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Abstract

Background: Functional polysaccharides can be derived from plants (including herbs), animals and microorganisms.
They have been widely used in a broad of biomedical applications, such as immunoregulatory agents or drug delivery
vehicles. In the past few years, increasing studies have started to develop natural polysaccharides-based biomaterials

for various applications in tissue engineering and regenerative medicine.

Main body: We discuss in this article the emerging applications of natural polysaccharides—particularly those
derived from Chinese medicine—for wound healing. First, we introduce natural polysaccharides of three natural
sources and their biological activities. Then, we focus on certain natural polysaccharides with growth factor-binding
affinities and their inspired polymeric tools, with an emphasis on how these polysaccharides could possibly benefit
wound healing. Finally, we report the latest progress in the discovery of polysaccharides from Chinese medicinal

herbs with identified activities favouring tissue repair.

Conclusion: Natural polysaccharides with clearly elucidated compositions/structures, identified cellular activities, as
well as desirable physical properties have shown the potential to serve as therapeutic tools for tissue regeneration.

Keywords: Polysaccharides, Chinese medicinal herbs, Biomedical applications

Background

The carbohydrates, along with proteins, lipids and
nucleic acids, are regarded as the major biomacromol-
ecules. Most carbohydrates found in nature existing as
polysaccharides are composed of monosaccharides [1],
which can be found in almost all kingdoms of life, such
as the algae [2] (e.g. alginate), plants [3] (e.g. starch and
cellulose), microbes [4] (e.g. zymosan and dextran) and
animals [5] (e.g. hyaluronic acid and heparin). Polysac-
charides can be classified according to their electric
charge: cationic polysaccharide [6] (chitin, chitosan),
anionic polysaccharide [7, 8] (heparin, hyaluronic acid,
alginic acid and chondroitin sulfate) and nonionic poly-
saccharide [9] (dextran, starch, and cellulose). In terms of
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chemical composition, polysaccharides can also be classi-
fied as the homo-polysaccharide [10] containing a single
type of monosaccharide and hetero-polysaccharide [11]
containing two or more different types of monosaccha-
rides. For example, cellulose consists of unique glucose
and heparin consists of the a-L-idopyranosyluronic acid
2-sulfate and 2-deoxy-2-sulfoamino-a-D-glucopyranose
6-sulfate [12]. Based on the different glycosides linked
with glycan, polysaccharides also exist in the forms of
proteoglycans, glycolipids and glycoconjugates. The rapid
development of bioanalytical technology has enabled to
understand the structure of polysaccharides and utilise
their functions. Polysaccharides, together with oligosac-
charides, not only serve as the building blocks of the life
but also mediate many biological signals, including cell-
cell communication [13], immune recognition [14], and
mitogenesis [15].

These findings motivate the development of polysac-
charides for biomedical applications—as therapeutic

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0001-9185-9678
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13020-018-0166-0&domain=pdf

Li et al. Chin Med (2018) 13:7

agents, drug carriers and tissue scaffolds. For instance,
starch and glycogen have long been used as biofuels [16],
adjuvants and food additives [17]. More applications of
polysaccharides are also inspired by their native func-
tions in constructing the extracellular matrix and sup-
porting cell adhesion and proliferation [18]. However,
unlike proteins that can be more accurately characterised
and ‘bottom-up’ synthesised, polysaccharides are gener-
ally very difficult to characterise for a precise structure,
based on the current technical conditions. Polysac-
charides have diverse chemical structure, composition,
molecular weight, potential and linking sequence, all
of which result in different functionality and biological
activity [19]. Therefore, it is both interesting and chal-
lenging to obtain novel, functional polysaccharides and
elucidate the relationship between its structure and activ-
ity. Successful understanding of the mechanism of bio-
logical effects requires multidisciplinary knowledge and
various technologies. Here, we concisely review the pre-
vious research into naturally derived functional polysac-
charides in biomedical science, and discuss the potential
of those derived from Chinese medicine in tissue regen-
eration, which may represent a promising direction in
this field of research [20-28] (Table 1).

Plant polysaccharides: biological activities and biomedical
applications

In the past decades, the polysaccharides derived from
herbs, such as various Chinese medicines, have attracted
much attention in a multiple of fields. Numerous
researches indicate that polysaccharides can be used in
many fields and have a diverse of therapeutic properties,
such as antioxidant activity [29], antitumor activity [30],
the effect of promoting wound healing [31] and immu-
nostimulatory activity [32].

Firstly, plant polysaccharides have been used for
industrial applications, e.g. pharmaceuticals, biomateri-
als, food stuff and nutrition, and biofuels. For example,
a variety of indigestible plant polysaccharides includ-
ing cellulose, hemicelluloses, pectins, oligosaccharides,
gums, was defined as the dietary fiber by the Food and
Agriculture Organization (FAO). Among these, cellu-
lose and hemicellulose can directly stimulate the bowel
movement, which is the most widely spreading polymeric
material in nature, is a fibrous, tough, water-insoluble
material. The cellulose commonly found in the cell walls
of plants-stalks, stems or trunks, is a linear polysaccha-
ride consisting of B-D-glucan units linked by (1 — 4) gly-
cosidic bonds [33]. The materials based on the cellulose
have been extensively used in biomedical field [34], such
as the adsorbent beads, filter, artificial tissue, and protec-
tive clothing. Among these applications, the cellulose due
to the mechanical strength and biocompatibility, can be
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Table 1 Various polysaccharides in nature

Polysaccharides Source Functions

Starch Plants Storage, drug adjuvant

Cellulose Plants Cell structure, food additives

Pectin Plants Food additives

Alginate Microorganism  Drug adjuvant

Carrageenan Microorganism  Food additives

Heparin Animals Animal tissue structure, thera-
peutic agents

Hyaluronan Animals Animal tissue structure, thera-
peutic agents

Chondroitin sulfate  Animals Animal tissue structure

Heparin sulfate Animals Animal tissue structure

Chitin and chitosan ~ Animals Tissue scaffolds

applied for tissue engineering [35], including engineer-
ing vascular tissue, and a series of other tissues, such
as bone, cartilage, skeletal muscle, cardiac muscle, and
heart valves. Additionally, cellulose has also been used
to establish nano-fibrous carrier for liver cells and create
tubes for regeneration of damaged peripheral nerves. Gu
performed the research of creating carriers for delivery
and differentiation of mesenchymal stem cells [36]. How-
ever, the applications of the cellulose are limited by the
solubility in common organic solvents. It is difficult to
melt due to the strong intermolecular and intramolecular
hydrogen bonds.

