
nectin (FN) and laminin (LN).
FNs are a kind of cold-insoluble dimeric glycoproteins

with a high molecular weight of about 450 kDa, and the
two similar subunits are covalently linked through disul-
fide bonds near the C-terminus. It contains 4.5%–9.5% of
saccharide, and each subunit has seven N-linked oligosac-
charide chains and one or two O-linked oligosaccharide
chains. The non-glycosylated protein is more sensitive to
proteases and high temperatures than the glycosylated
one because the saccharide chains stabilize FNs against
degradation. The glycosylation also alters the binding af-
finity of the protein to collagen fibrils. FN is fundamental
for the formation and organization of the extracellular
matrix. It is one of the earliest components of the extracel-
lular matrix and provides a scaffold for deposition of the

Fig. 4 The mechanism and unhairing effect of a protease and a glycosidase. The PGs (stained purple-blue which was indicated in the black
arrow) in the hair root bulb, epidermis and surrounding the follicle and collagen fibers in the papillary layer were almost all removed after
unhairing by protease and glycosidase.

Table 1 Similarities and differences of PG and GP

Types Composition Link
bridge

Saccharide
content

Saccharide
composition

Saccharide structure

GP [63,
64]

Saccharide covalent binding to
protein

O−/N- < 50% Branched
oligosaccharide

complicated

PG [65,
66]

Protein covalent binding to
saccharide

O−/N- > 50% Long unbranched
chain

Disaccharide composed by hexosamine and
hexuronic acid

Luo et al. Journal of Leather Science and Engineering            (2020) 2:12 Page 6 of 16



proteins, such as collagen molecules and heparan sulfate
proteoglycans [67, 68]. The interaction between FN and
collagen or heparan sulfate proteoglycans mediates the de-
naturation of collagen and helps cell adhesion and the for-
mation of microfilament bundles [69].
LNs are a kind of heterotrimeric glycoproteins with

three different polypeptide chains, and their molecular
weights are about 400–900 kDa. They are glycosylated in
different amounts, ranging from 12%–32% [70]. The
carbohydrate chains are N-linked oligosaccharides which are
composed of mannose, galactose and N-acetylglucosamine.
Laminins play an important part in providing the structure
for the initial assembly of the basement membrane by self-
polymerization and the formation of filaments and layered
sheets in the basement membrane. They are also the central
adhesive proteins of the basement membrane to connect the
adjacent cell layers [71].
Collagen can be decorated by oligosaccharides through

the hydroxylysine of α-chain of collagen molecule, thus
regarded as a kind of GP, as shown in Fig. 5. The glu-
cose and galactose residues are linked to the collagen to
form the structure of 2-O-α-glucosyl-β-O-galactosyl-2-
β-O-hydroxylysine. The collagen intermolecular center-
to-center distances correlate with the extent of glycosyl-
ation of collagen. Thus, the extent of glycosylation influ-
ences the incorporation of collagen molecules into
fibrils.
Even though the GPs in the skin are very important to

the formation of collagen fibrils, fiber bundles and skin
structure, and keeping the physiological functions, these
materials are more similar to proteins rather than poly-
saccharides, hence, GPs are easier to be removed from
the animal skin by common chemical methods. GPs are
not the main acted objects by glycosidases in leather
processing.

4.2 Proteoglycans (PGs) in skin
Different from GP, PG is made up of a peptide chain
called core protein and several longer glycosaminoglycan
(GAG) chains covalently linked to the peptide chain by
the O-glycosidic bond or N-glycosidic bond. More than

