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Abstract
Polysaccharide nanocomposites have become increasingly important materials over the past
decade. Polysaccharides offer a green alternative to synthetic polymers in the preparation of soft
nanomaterials. They have also been used in composites with hard nanomaterials, such as metal
nanoparticles and carbon-based nanomaterials. This mini review describes methods for
polysaccharide nanocomposite preparation and reviews the various types and diverse applications
for these novel materials.
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1. Introduction
This mini review focuses on methods to prepare polysaccharide nanocomposites, the various
types of polysaccharide nanocomposites, and their applications. Recent applications of
polysaccharides used in preparing nanocomposites for biomedicine, for energy production
and storage, for electrical devices, in separation science, and in industrial and materials
applications, are reviewed. There are a number of older reviews published on polysaccharide
nanocomposites, to which the authors would like to direct the attention of the reader [1, 2, 3,
4, 5, 6, 7, 8].
1.1 Polysaccharides
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There are three major families of biopolymers, nucleic acids, proteins and polysaccharides
[9]. Polysaccharides are comprised of multiple saccharide units joined to one another
through glycosidic linkages and have a number of unique features that differentiates them
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from the other families of biopolymers. Most polysaccharides are easily and inexpensively
recovered natural products produced as energy storage or structural biopolymers by
microbes, plants and animals [10]. Polysaccharides offer a number of advantages over
nucleic acids and proteins for applications in materials science. Polysaccharides are
generally more stable that nucleic acids and proteins and are usually not irreversibly
denatured on heating [10]. There are a diverse variety of polysaccharides with properties
including: low, intermediate and high molecular weights with differing polydispersities;
linear or branched structures; monofunctional, having only hydroxyl groups, or
polyfunctional, having hydroxyl, carboxyl and/or amino groups; a high level of chirality;
water soluble or insoluble properties; low toxicity, environmentally safe, and nonimmunogenic [10]. The diverse structures and properties of carbohydrates offer molecular
and biological advantages for their use in the preparation of nanomaterials and
nanocomposites.
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1.2 What is Nanotechnology?
Nanotechnology is a branch of materials science that focuses on the preparation of nanoscale
materials of dimensions ranging from 1-100 nm [11]. Nanoscale materials often have unique
properties due to their small size [11]. Early nanomaterials were generally constructed of
‘hard’ materials such as metals and carbon-only nanostructures, such as carbon nanotubes
(CNTs) or buckyballs [12]. More recently, ‘soft’ nanomaterials made of synthetic polymers
and biopolymers have gained increased interest as part of an effort to avoid nanotoxicity and
to ameliorate environmental issues [13].
1.3 Overview of Nanocomposites
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Nanocomposites are generally comprised on multiple nanoscale materials or a nanoscale
material incorporated into a bulk material. Such nanocomposites can correspond to
combinations of a ‘hard’ and a ‘soft’ nanomaterial, two ‘soft’ nanomaterials, or two ‘hard’
nanomaterials [13]. Nanocomposites take on the properties of the materials present as well
as their size scale. Challenges in preparing nanocomposites include: controlling their
fabrication/synthesis; ensuring the compatibility of their different material components; and
obtaining desirable/unique properties. Since polysaccharides form a ‘soft’ nanomaterials,
this mini review will focus on combinations of ‘hard’ and ‘soft’ nanomaterials and
combinations of ‘soft’ nanomaterials.

2. Composite formation
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There are a number of ways to prepare or synthesize nanocomposites. These include
electrospining, film casting, dip coating, physically mixing, layer-by-layer assembly,
ionotropic gelation, colloidal assembly, co-precipitation, in situ preparation and covalent
coupling. A schematic illustration of the ways in which nanocomposites are made is
presented in Figure 1. These methods take advantage of hydrogen-bonding, Coulombic
interactions, hydrophobic effects, electrostatic, and ionic interactions. Examples of
polysaccharide nanocomposites, prepared or synthesized by these different methods, are
presented in Table 1.