Secondly, herbs have been used to treat kinds of ill-
nesses and modern pharmacological experiments have
identified that the main or key components of herbal
medicines generally include much ingredients. Of these
fractions in herbal medicines, polysaccharides have
been identified as major active ingredients, responsi-
ble for various pharmacological activities. Although the
detailed mechanism of these effects is under explora-
tion, the immunostimulatory activities of many polysac-
charides are confirmed. It appears that immune cells,
especially macrophages [3], involve this regulating pro-
cess. Macrophages play a vital role in kinds of complex
microbicidal functions, including the surveillance [37],
chemotaxis [38], phagocytosis [39], and degradation of
the target organisms. And polysaccharides can modu-
late the function of macrophages. The studies about the
effects of plant polysaccharides on macrophage func-
tions have demonstrated that glycan can enhance mac-
rophage functions, which include activating phagocytic
ability [40], increasing the cytotoxic activity against the
tumour cells, reactive oxygen species (ROS) and nitric
oxide (NO) production, and secretion of cytokines and
chemokines, such as tumour necrosis factor (TNF-a),
interleukin-13 (IL-1p), IL-6, IL-12 and so on [41]. For
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example, Schepetkin and Quinn extracted a polysac-
charide from the cones of Juniperus scopulorum, which
composed of arabinogalactan, and showed significant
immunomodulatory effect to the murine macrophages
[42]. It was certified that the polysaccharide caused the
increasing expression of macrophage iNOS and NO,
enhanced secretion of cytokines like IL-1, IL-6, IL-12,
IL-10 and TNF-a. Popov and Ovodov isolated and
obtained a pectic polysaccharide from Silene vulgaris,
which can enhance the myeloperoxidase activity of mac-
rophage via extracellular Ca®*, whereas, the polysaccha-
ride obtained from the same species can show the same
effect without the extracellular Ca*". We can conclude
that the polysaccharides from the same plant may induce
different signal transductions. Luk found that polysac-
charides extracted from the Tripterygium wilfordii exhib-
ited the effect of suppressing the secretion of TNF-a and
expression of some proteins (CD11c, CD18, CD14 and
CD54) in human monocytic THP-1 cells [43, 44]. Addi-
tionally, polysaccharides derived from herbs can also
induce macrophage hematopoiesis [3]. Song found that
polysaccharides from Chelidonium majus could increase
the amount of granulocyte—macrophage colony-forming
cells in experimental animals [45]. Meanwhile, a polysac-
charide from Aloe barbadensis also showed significant
hematopoietic effect and induced production of mono-
cytes [46].

We found that polysaccharides from plants activate
macrophages mainly via the interaction with specific
receptors on cells, which are usually known as pattern
recognition receptors. Macrophages could bind and
interact with the polysaccharides through toll-like recep-
tor 4 (TLR4) [47], CD14 [48], dectin-1 [49] and mannose
receptor [50], among others. After the activation of the
receptors, it can lead to downstream signal and produc-
tion of pro-inflammatory factors. Ando and Kataoka
found that polysaccharides extracted from Carthamus
tinctorius could active the macrophage through TLR4,
inducing downstream signals and expression of TNF-a
and NO [51]. Further, the test in vitro was performed in
peritoneal macrophage from the C3H/He] mice which
have a point mutation in the TLR4 gene and the activat-
ing effect disappeared. Moreover, regarding the polysac-
charides from the roots of Astragalus membranaceus,
the results also showed that the relative response disap-
peared in the peritoneal macrophage from the C3H/He]
mice [52]. It suggested that the TLR4 receptor involved
the signal transaction of macrophage activation.

In summary, carbohydrates may interact with mac-
rophages and regulate these cells in diverse mechanisms,
some of which are shown in Fig. 1. For example, carbohy-
drates interact with the TLR4/MD-2 complex resulting in
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Fig. 1 a—c Potential signalling pathways involved in macrophage

activation by plant polysaccharides [3, 53]

dimerisation of two TLR4/MD-2 complexes, recruitment
of two adaptor molecules, MyD88 and TRIF, and activa-
tion of intracellular signalling pathways (NF-«B) [53].
The mannose receptor is also a potential receptor induc-
ing macrophage phagocytosis, endocytosis and NF-«xB
signalling pathways. Additionally, CR3 is involved in the
activation of phosphoinositide-3-kinase (PI3K), the mito-
gen-activated protein kinase (MAPK) and NF-«B signal-
ling pathways (Table 2; [54—60]).
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Table 2 The polysaccharides derived from herbs in nature
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Polysaccharides Composition

Source Physiological effects

Cellulose (3-(1-4)-Linked-glucopyranose

Juniperus scopolorum polysaccharide (-Galactopyranose, and
o-arabinofuranose

3-(1-4)-Linked-glucose, B-(1-4)-
linked-mannose

Konjac glucomannan polysaccharide

Chelidonium majus polysaccharide  Galactose, mannose, glucose in the

molar ratio of 5:4:1

Reishi polysaccharide Arabinose, rhamnose, xylose, man-
nose, glucose at the different

ratios

Ginseng polysaccharide (1-4)-Linked homogalacturonan

backbone

Bletilla striata polysaccharide a-Mannose, 3-mannose and

-glucose at the ratio of 2.4:1

Eucommia ulmoides polysaccharide  Mannose, galactose, glucose, arab-
inose, rhamnose, and galacturonic
acid

Astragalus polysaccharides Rhamnose, arabinose and glucose

in a molar ratio of 1:6.25:17.86

a-(1-4)-p-Galacturonic acid and
rhamnose

Pectin

Grains, fruit, vegetables Cell structure, food additives, requlate

bowel movement

Juniperus scopulorum Immunomodulatory effect to the

murine macrophages
Amorphophallus konjac plant Cholesterol lowering and immu-
noregulation
An effective antitumor immunostimu-
lator

Chelidonium majus

Ganoderma lucidum Stimulating the expression of inflam-

matory cytokines

Ginseng, the root of Panax ginseng ~ Anti-rotavirus activity

Bletilla striata Modulating the function of mac-
rophages

Binding PDGF-BB growth factor and
anti-inflammatory effect

Eucommia ulmoides

The roots of Astragalus The effect of immunomodulatory

Plant primary cell wall Food additives

Animal-derived polysaccharides: potential biomedical
functions

Except for functional polysaccharides from herbs, the
polysaccharides derived from animals also play a vital
role as tissue composition and exhibit significant effect in
biomedical science. Among these, extracellular matrix in
animal tissues, composed of an interlocking meshwork of
heteropolysaccharides and fibrous proteins, is filled with
a gel-like material, which supports cell adhesion, growth
and provides a porous pathway for the diffusion of nutri-
ents and oxygen to individual cells [61]. For instance, the
heteropolysaccharides, called glycosaminoglycans, are a
family of linear polymers composed of repeating disac-
charide units [62]. Glycosaminoglycans (GAGs) include
hyaluronic acid, heparin and heparan sulfate, chondroitin
sulfate (CS), dermatan sulfate, keratin sulfate. In addition
to GAGs, the chitosan and chitin also belong to animal
derived polysaccharides, which are widely used in bio-
medical science.

Heparin and heparan sulfate

Heparin possessing highly sulfated, linear structure is
an important member of glycosaminoglycans (GAGs),
which consists in repeated units of sulfonated hexu-
ronic acid (1 — 4) p-glucosamine. The residue of uronic
acid in heparin consisting of a-L-iduronic acid (IdoA) or
-p-glucuronic acid (GlcA) can be sulfated at 2-O posi-
tion. The residue of glucosamine can present unmodified

(GIeN), N-sulfonated (GIcNS), or N-acetylated (GlcNAc),
with various O-sulfations at the 3-O and 6-O positions
[63]. And heparan sulfate has a higher ratio of IdoA resi-
dues and sulfate groups.