50% of saccharide content in PG and the special GAG
chains make its character more like glycan rather than
protein [63]. The long and unbranched GAG chain is
linked by several to hundreds of repeated disaccharides
units composed of a hexuronic acid and a hexosamine
which are often sulfated or acetylated. This endows the
PGs with enormous structure variations and multifarious
functions. For example, GAGs can absorb large quan-
tities of water and form solutions with high elasticity
and viscosity because of the high molecular weight and
many sulfated and acetyl groups.
According to the differences of the repeated disacchar-

ide unit and the extent of sulfated, the GAG can be di-
vided into 6 kinds: hyaluronic acid (HA), dermatan
sulfate (DS), chondroitin sulfate (CS), keratin sulfate
(KS), heparan sulfate (HS) and heparin. The structures
of the basic disaccharide units are illustrated in Fig. 6.
DS, also called CSB, is from the isomerization of the D-
glucuronic acid (D-GlcUA) of the disaccharide unit in
CS into L-iduronic acid (IdoUA), and it often co-exists
with CS [73]. HA and DS are the foremost components
as they occupy about 90% of the GAGs in skin, and the
content of HA is about twice as much as that of DS [63].
Hence, the HA and proteoglycans containing dermatan
sulfate (DSPG) in the skin are the most noteworthy con-
stituents in the leather-making processes.
According to the molecular weight and structure, PGs

existing in the extracellular matrix of skin can be divided
into two kinds: small molecule leucine-rich PGs, mainly
including decorin and biglycan; and large aggregated
PGs, mainly including perlecan and versican [65]. They
will be elaborated further for comprehensive under-
standing as below.

4.2.1 Small molecule leucine-rich proteoglycans (SLRPs)
This kind of proteoglycans with lower molecular weight
usually contain one or two long GAG chains covalently
linked to the peptide chain (core protein) rich in leucine
near the N-terminal through O-glycosidic bond. Besides,
several short oligosaccharide chains are covalently com-
bined with the core protein through the N-glycosidic
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Fig. 5 Collagen decorated by oligosaccharide. Reaction 1 represents the hydroxylation of lysine in the collagen molecule; reaction 2 is the
galactosylation of hydroxylysine; reaction 3 is the glucosylation of the galactosyl group. Reprinted from ref. [72], Copywright (2004), with
permission from Portland Press, Ltd.
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Fig. 6 The main disaccharide structure units of GAG

Fig. 7 The schematic of small molecule leucine-rich proteoglycans. a The interaction of two adjacent microfibrils and decorin; it involves two
collagen molecules from different microfibrils (shown in black color), two horseshoe-shaped core proteins of decorin (shown in white color) and
a GAG chain (shown in jagged black lines). The noncovalent interactions of collagen and decorin are mainly H-bond and electrostatic forces. The
color code (Fig. 7a-b) of the collagen molecules shows the quarter stagger model of the collagen molecular assembly. Reprinted from ref. [74]
copyright (2004), with permission from Elsevier. b The main small molecule leucine-rich PGs: decorin and biglycan. c Linking ways of saccharide
units with core protein in PGs: O-linked bridge and N-linked bridge; Gal: galactose; Xyl: xylose; GlcUA: glucuronic acid; GlcNAc: N-
acetylglucosamine; SA: sialic acid; Man: mannose.
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bond. Decorin and biglycan are typical examples of the
family in the skin. Decorin and biglycan mainly exist in
the basement membrane, hair follicles, around the lipid
glands and between the collagen microfibrils, fibrils and
fibers. The existence of which directly influences the ef-
fects of fiber opening-up and unhairing in leather pro-
cessing, hence, it is necessary to understand their
structures, properties, especially, their existing ways and
their relationship with collagen fibers or hairs. The
structures of which are illustrated in Fig. 7.

4.2.1.1 Relationship with collagen microfibrils The
decorin and biglycan are closely related to the collagen fibers.
Decorin is so named as it decorates the collagen I and colla-
gen II. Among all different kinds of PGs, the content of dec-
orin in the skin is the most abundant PG in the skin, about
0.4% of the weight of dried skin [75, 76]. Biglycan is similar
to decorin except for linking two GAG chains, which makes
it possible for biglycan to bond with more collagen mole-
cules than decorin [77]. Biglycan is known as dermatan sul-
fate proteoglycan-I (DSPG-I), and decorin is also named as
dermatan sulfate proteoglycan-II (DSPG-II).
As illustrated in Fig. 7, the core protein of decorin