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2.1 Electrospinning
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Electrospinning is a physical method of nanocomposite formulation that involves the
extrusion of a solution of polymer in the presence or absence of dispersed nanomaterial
through a syringe needle (spinneret) onto a collection plate in the presence of a high voltage
field (Figure 1A). Wet-dry electrospinning utilizes a volatile solvent that evaporates as the
nanocomposite is spun, while wet-wet electrospining can utilize a non-volatile solvent, such
as a room temperature ionic liquid, which is spun into a second solvent in a collection dish
located between the spinneret and collection plate [14]. Co-axial electrospinning is a new
technology introduced, which can fabricate fibers from two different components
simultaneously. The resulting fibers have a core–sheath structure.
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Water-soluble polysaccharides, such as starch (chitosan, cellulose acetate), are generally
wet-dry electrospun. However, few solvents can dissolve crystalline polysaccharides, such
as cellulose and chitin, which significantly limits their use in electrospinning. Room
temperature ionic liquids (RTILs) are tunable solvents that can be custom designed to
dissolve intractable polymers, such as cellulose [14]. RTILs are non-volatile, liquid saltbased, organic solvents with high thermal stability and a large electrochemical window.
They are recyclable and, hence, are considered ‘green’ solvents. Cellulose solutions in
RTILs can be electrospun into an ethanol or water coagulation bath to obtain nanofibers
(NFs) using simple wet-wet spinning [15]. Once spun, cellulose NFs can be used as a
supporting matrix for covalently coupling small molecules [16] or large molecules, such as
proteins [17], to modify the fiber properties.
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Co-spinning a polysaccharide with a second polysaccharide or a synthetic polymer is also
possible. Cellulose can be co-dissolved with other polysaccharides, such as the anticoagulant
heparin, in RTILs and electrospun together as composite fibers [15]. Chitosan has been wetdry electrospun with collagen from hexafluoroisopropanol (HFIP) /trifluoroacetic acid
(TFA) to obtain fibers that can mimic the properties of the extracellular matrix. Increasing
the chitosan content decreased the average NF diameter, while reduced chitosan content
fibers exhibit better mechanical properties and crosslinking with glutaraldehyde vapor can
increase fiber stability [18]. Gelatin, a collagen derivative, can be wet-wet electrospun with
the acidic polysaccharide hyaluronan from a dimethylformamide (DMF)/water solution [19].
The synthetic biodegradable poly(L-lactide-co-ε-caprolactone) has been electrospun with the
anticoagulant polysaccharide heparin (tributyl ammonium salt) to obtain NFs with heparin
as a dispersed phase in the NF matrix [20]. Co-electrospun cellulose acetate and
biodegradable poly(N-vinylcaprolactam) (PVCL) afford tunable thermal responsive
composites [21].
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Nanomaterials have also been incorporated into electrospun cellulose NFs to prepare coresheath fibers. Conductive cable fibers with an insulating surface were prepared by coaxial
electrospinning of multi-walled carbon nanotubes (MWCNTs) and cellulose [22]. Both the
nanotubes and the cellulose were dissolved in ionic liquid, and then wet-wet electrospun into
a water/ethanol coagulation bath. The nanotube core improved fiber thermal stability and
tensile strength and showed electrical conductivity [23].
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2.2 Film casting, dip coating, and physical mixing
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Film casting and dip coating methods are commonly used to prepare polysaccharide-based
nanocomposites (Figure 1B). Flexible energy storage devices based on nanocomposite
cellulosic paper have been prepared from vertically aligned thin-walled MWCNTs grown on
silicon substrates by thermal chemical vapor-deposition. Cellulose, dissolved in RTIL and
infiltrated into the MWCNT forms a uniform cellulose-MWCNT cast film with excellent
electrical properties [24]. Homogeneous dispersions of acid treated single-walled carbon
nanotubes (SWCNTs) in a cellulose film can be prepared by film casting from Nmethylmorpholine-N-oxide [25]. Cast films of the pullulan composited with nanofibrillated
cellulose show improved thermal and mechanical properties and their malleability and
mechanical properties could be further improved by adding glycerol [26]. Transparent
nanocomposite films of chitosan and bacterial cellulose can also be film casted from
aqueous acetic acid [27]. Film casting cellulose nanofiber/epoxy resin provides excellent
thermally conductive, transparent nanocomposites [28]. Powders of pectin, a poly(α-1,4galacturonic acid), milled with additives, can be casted from water to obtain antimicrobial
nanocomposite films [29].