Heparin can be biosynthesized and stored in mast
cells, whereas heparan sulfate as a proteoglycan, mainly
exists on the surface of cells and in extracellular matrix
of tissue. Heparin widely used as one of the oldest drug
in clinic plays part in many physiological and patho-
physiological processes, such as angiogenesis, cell adhe-
sion, cell growth, inflammation and anticoagulation [64,
65]. Numerous researches indicated that heparin could
modulate the relative biological processes via binding
with the basic amino acid groups of proteins, such as
binding with growth factors [66], forming the complex
to stabilize growth factors and prolong the function of
growth factors. For example, Shah and Revzin prepared
bioactive heparin-based hydrogel systems, which showed
sustained release of hepatocyte growth factor [67]. The
common function of heparin is the anticoagulation activ-
ity which induce the effect by interacting with the serine
protease inhibitor antithrombin III [68]. With regard to
heparan sulfate, it is reported that heparan sulfate on the
cell surface serves as the receptors of adhesion for many
bacterial pathogens [69].

Although heparin as clinical drug has been used for
treating venous thrombosis, pulmonary embolism,
and acute coronary syndrome [70], there are still some
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limitations including having the risks of potential bleed-
ing and heparin-induced thrombocytopenia [71]. Thus,
the low molecular weight heparin obtained from the
unfractionated heparin were developed into therapeutic
agent to alleviating side effects in clinic [72]. Certainly,
more understanding of the structure—activity relation-
ship is required in the relative biological processes. We
can further explore the drugs derived from heparin and
heparan sulfate to improve therapeutic effect in clinic.

Hyaluronic acid

The hyaluronic acid owning high molecular weight
[73], which is an anionic and non-sulfate polysaccha-
ride and consists of alternating units of D-glucuronic
acid, and N-acetyl-D-glucosamine, is the component of
ECM. It was discovered by Karl Meyer and his assistant,
John Palmer in 1934. The hyaluronic acid is a naturally
substance which is naturally existing in our body, and
has crucial biological functions in our body [74, 75]. In
human body, it is found in most connective tissues, espe-
cially in the eyes and joints. The use of hyaluronic acid
in some eye surgeries including the cataract removal,
corneal transplantation, and repair of a detached retina
and other eye injuries, has been approved by FDA. It can
be injected into the eye during the process to aid instead
natural fluids [76].

According to numerous studies, hyaluronic acid (HA)
owns various biological activities. It has chondroprotec-
tive effects in vivo and can evidently influence on the
articular cartilage [77]. It was reported that exogenous
HA could promote the synthesis of proteoglycan, modu-
late the functions of immune cells, and reduce the activity
of proinflammatory cytokines [78]. Additionally, HA has
the prominent ability of water retention and play a vital
role in regulating tissue hydration and osmotic balance
[79]. Because of the highly hygroscopicity, HA can signif-
icantly regulate the physical properties of ECM. Hyalu-
ronic acid with special structure is usually considered as
a prominent signalling molecule, which can interact with
cell surface receptors and thereby modulate cell adhe-
sion, migration, and proliferation [80, 81]. Among these
signals, CD44 can bind with HA and the relative signal
pathways were confirmed in hematopoietic cells from
CD44-deficient mice [82]. The results suggested that
there are CD44-independent mechanisms for the guid-
ance of gene expression by HA. Above all, HA has been
widely used for more than 20 years over the world due to
the biocompatibility and biodegradability. Scientists have
made great progress of HA applications in biomedical
science. However, the mechanism of HA interacting with
the cells need to be explored more clearly and the clini-
cal application of the material derived from HA still has
a long way to go.
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Chitosan and chitin

Chitosan, the deacetylated derivative of chitin obtained
from arthropods usually exists in the form of granules,
sheets, or powders. Chitosan and chitin are both lin-
ear polysaccharides, composed of the repeated units
of N-acetyl-2-amino-2-deoxy-D-glucose (N-acetylated
groups) and 2-amino-2-deoxy-D-glucose residues
(N-deacetylated groups, amino groups). Chitosan as a
heteropolysaccharide also includes linear [-1,4-linked
units [83]. Numerous studies suggest that chitosan and
chitin can be used for various applications in tissue engi-
neering [84], like wound healing, and drug delivery [85].
They can be engineered versatile formations such as the
gels [86], membranes [87], nanofibers, nanoparticles
[88], and sponges [89]. At present, many studies trying
to develop the chitinous scaffolds in tissue engineering
were reported and have made great progress [90]. These
chitosan scaffolds exhibited the significant effect on sup-
porting and aiding the generation of extracellular matrix
containing abundant proteoglycan in vivo. Additionally,
the chitosan and chitin are also widely used as the skin
substitutes in tissue engineering [91]. It attributes to the
excellent properties of chitin including hemostasis and
biocompatible [92], which can facilitate tissue regenera-
tion and generation of the extracellular matrix. And the
chitosan was also demonstrated that it could promote
wound healing via accelerating the infiltration of poly-
morphonuclear (PMN) cells at the wound site [93].

Polysaccharides derived from microorganism: functions
and applications

Polysaccharides derived from the microorganism are also
one class of the major polysaccharides existed in nature.
Microbial polysaccharides may be neutral (e.g. dextran,
scleroglucan) or acidic (xanthan, gellan) in nature. Some
of these polysaccharides such as the glycogen serve as
storage compound. Moreover, microbial polysaccharides
present a great potential for medical, pharmaceutical and
biomedical applications, such as wound dressings, bio-
materials, and tissue regeneration.

Alginate

Alginate is a class of naturally existing anionic polymer,
which can be extracted from brown algae cell walls,
including Macrocystis pyrifera, Laminaria hyperborea,
Ascophyllum nodosum. Alginate is a linear polysaccha-
ride composing of the repeated units of 1,4-linked -p-
mannuronate (M) and 1,4-a-L-guluronate residues (G).
The common alginate usually derived from algal owns
highly different physical-chemical heterogeneity which
can affect their quality and induce different applica-
tions [94]. The alginate possessing kinds of outstanding
properties has been extensively studied for biomedical
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applications [95], including their biocompatibility, low
toxicity, low cost, and moderate gelation induced by diva-
lent cations such as Ca*.

The alginate gel formed by the inducing of divalent
cations can be used for wound healing [96], therapeu-
tic agents, proteins delivery [97], and cell transplanta-
tion [98]. The wound dressing made by alginate can
stimulate the extracellular matrix and establish a moist
environment, which could decrease the risk of bacterial
infection at the injured site, and accelerate the wound
healing rate. Drug and protein systems which can
deliver bioactive agents and biomacromolecules, were
fabricated by alginate, and could release bioactive mol-
ecules in a controlled manner. The alginate gels are also
applied for cell transplantation in tissue engineering
[99]. It can deliver cells to the designated site, provid-
ing artificial matrix for neovascularization. Addition-
ally, the alginate gels can also be orally administrated or
injected into body, which can be used in pharmaceutical
filed [100].

Dextran

Dextran, a high molecular-weight polysaccharide, com-
posed of a-1,6 linking glucose of the backbone, «o-1,4
linking glucose of side chain. The dextran extracted from
different microbial strain possesses different structures
[101]. After the crosslinking of the dextran, it usually can
be used for the separation and purification of biomac-
romolecules. Due to its biocompatibility, it also can be
applied as the plasma expander for biomedical applica-
tion (Table 3; [102, 103]).

Page 6 of 11

Polysaccharides to enrich growth factors for wound
healing

Traumatic injury is a leading cause of mortality in many
countries. Accelerating the healing, while minimising
the aesthetic impact on patients and restoring full func-
tions the tissue, remains an unmet clinical goal. Although
minor injuries in healthy bodies generally heal, the heal-
ing of large injuries is often hampered by many factors,
such as the age of the patient, infection at the wound
site and chronic diseases. The detailed mechanisms are
poorly understood.