which looks like a “horse-shoe” shape interacts with the
collagen molecules in microfibrils through favorable H-
bond and electrostatic forces in the leucine-rich regions,
and a GAG chain is covalently linked with the protein
near the N-terminal. It is vertically distributed between
two parallel collagenous microfibrils, consequently, the
two microfibrils are connected [74]. The concave of the
core protein may bond 4–6 collagen molecules, which
means that the decorin can bundle several collagen mol-
ecules into microfibrils and make these molecules tightly
interacted. Decorin is periodically distributed vertically
in the “d” or “e” band of the periodic banding patterns
of type I collagen. Biglycan competes with decorin in the
same binding sites on collagen [78]. In a word, the core
protein of decorin supplies a strong anchor for its elastic
GAG chain, while the curved, folded and long-chain of
GAG adjusts the distance of collagen fibrils. It was re-
ported that the length of a GAG chain was approxi-
mately equal to the interfibrillar distance it spanned
[79]. The curved and elastic GAG chain can help to adjust
the distance between collagen fibrils under the external force.
Studies on mice showed that the normal content of decorin
and biglycan made the skin exhibit regular and compact col-
lagen fibril arrangement; a lack of decorin and biglycan genes
in mice or humans could lead to Ehlers-Danlos syndrome,
manifesting as abnormal collagen binding, irregular fiber size,
and reduced skin tensile strength [80].
Besides promoting the lateral binding of the original fi-

brils [81], decorin can also wrap the surfaces of collagen
fibrils and bundles to protect them against proteases and
collagenases [82, 83]. As shown in Fig. 7, GAG chains

with high charge density coating fibrils like a sheath help
the collagen preventing from protease and collagenase
hydrolysis. If decorins are broken by chondroitinase or
express at a low level resulting from the UV radiation to
the skin, the collagen is more easily hydrolyzed by the
matrix metalloproteinases and other proteases [83]. It
can be deduced that the destruction of the proteoglycan
wrapping around the collagen fibers can not only break
the constraint of collagen fiber bundles but also reduce
the resistance of collagen molecules to enzymatic hy-
drolysis, and thus it will accelerate the fiber opening-up
during leather processing.

4.2.1.2 Relationship with hair follicle Decorin is highly
expressed in the epidermis, hair follicle epithelial cells and
dermal papilla cells in the anagen phase of hair [84, 85].
PG participates in cell-ECM and cell-cell adhesion, cell
differentiation, and envelops follicles and helps to fix the
hair shafts. It also modulates follicular cycling and mor-
phogenesis as the deficiency and abnormality of these PGs
will cause hair loss and hair follicle abnormality [85]. Dur-
ing the unhairing process, the content of decorin also re-
duces with hair removal. Similar to decorin, biglycan
content differs in different periods of the growth cycle of
hair. Thus, the destruction of biglycan and decorin may
promote hair root loosening and hair removal.

4.2.1.3 Structures of decorin and biglycan As men-
tioned before, the decorin and biglycan are closely re-
lated to fiber opening-up and unhairing. Therefore, it is
fundamental to study their structures and properties to
find effective ways to remove them in leather
manufacture.
Decorin consists of one core protein, covalently com-

bining one GAG chain and several oligosaccharide
chains, shown in Fig. 7b. The core protein contains 10–
12 leucine-rich regions and a high content of proline
and alkali amino acids, thus it has a high isoelectric
point of 9.8; its molecular weight is about 40 kDa, while
the molecular weight of decorin is about 90–140 kDa.
The amino acid sequence of the core protein forms re-
peating β-folds and helical regions. There is a disulfide
bond linking the N-terminal and C-terminal of the core
protein, making it form a horse-shoe shape. The concave
formed by the β-folds is thought to form the primary
surface for the interactions with collagen molecules, and
the repeating leucine-rich areas provide the high-affinity
binding sites for collagen [74]. The GAG chain, mainly
DS or CS, is covalently linked to the serine or threonine
residue near the N-terminal of the core protein by the
tetra-saccharide unit of glucuronyl-galactosyl-galactosyl-
xylosyl (GlcUA-Gal-Gal-Xyl). Besides, there are three
oligosaccharide chains covalently connected with the
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core protein through N-linked bridge on the sites of No.
188, 232 and 273 amino acid.
Biglycan is a 200–350 kDa proteoglycan consisting of a