Heparin-N-methylpyrollidone biocompatible surface dip-coatings with embedded biocidal
Ag nanoparticles (NPs) have been explored for use in central venous catheters [30]. AgNPlactose-modified chitosan coatings were tested on the surface of activated thermosets as
bactericidal films [31]. Cotton fabrics have been coated with zinc oxide-soluble starch
nanocomposites for antibacterial applications [32].
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A novel thermal processing method, involving cycling between 20°C and -20°C under
controlled tension, can produce nanocomposites of poly(vinyl alcohol) and cellulose [33].
Chitosan, heparin, and hyaluronan can be dissolved in acetate buffer to form polyelectrolyte
solutions for the preparation of polysaccharide-based polyelectrolyte complex NPs [34].
Sequential mixing of chitosan and heparin on Au-coated iron oxide nanoseeds affords
polysaccharide iron oxide NPs for magnetic resonance imaging of tumors [35].
Microfibrillated cellulose was mixed into a starch solution to prepare biofoams of varying
porosity and water content by freezing/freeze-drying [36].
2.3 Layer by layer assembly
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Inhibition of bacterial growth has also utilized a layer-by-layer, electrostatically structured
polysaccharide film of alginate and chitosan-coated cellulose nanofibrous electrospun mats
through the addition of layered silicate [37] (Figure 1C). Layer-by-layer coating hyaluronic
acid dispersed CNTs, followed by an enzyme layer and a final Nafion layer affords
electrodes for mediatorless NADH biosensing [38]. After electrospinning chitosan/
poly(ethylene oxide) blends, the resulting fibers can be immersed in a hyaluronic acid
solution to electrostatically coat the fibers with a layer of hyaluronan [39]. This simple
method is effective in forming polyanion/polycation complexes.
2.4 Colloidal assembly, ionotropic gelation and co-precipitation
Colloidal assembly (Figure 1D), between anionic cellulose nanofibrils and cationic synthetic
poly (1,2-butadiene)-ß-poly(2-dimethylaminoethyl methacrylate) block copolymer micelles,
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affords ionically stabilized biomimetic nanocomposites [40]. Supramolecular hydrogels,
prepared containing cyclodextrin, polymer, and polysaccharide nanocrystals, can show
accelerated gelation times, with enhanced mechanical strength and have been developed for
the sustained release of drugs [41]. Spontaneous emulsion solvent diffusion of poly (lactideco-glycolide), heparin and pluronic affords heparin-functionalized NPs for controlled
growth factor release [42].
Ionotropic gelation of trimethyl chitosan NPs has been explored for the delivery of
monoclonal antibodies [43]. Ionotropic gelation of chitosan-hyaluronic acid NPs loaded with
heparin have been explored for the treatment of asthma [44]. Co-precipitation can be used to
prepare an encapsulated, pectin-coated, iron oxide magnetic nanocomposite for Cu2+
removal [45]. Co-precipitation can afford heparin-coated iron oxide NPs loaded with anticancer drugs for targeted drug delivery [46].
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2.5 In situ NP preparation
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Biomimetic techniques for induced apatite formation have been used to prepare
hydroxyapatite/bacterial cellulose nanocomposite scaffolds [47] (Figure 1E). Solution
mixing of cellulose and Ag salts, with chemically- or UV-based reduction, affords
antibacterial cellulose/Ag nanocomposites [48]. The in situ synthesis of CaCO3
nanoparticles, in the presence of cellulose fibers, takes place from the drop-wise addition of
solutions of NaOH to CaCl2 and dimethylcarbonate [49]. The addition releases CO2 and
CaCO3, with NPs forming on the cellulose surface. The in situ growth of ZnO NPs in
alginate forms antibacterial nanocomposites [50]. Film casting regenerated cellulose from
LiOH/urea solution, immersed into CdCl2 and then into Na2S solutions, affords a CdS NPcontaining photocatalytic nanocomposite for H2 production under visible light irradiation
[51]. Titanium dioxide/cellulose were prepared by in situ synthesis of titanium dioxide from
titanyl sulfate in film-cast nanocomposite paper sheets [52]. Sequential mixing of sodium
sulfide, ZnNO3, sodium carboxymethyl cellulose, resulted in the in situ synthesis of Zn NPs,
which were then film cast [53].