To most organs and tissues, wound healing has three
overlapping stages: inflammation, proliferation and
remodelling. In all stages—in particular the second and
third, multiple families of growth factors play essen-
tial, diverse and co-ordinated roles. For example, sev-
eral members in the vascular endothelial growth factor
(VEGF) and fibroblast growth factor (FGF) families are
primary mediators of angiogenesis, while several FGFs
also direct fibroblast proliferation and migrations. The
platelet-derived growth factor family (PDGF), in particu-
lar the PDGF-BB variant, is required for vascular matura-
tion; while transforming growth factors (TGFs) regulate
the collagen synthesis. Importantly, many growth fac-
tors are bound and protected by glycosaminoglycans
(GAGs)—which are anionic, sulphated polysaccharides—
in mammalian tissues. In the absence of GAGs, the
growth factors cannot be enriched and may easily be
degraded or diffused.

This feature provides an exciting opportunity for the
design of growth factor-binding polysaccharides for

Table 3 The different kinds of non-plant-origin polysaccharides in nature

Polysaccharides Composition

Source

Physiological effects

Alginate Repeated units of 1,4-linked
-mannuronate and
1,4-a-guluronate residues

Carrageenan Repeating galactose units and 3,6

anhydrogalactose

Mushroom polysaccharides  3-Glucans and heteropolysaccharides

Heparin Repeated units of sulfonated hexu-
ronic acid (1 — 4)-glucosamine
Hyaluronan Alternating units of b-glucuronic acid,

and N-acetyl-p-glucosamine

Brown algae (Phaeophyceae)

Red edible seaweeds
Mushrooms

Porcine intestinal mucosa

Synovial fluid, the vitreous fluid of the
eye, umbilical cords and chicken

Wound healing, therapeutic agents and
proteins delivery, and cell transplanta-
tion

Food additives and immunoregulatory
effect

Antiobesity, antidiabetes, anticancer,
and antibiotic properties

Animal tissue structure, binding affinity
for growth factors, and anticoagula-
tion

Natural fluids, wound dressing, chon-
droprotective effects

combs

Chondroitin sulfate Alternating sugars (N-acetylgalactosa-

mine and glucuronic acid)

Heparin sulfate A glucuronic acid (GIcA) linked to

N-acetylglucosamine

Chitin and chitosan Repeated units of N-acetyl-2-amino-
2-deoxyd-glucose and 2-amino-

2-deoxy-dglucose residues

Cartilage of animals
Animals

Crab or shrimp shells and fungal
mycelia

Animal tissue structure, dietary supple-
ment for treatment of osteoarthritis

Animal tissue structure

Wound healing, and drug delivery
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wound healing, which, compared with conventional
polysaccharides scaffolds as dressing, possess clearer
and more specific bioactivities. Numerous attempts have
been performed for engineering polysaccharide scaffolds
to bind and enrich growth factors, which showed bet-
ter effect on wound repair than free growth factors. For
example, researchers fabricated a heparin-based hydro-
gel consisting of thiolated heparin and diacrylated poly
(ethylene glycol) using photo polymerisation, which was
loaded with human epidermal growth factor (hEGF) for
skin repair in mice. It showed a sustained release profile
of hEGF in vitro and an accelerated healing of skin inci-
sion in vivo, in comparison with using free hEGF alone
[104]. In another study, Wu and Xiao explored a hepa-
rin-based coacervate composed of poly (ethylene argini-
nylaspartate digylceride) (PEAD) as a reservoir, heparin
as a bridge, and fibroblast growth factor-2 (FGF-2) as a
cargo. The regenerative effect of this scaffold was evalu-
ated in mice with full-thickness excisional skin wounds.
The results indicated that this coacervate exhibited faster
wound closure, compared with the control and free
FGF-2 groups [105]. Additionally, numerous synthetic
polymers are devised to mimic the action of GAGs. For
instance, a supramolecular polyelectrolyte complexation
with sulfonated polyrotaxanes (PRXs) loaded with bone
morphogenetic protein 2 (BMP-2) was fabricated, which
enhanced the osteogenetic differentiation of BMP-2
in vitro and improved the healing of a calvarial defect in
mice [106]. A more direct approach, as demonstrated by
Wang and colleagues, was to isolate a fraction from hep-
aran sulfate, named HS’", which had a higher binding
affinity for VEGF-A than the crude sugars. The results
in vitro and in vivo demonstrated the potential for vascu-
lar therapy of HS’™ targeted at enhancing the bioactivity
of VEGE-A [107].

Polysaccharides from Chinese medicinal herbs—new
prospects in tissue engineering
In the past decades, lots of polysaccharides were obtained
from Chinese medicinal herbs; there are many polysac-
charides that have received massive attention as prom-
ising biomaterials for various applications because of
their biocompatible, safe and biodegradable properties.
As summarized by above, polysaccharides from Chinese
medicinal herbs have comprehensive physiological activ-
ity in human body. Meanwhile, much studied indicated
that polysaccharides play a vital role in regulating the
immune system. However, few attentions focus on the
development of polysaccharides from Chinese medicinal
herbs as functional biomaterials in tissue engineering.

As mentioned above, macrophages can be activated
by many polysaccharides in the nature through relatively
specific membrane receptors. The interactions between
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certain saccharide units (e.g. mannose, B-glucan) and
receptors induce multiple cellular responses. According
to this property, the polysaccharides can be developed
into biomaterial matrices for tissue engineering. For
example, as a traditional Chinese medicine, Bletilla stri-
ata has long been applied for stop bleeding and wound
healing. The B. striata polysaccharide is obtained from
B. striata, which composed of a-mannose, f-mannose
and B-glucose at the mole ratio of 2.4:1. It can be widely
used in tissue regeneration. Luo found that after the
wound treated with BSP gel, it was proved to control the
inflammatory responses and accelerate the wound clo-
sure [108]. In another study, the cotton gauze coated with
aqueous extract of B. striata polysaccharide showed bet-
ter healing effect [109].

Further, B. striata polysaccharide (BSP), as a typi-
cal glucomannan, derived from a Chinese medicinal
herb was studied for its bioactivity in modulating mac-
rophages. It was demonstrated that BSP could modulate
the function of macrophages via binding mannose recep-
tor and regulating downstream signals [110]. This poly-
saccharide also could active macrophages and regulates
the secretion of cytokines for regeneration of engineered
tissues. Accordingly, Niu found a polysaccharide from B.
striata, which can be used for modulating the phenotype
of host macrophage after the acetylation of this polysac-
charide. The results suggested that the polysaccharide can
stimulate macrophages into a pro-osteogenic phenotype;
further, the scaffold manufactured by the polysaccha-
ride had a competent ability as an innovative and effica-
cious platform to harness the power of host immunity for
enhancing the regenerative performance of engineered
tissue constructs. This research innovatively modulates
the function of macrophages in tissue engineering.

Except for BSP, another polysaccharide, derived from
Konjac, also is a glucomannan, which can be used for
wound healing due to its excellent physical and chemi-
cal properties. Fan fabricated a film of a blend of Konjac
glucomannan (KGM) and chitosan. It was indicated that
this film showed a strong antibiotic effect and haemo-
static efficiency compared with conventional materials
[111]. Meanwhile, Feng found that the natural polysac-
charide form Konjac glucomannan had affinitive for mac-
rophages, and stimulate them to release growth factors
and cytokines [112]. They further modified this polysac-
charide with heparin, and then designed an injectable
hydrogel scaffold composed of KGM polysaccharide and
heparin. They evaluated the efficacy of this scaffold in
promoting angiogenesis in situ. The results demonstrated
that this scaffold based on polysaccharides had a promi-
nent potential in regenerative medicine.