45 kDa core protein and two GAG chains of DS and CS.
Apart from the number of GAG chains, the structure is
exactly similar to the decorin as well. The GAG chains
of biglycan contain 71% of iduronic acid while decorin
contains 78% of iduronic acid [86].

4.2.2 Large aggregated PGs
Large aggregated PGs with huge molecular weight con-
sist of large core proteins (more than 100 kDa) and nu-
merous GAG chains. The typical PG aggregates existing
in collagen bundles of the dermis is shown in Fig. 8a.
Many GAG chains covalently combine with a core pro-
tein to form a “bottle brush” structure, and then the sev-
eral brushes are fixed on a long main chain of
hyaluronic acid (HA) through the link proteins to form a
larger aggregate. Other typical aggregated PGs that exist
in the ECM include perlecan and versican.

4.2.2.1 Perlecan Perlecan monomer contains a group of
modular proteins that carry three long GAG chains of
heparan sulfate (HS), as shown in Fig. 8b. It is wide-
spread in the basement membrane and looks like a
string of pearls. The GAG chains with each approximate
70-100 kDa are attached to a core protein of a molecular
weight of about 470 kDa. Perlecan is a potential linker of
laminin and collagen IV networks in the basement mem-
brane and responsible for maintaining the basement
membrane integrity in regions and mechanical stress.
The core protein and HS chains of perlecan can modu-
late matrix assembly, cell proliferation, lipoprotein bind-
ing and cell adhesion [87, 88].

4.2.2.2 Versican Versican monomer is a specific com-
ponent of the basement membrane, highly expressed
around hair follicles, glands, vasculatures and in the

reticular dermis during scar formation. About 12–15
GAG chains of CS are assembled in a core protein. Sev-
eral versican monomers bind to a HA chain through the
link proteins by non-covalent interaction to form an ag-
gregate. Its gel-like properties can enable it to
immobilize ECM proteins or restrict their actions, and it
can also block their activities by a steric hindrance to
protect them from matrix metalloproteinase, or act as a
reservoir for their delayed-release [89–91]. In the skin,
versican can colocalize with elastin and influence the
forming of elastic fibers [92].
The HA mentioned above is an acidic mucopolysac-

charide. It is a simple and special GAG composed of the
repeated disaccharide units of glucuronic acid and acet-
ylglucosamine. The saccharide units of HA are neither
sulfated nor covalently linked with a protein. HA is not
strictly a proteoglycan as it can exist in the state of dis-
sociation without a core protein, but it can combine
with several PGs through link proteins to form an aggre-
gate. Different from other GAGs generally consisted of
less than 300 monosaccharides, hyaluronan contains
higher than 100,000 glycosyl groups with a molecular
weight of 1.0 × 106–8.0 × 106. In the solution, the hyalur-
onan molecule is in a state of irregular curl and forms a
colloid even in a low concentration, which exhibits high
water-retaining property. Because it is noncovalently
linked to other materials, the connections of link pro-
teins are easily destroyed resulting in the departure of
PGs from the aggregate under acidic and alkaline condi-
tions in the leather making process. According to the
study of Alexander, more than 90% of hyaluronan can
be removed in the soaking process in the alkali condi-
tion [31].
Although the PG content is reduced with the pro-

cesses of soaking, unhairing, liming, bating and pick-
ling, even with glycosidases, such as amylase
treatment, PGs can’t be fully removed. When the lea-
ther is dried, the skin fibers are still cemented

Fig. 8 The schematic of large aggregated proteoglycans. a The structure and existing ways of large aggregated proteoglycans in collagen
bundles; b The structure of the main large aggregated proteoglycans, perlecan and versican.
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together by the remained sticky glycoconjugates, con-
sequently, the well opening-up of fibers cannot be
maintained, resulting in the decrease of leather
softness.