It is concluded that the glucomannan can interact with
mannose receptor. As mentioned in the last section, it
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is an interesting direction to discover carbohydrates of
non-animal source with growth factor-binding ability.
Accordingly, Li obtained a polysaccharide from Eucom-
mia ulmoides, named EUP3, containing a proportion of
galacturonic acid [58]. Unlike animal derived polysaccha-
rides—glycosaminoglycans binding various growth fac-
tors, EUP3 polysaccharide had no significant affinity for
VEGE-A and FGF-2, but had a clear affinity for PDGEF-
BB. Further, Li developed EUP3 into a growth factor-
affinitive scaffold using electrospinning technology [113].
The results indicated that this scaffold based on EUP3
polysaccharide could accelerate angiogenesis and pro-
mote wound healing via sequestering PDGEF-BB growth
factor.

As we concluded above, polysaccharides from the Chi-
nese medicinal herbs have a promising potential for the
applications in tissue engineering. Numerous researches
have been performed for engineering suitable polysac-
charide scaffolds via interdisciplinary biotechnologies.
Above all, compared with polysaccharides from animals,
which are often amorphous and have weakly mechanical
properties, the polysaccharides from Chinese medici-
nal herbs have better mechanical properties. Moreover,
the polysaccharides from animals often have the risk
of immune response and other side effects. Therefore,
because of the limitations of animal-derived polysac-
charides, it has a promising prospect that screening
the polysaccharides from the Chinese medicinal herbs,
which have specific properties, can be applied in tissue
engineering.

Conclusions

Polysaccharides are natural biomaterials which are inex-
pensive, and most of them are easily obtained. The spe-
cial structure diversities and physiochemical properties
of polysaccharides can be exerted successfully, and lots
of polysaccharides have been developed into functional
biomaterial matrices. In sum, they have been applied in
tissue engineering by mainly three approaches: (1) com-
patible materials for tissue regeneration, (2) drug delivery
materials, and (3) immunoregulatory agents.

However, although lots of polysaccharides were
obtained and various bioactivities of polysaccharides
were applied in tissue engineering, the mechanism of
polysaccharides interacting with bodies was still unclear
due to the complicated structures. The detailed mecha-
nisms and structure—activity relationship should be stud-
ied further. Moreover, it is a challenge that obtains the
functional polysaccharides with high purity and charac-
terizes the structure of polysaccharides. Additionally, in
terms of the application of functional polysaccharides in
tissue regeneration, although numerous researches have
been carried out for developing the functional scaffolds,
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there is still a long way to transform from research to
clinic. At present, there are still many limitations which
include the immunogenicity of scaffolds, high cost and
high failure rate. Developing the ideal polysaccharide
scaffolds, which can be used in clinic, must satisfy these
requirements: the clear structure of polysaccharides;
definite bioactivities, security and biocompatibility, and
appropriately physico-chemical properties. We suppose
that the Chinese medicinal herbs could be a potential and
abundant natural source for developing promising bio-
materials in future.

Abbreviations

ROS: reactive oxygen species; NO: nitric oxide; TNF-a: tumour necrosis factor;
IL-1B: interleukin-13; HA: hyaluronic acid; GAGs: glycosaminoglycans; ECM:
extracellular matrix.

Authors’ contributions
QL wrote the manuscript; YN and PX helped in analysing the references; CW
revised the manuscript. All authors read and approved the final manuscript.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This study was financially supported by the funding grants from Fundo para
o Desenvolvimento das Ciéncias e da Tecnologia, Macau (FDCT 126/2016/A3,
080/2016/A2), the University of Macau (MYRG2016-00031-ICMS-QRCM, and
MYRG2015-00160-ICMS-QRCM), the open fund of the State Key Laboratory
of Quality Research in Chinese Medicine, University of Macau (No. 005), and
National Science Foundation of China (51503232).

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

Received: 9 December 2017 Accepted: 30 January 2018
Published online: 06 February 2018

References

1. Aachary AA, Prapulla SG. Xylooligosaccharides (XOS) as an emerging
prebiotic: microbial synthesis, utilization, structural characterization,
bioactive properties, and applications. Compr Rev Food Sci Food Saf.
2011;10(1):2-16.

2. Rinaudo M. Biomaterials based on a natural polysaccharide: alginate.
TIP.2014;17(1):92-6.

3. Schepetkin IA, Quinn MT. Botanical polysaccharides: macrophage
immunomodulation and therapeutic potential. Int Immunopharmacol.
2006;6(3):317-33.



Li et al. Chin Med (2018) 13:7

20.

22.

23.

24.

25.

26.

Yang L, Zhang L-M. Chemical structural and chain conformational char-
acterization of some bioactive polysaccharides isolated from natural
sources. Carbohydr Polym. 2009;76(3):349-61.

Zhao W, Liu W, Li J, Lin X, Wang Y. Preparation of animal polysaccharides
nanofibers by electrospinning and their potential biomedical applica-
tions. J Biomed Mater Res Part A. 2015;103(2):807-18.

Yudovin-Farber |, Azzam T, Metzer E, Taraboulos A, Domb AJ. Cationic
polysaccharides as antiprion agents. J Med Chem. 2005;48(5):1414-20.
Xiao Z, Tappen BR, Ly M, Zhao W, Canova LP, Guan H, et al. Heparin
mapping using heparin lyases and the generation of a novel low
molecular weight heparin. J Med Chem. 2011;54(2):603-10.

Funami T, Nakauma M, Noda S, Ishihara S, Asai |, Inouchi N, et al. Effects
of some anionic polysaccharides on the gelatinization and retrograda-
tion behaviors of wheat starch: soybean-soluble polysaccharide and
gum arabic. Food Hydrocolloids. 2008;22(8):1528-40.

Dalheim M@, Arnfinnsdottir NB, Widmalm G, Christensen BE. The size
and shape of three water-soluble, non-ionic polysaccharides pro-
duced by lactic acid bacteria: a comparative study. Carbohydr Polym.
2016;142:91-7.

Korakli M, Vogel RF. Structure/function relationship of homopolysac-
charide producing glycansucrases and therapeutic potential of their
synthesised glycans. Appl Microbiol Biotechnol. 2006;71(6):790-803.
Amid B, Mirhosseini H. Influence of chemical extraction on rheologi-
cal behavior, viscoelastic properties and functional characteristics of
natural heteropolysaccharide/protein polymer from Durio zibethinus
Seed. Int J Mol Sci. 2012;13(11):14871-88.

Hurst RE, Poon MC, Griffith MJ. Structure—-activity relationships of hepa-
rin. Independence of heparin charge density and antithrombin-binding
domains in thrombin inhibition by antithrombin and heparin cofactor
II. J Clin Invest. 1983;72(3):1042-5.

Powderly WG, Schreiber JR, Pier GB, Markham RB. T cells recognizing
polysaccharide-specific B cells function as contrasuppressor cells in the
generation of T cell immunity to Pseudomonas aeruginosa. J Immunol.
1988;140(8):2746.

Gonzélez-Ferndndez A, Faro J, Ferndndez C. Immune responses

to polysaccharides: lessons from humans and mice. Vaccine.
2008;26(3):292-300.

Kumbar SG, Toti US, Deng M, James R, Laurencin CT, Aravamudhan A,
et al. Novel mechanically competent polysaccharide scaffolds for bone
tissue engineering. Biomed Mater. 2011,6(6):065005.

Mascal M, Nikitin EB. Direct, high-yield conversion of cellulose into
biofuel. Angew Chem. 2008;120(41):8042-4.

Englyst HN, Anderson V, Cummings JH. Starch and non-starch polysac-
charides in some cereal foods. J Sci Food Agric. 1983;34(12):1434-40.
Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J
Cell Sci. 2010;123(24):4195-200.

Bohn JA, BeMiller JN. (1 — 3)-3-p-glucans as biological response modi-
fiers: a review of structure-functional activity relationships. Carbohydr
Polym. 1995;28(1):3-14.

Pinkert A, Goeke DF, Marsh KN, Pang S. Extracting wood lignin without
dissolving or degrading cellulose: investigations on the use of food
additive-derived ionic liquids. Green Chem. 2011;13(11):3124-36.

May CD. Industrial pectins: sources, production and applications.
Carbohydr Polym. 1990;12(1):79-99.

Sarei F, Dounighi NM, Zolfagharian H, Khaki P, Bidhendi SM. Alginate
nanoparticles as a promising adjuvant and vaccine delivery system.
Indian J Pharm Sci. 2013;75(4):442.

Aliste AJ, Vieira FF, Del Mastro NL. Radiation effects on agar, alginates
and carrageenan to be used as food additives. Radiat Phys Chem.
2000,57(3):305-8.

DiGabriele AD, Lax I, Chen DI, Svahn CM. Structure of a heparin-

linked biologically active dimer of fibroblast growth factor. Nature.
1998;393(6687):812.

Liao Y-H, Jones SA, Forbes B, Martin GP, Brown MB. Hyaluronan:
pharmaceutical characterization and drug delivery. Drug Deliv.
2005;12(6):327-42.

Dong-An W, Varghese S, Sharma B, Strehin |, Fermanian S, Gorham J,

et al. Multifunctional chondroitin sulphate for cartilage tissue-biomate-
rial integration. Nat Mater. 2007;6(5):385.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 9 of 11

Dietrich CP, Nader HB, Straus AH. Structural differences of heparan
sulfates according to the tissue and species of origin. Biochem Biophys
Res Commun. 1983;111(3):865-71.

Berger J, Reist M, Mayer JM, Felt O, Peppas N, Gurny R. Structure and
interactions in covalently and ionically crosslinked chitosan hydrogels
for biomedical applications. Eur J Pharm Biopharm. 2004;57(1):19-34.
Wang J, Zhang Q, Zhang Z, Li Z. Antioxidant activity of sulfated
polysaccharide fractions extracted from Laminaria japonica. Int J Biol
Macromol. 2008;42(2):127-32.

ChenYY, Xie M-Y, Nie S-P, Li C, Wang Y-X. Purification, composition analy-
sis and antioxidant activity of a polysaccharide from the fruiting bodies
of Ganoderma atrum. Food Chem. 2008;107(1):231-41.

Ueno H, Mori T, Fujinaga T. Topical formulations and wound healing
applications of chitosan. Adv Drug Del Rev. 2001;52(2):105-15.
Ramberg JE, Nelson ED, Sinnott RA. Immunomodulatory dietary poly-
saccharides: a systematic review of the literature. Nutr J. 2010;9(1):54.
Poletto M, Ornaghi H, Zattera A. Native cellulose: structure, characteriza-
tion and thermal properties. Materials. 2014;7(9):6105.

Onofrei M, Filimon A. Cellulose-based hydrogels: designing concepts,
properties, and perspectives for biomedical and environmental applica-
tions. Polymer science: research advances, practical applications and
educational aspects. 2016;108-20.

Domingues RMA, Gomes ME, Reis RL. The potential of cellulose
nanocrystals in tissue engineering strategies. Biomacromolecules.
2014;15(7):2327-46.

Gu H, Yue Z, Leong WS, Nugraha B, Tan LP. Control of in vitro neural dif-
ferentiation of mesenchymal stem cells in 3D macroporous, cellulosic
hydrogels. Regen Med. 2010;5(2):245-53.

O'Riordan M, Yi CH, Gonzales R, Lee K-D, Portnoy DA. Innate recognition
of bacteria by a macrophage cytosolic surveillance pathway. Proc Natl
Acad Sci. 2002;99(21):13861-6.

Truman LA, Ford CA, Pasikowska M, Pound JD, Wilkinson SJ, Dumitriu

IE, et al. CX3CL1/fractalkine is released from apoptotic lymphocytes to
stimulate macrophage chemotaxis. Blood. 2008;112(13):5026-36.
Bratosin D, Mazurier J, Tissier JP, Estaquier J, Huart JJ, Ameisen JC, et al.
Cellular and molecular mechanisms of senescent erythrocyte phagocy-
tosis by macrophages. A review. Biochimie. 1998;80(2):173-95.

Wang W-S, Hung S-W, Lin Y-H, Tu C-Y, Wong M-L, Chiou S-H, et al. The
effects of five different glycans on innate immune responses by phago-
cytes of hybrid tilapia and Japanese eels Anguilla japonica. J Aquat
Anim Health. 2007;19(1):49-59.

Rabinovich GA, Toscano MA. Turning ‘sweet’ on immunity: galectin—
glycan interactions in immune tolerance and inflammation. Nat Rev
Immunol. 2009;9(5):338-52.

Schepetkin IA, Faulkner CL, Nelson-Overton LK, Wiley JA, Quinn MT.
Macrophage immunomodulatory activity of polysaccharides isolated
from Juniperus scopolorum. Int Immunopharmacol. 2005;5(13):1783-99.
Wong K-F, Yuan Y, Luk JM. Tripterygium wilfordii bioactive compounds as
anticancer and anti-inflammatory agents. Clin Exp Pharmacol Physiol.
2012;39(3):311-20.

Luk JM, Lai W, Tam P, Koo MWL. Suppression of cytokine production
and cell adhesion molecule expression in human monocytic cell

line THP-1 by Tripterygium wilfordii polysaccharide moiety. Life Sci.
2000,67(2):155-63.

Song J-Y, Yang H-O, Pyo S-N, Jung I-S, Yi S-Y, Yun Y-S. Immunomodula-
tory activity of protein-bound polysaccharide extracted from Chelido-
nium majus. Arch Pharmacal Res. 2002;25(2):158-64.

Hamman J. Composition and applications of aloe vera leaf gel. Mol-
ecules. 2008;13(8):1599.

Hsu H-Y, Hua K-F, Lin C-C, Lin C-H, Hsu J, Wong C-H. Extract of Reishi
polysaccharides induces cytokine expression via TLR4-modulated
protein kinase signaling pathways. J Immunol. 2004;173(10):5989.

Hua K-F, Hsu H-Y, Chao LK, Chen S-T, Yang W-B, Hsu J, et al. Ganoderma
lucidum polysaccharides enhance CD14 endocytosis of LPS and
promote TLR4 signal transduction of cytokine expression. J Cell Physiol.
2007;212(2):537-50.

Hollmig ST, Ariizumi K, Cruz JPD. Recognition of non-self-polysaccha-
rides by C-type lectin receptors dectin-1 and dectin-2. Glycobiology.
2009;19(6):568-75.