5 Possible glycosidases suitable for breaking
glyco-protein conjugates in leather making
As mentioned before, the glyco-protein conjugates, such
as GPs, PGs, GAGs and so on, are the essential compo-
nents of animal skin, and take an important physio-
logical role to living animals. Most of them also play
very important roles in assembling and forming collagen
fibrils and fibrous bundles and fixing hairs in hair folli-
cles. Hence, they should be removed to improve unhair-
ing and fiber opening-up in leather processing. Some of
them, such as saccharide compounds with small molecu-
lar weight, the hyaluronan, and the GPs can be easily re-
moved according to the mentioned reports, and the GPs
are not the objects of concerning herein. As far as the
PGs with complicated structures are concerned, there
are three approaches to destroy their molecular struc-
tures: one is breaking the link bond, mainly the O-linked

bridge illustrated in Fig. 7c, between the GAG and core
protein to release the GAG chains; the second one is
cutting the core protein chain into several peptide frag-
ments with the whole GAG chains; the third one is
cleaving the glycosidic bonds of the GAG chain into
small molecule oligosaccharides, even sugar units. The-
oretically, the above three approaches can be imple-
mented by suitable acids, alkalis and enzymes treatment.
But in fact, the breaking down of PGs is limited under
the relatively mild conditions of leather processing due
to the tolerance of collagen protein to strong acid, alka-
line and high temperature. Obviously, the enzymatic hy-
drolysis is a wise choice.
According to the composition and structure of PG,

two kinds of enzymes can be used to decompose it. Pro-
teases can disintegrate the PG through hydrolyzing the
core protein in the site (8) showed in Fig. 9a. It was re-
ported that a protease produced from Bacillus cereus
could hydrolyze the core protein of decorin into peptide
chains and showed a good unhairing effect [93]; papain
in company with trypsin hydrolyzed core protein of dec-
orin into short peptides, but the surviving components

Fig. 9 Possible glycosidase hydrolysis sites in the glyco-protein conjugates in skin
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in skin might still act as adhesives after the leather was
dried [82]. Moreover, the glycosylated protein is not easy
to be attacked by proteases because of the cover and
wrap effect of long GAG chains [93, 94]. The application
of proteases may also lead to the excessive damage of
collagen protein. Hence, the application of glycosidase is
the better choice for breaking PG.
The glycosidases are a big family with over 200 kinds

of glycosidases, which are specific to multifarious glyco-
sidic bonds, different sugar types, configurations of
sugar, linkages of glycosidic bond and glycoside ligands
[95]. Therefore, there is a huge utilization potentiality to
develop cleaner, cheaper and more high-efficient tech-
nologies to remove the glyco-protein conjugates based
on the proper glycosidases.
But we need to answer the question: what kind of glycosi-

dases can break the glyco-protein conjugates especially the
hard-to-remove PGs in the skin? According to the special
structure of PG, there are two kinds of acting sites of glyco-
sidases: the glycosidic bonds of GAG chains and the link
unit between core protein and GAG, as shown in Fig. 9a.
As mentioned above, the main GAG chains of PG are

DS and CS in the skin, so the possible cutting sites are
the glycosidic bonds of the main chain of GAG. The
GAG may be cut on the site (1), site (2) and site (7),
shown in Fig. 9, by hyaluronan lyase, chondroitin ABC
lyase, chondroitin AC lyase, chondroitin B lyase, chon-
droitin C lyase, β-galactosidase, keratanase and heparin
lyase, respectively, and corresponding oligosaccharides
including eight, six, four saccharides, even disaccharide
are obtained [93]. All these enzymes are endo-
glycosidases which can randomly hydrolyze the specific
glycosidic bond in the GAG chain [96, 97]. A series of
exo-glycosidases, such as β-glucuronidase [98], α-
iduronidase [99], β-N-acetylhexosaminidase [100], α-N-
acetylglucosaminidase [101] and β-galactosidase [102]
may degrade the oligosaccharide into monosaccharides.
But these exo-glycosidases only attack the nonreducing
end of the sugar chains of substrates to release di- or
monoccharides from the polysaccharide.
The other possible cutting sites are the glycosidic