Li et al. Chin Med (2018) 13.7

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zamze S, Martinez-Pomares L, Jones H, Taylor PR, Stillion RJ, Gordon S,
et al. Recognition of bacterial capsular polysaccharides and lipopoly-
saccharides by the macrophage mannose receptor. J Biol Chem.
2002,277(44):41613-23.

Ando |, Tsukumo Y, Wakabayashi T, Akashi S, Miyake K, Kataoka T, et al.
Safflower polysaccharides activate the transcription factor NF-kB via
Toll-like receptor 4 and induce cytokine production by macrophages.
Int Immunopharmacol. 2002;2(8):1155-62.

Zhao KS, Mancini C, Doria G. Enhancement of the immune response
in mice by Astragalus membranaceus extracts. Immunopharmacology.
1990;20(3):225-33.

Kim SJ, Kim HM. Dynamic lipopolysaccharide transfer cascade to TLR4/
MD2 complex via LBP and CD14. BMB Rep. 2017;50(2):55.

Liao W, Luo Z, Liu D, Ning Z, Yang J, Ren J. Structure characterization of
a novel polysaccharide from Dictyophora indusiata and its macrophage
immunomodulatory activities. J Agric Food Chem. 2015;63(2):535-44.
WangY, Liu J, Li Q Wang Y, Wang C. Two natural glucomannan poly-
mers, from Konjac and Bletilla, as bioactive materials for pharmaceutical
applications. Biotechnol Lett. 2015;37(1):1-8.

Baek S-H, Lee JG, Park SY, Bae ON, Kim D-H, Park JH. Pectic polysac-
charides from Panax ginseng as the antirotavirus principals in ginseng.
Biomacromolecules. 2010;11(8):2044-52.

NiuY, Li Q, Xie R, Liu S, Wang R, Xing P, et al. Modulating the pheno-
type of host macrophages to enhance osteogenesis in MSC-laden
hydrogels: design of a glucomannan coating material. Biomaterials.
2017;139:39-55.

Li Q Guo G, Meng F, Wang HH, Niu Y, Zhang Q, et al. A naturally derived,
growth factor-binding polysaccharide for therapeutic angiogenesis.
ACS Macro Lett. 2016;5(5):617-21.

Li Q FengY, He W,Wang L, Wang R, Dong L, et al. Post-screening
characterisation and in vivo evaluation of an anti-inflammatory
polysaccharide fraction from Eucommia ulmoides. Carbohydr Polym.
2017;169:304-14.

Xu DJ, Xia Q Wang JJ, Wang PP. Molecular weight and monosac-
charide composition of Astragalus polysaccharides. Molecules.
2008;13(10):2408.

Rusnati M, Presta M. Interaction of angiogenic basic fibroblast growth
factor with endothelial cell heparan sulfate proteoglycans. Int J Clin Lab
Res. 1996,26(1):15-23.

DeAngelis PL. Glycosaminoglycan polysaccharide biosynthesis

and production: today and tomorrow. Appl Microbiol Biotechnol.
2012,94(2):295-305.

Casu B, Naggi A, Torri G. Re-visiting the structure of heparin. Carbohydr
Res. 2015;403:60-8.

Nikitovic D, Mytilinaiou M, Berdiaki A, Karamanos NK, Tzanakakis GN.
Heparan sulfate proteoglycans and heparin regulate melanoma cell
functions. Biochimica et Biophysica Acta (BBA) General Subjects.
2014;1840(8):2471-81.

Peysselon F, Ricard-Blum S. Heparin—protein interactions: from affinity
and kinetics to biological roles. Application to an interaction network
regulating angiogenesis. Matrix Biol. 2014;35:73-81.

Kadomatsu K, Kishida S, Tsubota S. The heparin-binding growth factor
midkine: the biological activities and candidate receptors. J Biochem.
2013;153(6):511-21.

You J, Park S-A, Shin D-S, Patel D, Raghunathan VK, Kim M, et al. Char-
acterizing the effects of heparin gel stiffness on function of primary
hepatocytes. Tissue Eng Part A. 2013;19(23-24):2655-63.

ChenY, Lin L, Agyekum |, Zhang X, St. Ange K, Yu Y, et al. Structural
analysis of heparin-derived 3-O-sulfated tetrasaccharides: antithrombin
binding site variants. J Pharm Sci. 2017;106(4):973-81.

Feizi T, Haltiwanger RS. Editorial overview: carbohydrate—protein
interactions and glycosylation: glycan synthesis and recognition:
finding the perfect partner in a sugar-coated life. Curr Opin Struct Biol.
2015;34:vii-ix.

Mulloy B, Hogwood J, Gray E, Lever R, Page CP. Pharmacology of hepa-
rin and related drugs. Pharmacol Rev. 2016;68(1):76-141.

Greinacher A. Heparin-induced thrombocytopenia. N Engl J Med.
2015;373(3):252-61.

XuY, Cai C, Chandarajoti K, Hsieh P-H, Li L, Pham TQ, et al. Homogene-
ous low-molecular-weight heparins with reversible anticoagulant
activity. Nat Chem Biol. 2014;10(4):248-50.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

Page 10 of 11

Cyphert JM, Trempus CS, Garantziotis S. Size matters: molecular
weight specificity of hyaluronan effects in cell biology. Int J Cell Biol.
2015;2015:8.

Papakonstantinou E, Roth M, Karakiulakis G. Hyaluronic acid: a key
molecule in skin aging. Dermatoendocrinology. 2012;4(3):253-8.
Jordan AR, Racine RR, Hennig MJP, Lokeshwar VB. The role of CD44

in disease pathophysiology and targeted treatment. Front Immunol.
2015;6:182.

Collins MN, Birkinshaw C. Hyaluronic acid based scaffolds for tissue
engineering—a review. Carbohydr Polym. 2013;92(2):1262-79.
Elmorsy S, Funakoshi T, Sasazawa F, Todoh M, Tadano S, Iwasaki N. Chon-
droprotective effects of high-molecular-weight cross-linked hyaluronic
acid in a rabbit knee osteoarthritis model. Osteoarthritis Cartilage.
2014;22(1):121-7.

Menzel EJ, Farr C. Hyaluronidase and its substrate hyaluronan:
biochemistry, biological activities and therapeutic uses. Cancer Lett.
1998;131(1):3-11.

Chan RW, Tayama N. Biomechanical effects of hydration in vocal fold
tissues. Otolaryngol Head Neck Surg. 2002;126(5):528-37.
Lokeshwar VB, lida N, Bourguignon LYW. The cell adhesion mol-

ecule, GP116, is a new CD44 variant (ex14/v10) involved in hyalu-

ronic acid binding and endothelial cell proliferation. J Biol Chem.
1996;271(39):23853-64.

Lam J, Truong NF, Segura T. Design of cell-matrix interactions in hyalu-
ronic acid hydrogel scaffolds. Acta Biomater. 2014;10(4):1571-80.

Naor D. Editorial: interaction between hyaluronic acid and its receptors
(CD44, RHAMM) regulates the activity of inflammation and cancer.
Front Immunol. 2016;7:39.

Younes |, Rinaudo M. Chitin and chitosan preparation from marine sources.
Structure, properties and applications. Mar Drugs. 2015;13(3):1133.
Croisier F, Jéréome C. Chitosan-based biomaterials for tissue engineering.
Eur Polym J. 2013;49(4):780-92.

Anitha A, Sowmya S, Kumar PTS, Deepthi S, Chennazhi KP, Ehrlich H,

et al. Chitin and chitosan in selected biomedical applications. Prog
Polym Sci. 2014;39(9):1644-67.