bonds of the link bridge. The PG may be cut into the
long GAG chain and peptide chain by β-glucuronidases
[103], β-galactosidases [104] and β-xylosidases [105] in
the site (3), site (4), site (5). The hydrolysis product of β-
glucuronidase is the GAG with the end of GlcA. β-
galactosidase specially hydrolyzes the β-galactoside bond
of Gal-β1,3-Gal rather than the Gal–Xyl bond in the
linkage region between the core protein and GAG moi-
ety to liberate long polysaccharide chains with the end
of Gal. Products of β-xylosidase are intact GAG chains
with Xyl at the reducing end. Long-chain GAGs are
much more readily cleaved by the enzyme than shorter
saccharide chains.

Figure 9b also shows that the possible acting sites and
kinds of glycosidases against the other glycosidic bonds
in GP and in oligosaccharide of PG. The short N-linked
oligosaccharide chain of PG may be hydrolyzed in the
site (7), site (9), site (11) and site (12), by the β-
galactosidases, β-acetyl-glucosaminidases and mannosi-
dases. The short oligosaccharide chains of GP can also
be hydrolyzed in the site (9), site (10), site (13) and site
(14) by glycosidases including glucanases, α/β- galactosi-
dases, β-acetyl-glucosaminidases and mannosidases [106,
107]. These hydrolysis ways take place in the lysosome
under the synergistical actions of several kinds of
glycosidases.
These glycosidases showed in Fig. 9 are named accord-

ing to their substrate specificities, but they exist in the
organisms with mixtures and cooperate with the metab-
olism of PGs and GPs. It’s hard to purify them and it is
impractical to be widely used in the leather industry.
Hence, the industrial glycosidase preparations possibly
suitable for leather making should be further considered.
Actually, most of the commercial preparations are the
mixtures of glycosidases with different specificities, for
example, the commercial cellulase is a mixture of the
endo-1,4-β-glucanase, exo-1,4-β-glucanase and β-1,4- glu-
cosidase, which might cooperate to hydrolyze the disac-
charide units of GAG and the link bridge. Table 2 shows
the possible acting sites and products of some typical
commercial glycosidases hydrolyzing glyco-protein conju-
gates in skin. Xylanases and galactosidases may hydrolyze
the link bridge between the GAG chain and core protein
of PG, and the possible products are long GAG chain and
core protein. GAG is probably hydrolyzed into disacchar-
ide units by glucanases and cellulases specific to the β-
glucosidic bond. The oligosaccharide chains in GP may be
cut by α-galactosidases and α-amylases specific to α-
glucosidic bond and α-galactosidic bond, respectively.
Hence, their effects are not obvious.
Considering the diversity of glycosidic bonds in the

polysaccharide components of skin and the strict specific-
ities of glycosidases, the application of multiple glycosi-
dases may be a wise choice. For example, the mixture of
β-acetyl-galactosaminidases and xylosidases may break the
GAG into oligosaccharides even disaccharides which are
easy to be removed from the skin. Based the above ana-
lysis of the related mechanisms, it is necessary to develop
a method to evaluate the effects of glycosidases on the
polysaccharide components of skin, to screen the correct
enzyme and optimize the formula of the compound en-
zyme. Among these commercial glycosidases, xylanase,
cellulase and glucanase are multi-components with the
advantages of different kinds of substrates specificity, syn-
ergistic hydrolysis effect of multi-enzymes, large output,
and low cost. They might can be widely used in the beam-
house of leather manufacturing.
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Besides the correct choice of glycosidases, the
optimization of application conditions is also very im-
portant. At present, the optimum pH value of most of
the glycosidases are in acid or neutral ranges, which hin-
ders the widely usage of glycosidases in beamhouse
under the alkali condition. Therefore, it is necessary for
developing alkali glycosidases to meet the requirements
of leather manufacturing.
What’s more, the combination of glycosidases with

proteases may act synergistically in the way of breaking
both polysaccharide and protein components of PG. Be-
cause the saccharide chain and protein chain protect
each other from hydrolysis by glycosidase or protease.
Application of protease and glycosidase mixtures might
be one of the main directions of biotechnology in leather
manufacturing.

6 Conclusions
The glycoconjugates, including GPs, PGs, and GAGs are
the essential components of animal skin. The glycocon-
jugates play very important roles in assembling and
forming collagen fibrils and fibrous bundles, fixing hairs
in hair follicles. The exist of them negatively impacts the
effectiveness of unhairing and fiber opening-up. Hence,
they should be removed in leather processing, and the
method of enzymatic hydrolysis is a wise choice.
Based on the recognition of the kinds, compositions,

structures and functions of typical glyco-protein conju-
gates in skin, and their relationship to skin and hair fol-
licle structure, especially the kinds, compositions,
structures and functions of typical glyco-protein conju-
gates in skin, the enzymolysis approaches, possible gly-
cosidases and their acting sites are analyzed. There are
two kinds of cutting sites in PGs for glycosidases: the
glycosidic bonds of GAG chains and the link unit be-
tween core protein and GAG. The possible endo-
glycosidases for cutting the glycosidic bonds of GAG
chain randomly include hyaluronan lyase, chondroitin

ABC lyase, chondroitin AC lyase, chondroitin B lyase,
chondroitin C lyase, β-galactosidase, keratanase and hep-
arin lyase. The possible exo-glycosidases for hydrolyzing
the oligosaccharide chains include β-glucuronidases, β-
acetyl-galactosaminidases and α-iduronidases. β-
glucuronidases, β-galactosidases and β-xylosidases may cut
the glycosidic bonds of the link bridge between the GAG
chain and core protein. Other glycosidic bonds in GP and
oligosaccharide chains of PG may also be cut by α/β-galac-
tosidases, β-acetyl-glucosaminidases and mannosidases.
In industrial applications, the possible acting sites of

some typical commercial glycosidases in glyco-protein
conjugates of skin are speculated. Glucanase, xylanase,
cellulase and β-galactosidase may have better effective-
ness than α-amylase and α-galactosidase.
Considering the diversity of glycosidic bonds in the

polysaccharide components of skin and the strict speci-
ficities of glycosidases, the multi-enzyme system, i.e. the
synergistic effects of several different glycosidases or gly-
cosidases and proteases may be the better approach. In
order to quickly screen the correct enzymes and
optimize the formula of compound enzymes, it is very
necessary to establish a method to evaluate the effects of
glycosidases on the polysaccharide components of skin.
What’s more, it is necessary to develop alkali glycosi-
dases to meet for the pH requirement of beamhouse op-
erations, and to optimize the application conditions of
glycosidase.
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Table 2 The possible acting sites and products of some typical commercial glycosidases hydrolyzing glyco-protein conjugates in
skin

Commercial
glycosidases

Specificity Acting
objectives

Possible products Resource

Glucanase β-
glucoside

PG (GalNAc-GlcUA) m + (GlcUA-GalNAc) k- GlcUA-Gal-Gal-Xyl-core protein or (GlcUA-GalNAc)n-
GlcUA+ Gal-Gal-Xyl-core protein

Cellulase β-
glucoside

PG [108]

Xylanase β-xyloside PG (GlcUA -GalNAc) k- GlcUA-Gal-Gal-Xyl + core protein [105]

β-galactosidase β-
galactoside

PG/GP (GlcUA [IdoUA]-GalNAc) n- GlcUA-Gal+ Gal-Xyl-core protein
Glu-gal+ collagen

[104]
[109]

α-galactosidase α-
galactoside

GP – [50]

α-amylase α-
glucoside

GP Glucose+gal-collagen –
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