Mukhopadhyay P, Sarkar K, Bhattacharya S, Bhattacharyya A, Mishra

R, Kundu PP. pH sensitive N-succinyl chitosan grafted polyacrylamide
hydrogel for oral insulin delivery. Carbohydr Polym. 2014;112:627-37.
Lin W-C, Lien C-C, Yeh H-J, Yu C-M, Hsu S-H. Bacterial cellulose and bac-
terial cellulose—chitosan membranes for wound dressing applications.
Carbohydr Polym. 2013;94(1):603-11.

Ragelle H, Riva R, Vandermeulen G, Naeye B, Pourcelle V, Le Duff CS,

et al. Chitosan nanoparticles for siRNA delivery: optimizing formulation
to increase stability and efficiency. J Control Release. 2014;176:54-63.
Huang X, Sun'Y, Nie J, Lu W, Yang L, Zhang Z, et al. Using absorbable
chitosan hemostatic sponges as a promising surgical dressing. Int J Biol
Macromol. 2015;75:322-9.

Mutsenko WV, Gryshkov O, Lauterboeck L, Rogulska O, Tarusin DN,
Bazhenov W, et al. Novel chitin scaffolds derived from marine sponge
lanthella basta for tissue engineering approaches based on human
mesenchymal stromal cells: biocompatibility and cryopreservation. Int J
Biol Macromol. 2017;104:1955-65.

Mohd Hilmi AB, Halim AS, Jaafar H, Asiah AB, Hassan A. Chitosan
dermal substitute and chitosan skin substitute contribute to acceler-
ated full-thickness wound healing in irradiated rats. Biomed Res Int.
2013;2013:13.

Zhang W, Sun Y-L, Chen D-H. Effects of chitin and sepia ink hybrid
hemostatic sponge on the blood parameters of mice. Mar Drugs.
2014;12(4):2269.

Mendoza G, Zavala J, Garza-Madrid M, Tamez A, Zavala-Pompa A, Brito
G, et al. Biosafety of chitosan and collagen vitrigel membranes in the
corneal endothelium of young New Zealand Rabbits. Invest Ophthal-
mol Vis Sci. 2013;54(15):1666.

Lee KY, Mooney DJ. Alginate: properties and biomedical applications.
Prog Polym Sci. 2012;37(1):106-26.

Martins M, Barros AA, Quraishi S, Gurikov P, Raman SP, Smirnova |, et al.
Preparation of macroporous alginate-based aerogels for biomedical
applications. J Supercrit Fluids. 2015;106:152-9.

De Leon-Peralta EJ, Brudno Y, Kwee BJ, Mooney DJ. Improving wound
healing through the use of tetrazine-modified alginate. FASEB J.
2016;30(1 Supplement):1177.1110.



Li et al. Chin Med (2018) 13:7

97.

98.

99.

100.

101.

102.

104.

Jain D, Bar-Shalom D. Alginate drug delivery systems: application in
context of pharmaceutical and biomedical research. Drug Dev Ind
Pharm. 2014;40(12):1576-84.

Pipeleers D, Keymeulen B. Boost for alginate encapsulation in beta cell
transplantation. Trends Endocrinol Metab. 2016,27(5):247-8.
Venkatesan J, Bhatnagar |, Manivasagan P, Kang K-H, Kim S-K. Alginate
composites for bone tissue engineering: a review. Int J Biol Macromol.
2015;72:269-81.

Choudhary S, Reck JM, Carr AJ, Bhatia SR. Hydrophobically modified
alginate for extended release of pharmaceuticals. Polym Adv Technol.
2018,29(1):198-204.

Siddigui NN, Aman A, Silipo A, Qader SAU, Molinaro A. Structural
analysis and characterization of dextran produced by wild and mutant
strains of Leuconostoc mesenteroides. Carbohydr Polym. 2014;99:331-8.
Howard JM, Ebert RV, Bloom WL, Sloan MH. The present status of dex-
tran as a plasma expander. Am J Surg. 1959,97(5):593-6.

Friedman M. Mushroom polysaccharides: chemistry and antiobesity,
antidiabetes, anticancer, and antibiotic properties in cells, rodents, and
humans. Foods. 2016;5(4):80.

Goh M, Hwang Y, Tae G. Epidermal growth factor loaded heparin-
based hydrogel sheet for skin wound healing. Carbohydr Polym.
2016;147:251-60.

Wu J,Ye J, Zhu J, Xiao Z, He C, Shi H, et al. Heparin-based coacervate
of FGF2 improves dermal regeneration by asserting a synergistic role
with cell proliferation and endogenous facilitated VEGF for cutaneous
wound healing. Biomacromolecules. 2016;17(6):2168-77.

106.

107.

108.

109.

110.

1.

113.

Page 11 of 11

Terauchi M, Inada T, Kanemaru T, Ikeda G, Tonegawa A, Nishida K, et al.
Potentiating bioactivity of BMP-2 by polyelectrolyte complexation
with sulfonated polyrotaxanes to induce rapid bone regeneration in a
mouse calvarial defect. J Biomed Mater Res A. 2017;105(5):1355-63.
Wang C, Poon S, Murali S, Koo C-Y, Bell TJ, Hinkley SF, et al. Engineering
a vascular endothelial growth factor 165-binding heparan sulfate for
vascular therapy. Biomaterials. 2014;35(25):6776-86.

LuoY, Diao H, Xia S, Dong L, Chen J, Zhang J. A physiologically active
polysaccharide hydrogel promotes wound healing. J Biomed Mater Res
A.2010,94A(1):193-204.

Venkatrajah B, Malathy VWV, Elayarajah B, Rajendran R, Rammohan R.
Biopolymer and Bletilla striata herbal extract coated cotton gauze
preparation for wound healing. J Med Sci. 2012;12(6):148.

Zhan X, Jia L, NiuY, Qi H, Chen X, Zhang Q, et al. Targeted deple-

tion of tumour-associated macrophages by an alendronate-glu-
comannan conjugate for cancer immunotherapy. Biomaterials.
2014,35(38):10046-57.

Fan L, Cheng C, Qiao Y, Li F, Li W, Wu H, et al. GNPs-CS/KGM as hemo-
static first aid wound dressing with antibiotic effect. In vitro and in vivo
study. PLoS ONE. 2013;8(7):e66890.

Feng, LiQ Wu D, NiuY, Yang C, Dong L, et al. A macrophage-activat-
ing, injectable hydrogel to sequester endogenous growth factors for
in situ angiogenesis. Biomaterials. 2017;134:128-42.

LiQ NiuY, Diao H, Wang L, Chen X, Wang Y, et al. In situ sequestration
of endogenous PDGF-BB with an ECM-mimetic sponge for accelerated
wound healing. Biomaterials. 2017;148:54-68.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Bioactive polysaccharides from natural resources including Chinese medicinal herbs on tissue repair
	Abstract 
	Background: 
	Main body: 
	Conclusion: 

	Background
	Plant polysaccharides: biological activities and biomedical applications
	Animal-derived polysaccharides: potential biomedical functions
	Heparin and heparan sulfate
	Hyaluronic acid
	Chitosan and chitin

	Polysaccharides derived from microorganism: functions and applications
	Alginate
	Dextran

	Polysaccharides to enrich growth factors for wound healing
	Polysaccharides from Chinese medicinal herbs—new prospects in tissue engineering

	Conclusions
	Authors’ contributions
	References