2.6 Covalent coupling
Covalent coupling of bioactive ligands or modifiers to nanomaterials or nano-featured
supports can be used to prepare polysaccharide-based nanocomposites (Figure 1F).
Activation chemistry includes the use of carbodiimides or other dehydrative coupling
reagents, through ligand activation with reactive moieties including isothiocyanates,
cyanogen bromide, epoxides, Schiff base chemistry, silanylation, and grafting, or by cosynthesis.
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2.6.1 Carbodiiimide and dehydrative coupling—Coupling reagents, such as 1ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS),
promote dehydrative coupling between amino, hydroxyl or sulfhydryl groups and carboxylic
acids [54]. Activated carbon beads coated with poly (methylmethacrylate) and with a second
layer of chitosan to which heparin was covalently immobilized using EDC/NHS chemistry
afford a nanocomposite matrix for the construction of a blood-compatible drug-removal
filter [55]. Chitosan-coated iron oxide NPs can be functionalized with heparin, by EDC
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coupling, to prepare nanocomposites for selective low-density lipoprotein removal from
plasma [56]. Heparin/chitosan NPs, prepared by physical self-assembly were immobilized to
the NFs of decellularized bovine jugular vein scaffold using EDC/NHS. These NPimmobilized scaffolds were conjugated to vascular endothelial growth factor (VEGF), and
the controlled release of VEGF was explored for the enhanced regeneration of decellularized
tissue-engineered scaffolds [57]. Heparin can be covalently bound to plasminogen-free
fibrinogen, using NHS/EDC chemistry to form a heparin-conjugated fibrin (HCF) gel when
mixed with thrombin. HCF provides an injectable system for sustained delivery of the
growth factor, bone morphogenetic protein-2 (BMP-2) in bone tissue engineering studies
[58]. Heparin, conjugated with the mussel-inspired adhesive amino acid, 3,4dihydroxyphenylalanine, relies on NHS/EDC chemistry. This conjugate was added to
citrate-reduced Au NPs to prepare a liver-specific computed tomography (CT) imaging
reagent [59]. The amino groups present in gelatin can be used to conjugate heparin using
carbodiimide chemistry [60].
Dyes, covalently linked to nanocomposite chitosan, can be bound to nanocomposite
carboxymethyl cellulose by carbodiimide coupling [61]. These dye conjugates can then be
immobilized, via a sol-gel method, to a polysaccharide-compatible silicate matrix. Starch/
polyaniline nanocomposites have been prepared through the chemical oxidative
polymerization of aniline [62].
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2.6.2 Activation with reactive functionality—End-group, thiol-modified heparin,
prepared by reductive amination, can be conjugated with fluorophores through carbodiimide
chemistry. The fluorophore-labeled heparin is next immobilized onto the surface of Au NPs
through a salt aging process to prepare NPs for the targeted detection of metastatic cancer
cells. Poly (ethylene glycol) – RGD peptide has been tethered to these heparin-Au NPs [63].
Blood compatible carbon nanotubes have been made through the activation of the
tetrabutylammonium salt of heparin with CNBr and coupling of activated heparin to poly
(ethyleneimine)-coated MWCNTs. The remaining amino groups were then conveniently
labeled with fluorescein isothiocyanate (FITC) [64]. Electrospun cellulose-chitosan NFs can
be chemically treated to generate aldehyde groups for the covalent immobilization of the
antimicrobial protein lysostaphin to prepare antibacterial fabrics in wound healing
applications [17]. The surfaces of cellulose nanocrystals, decorated with epoxy functional
groups introduced using epichlorohydrin, can be ring-opened with ammonium hydroxide for
reaction with the FITC to prepare fluorescently labeled cellulose nanocrystals for
bioimaging applications [65]. Nanocomposite hydrogels based on siloxane-derived
hydroxypropylmethylcellulose interlinked with mesoporous silica NFs through a continuous
network of Si–O–Si bonds have been explored as nanocomposite hydrogels for cartilage
tissue engineering [66]. Cellulose-based ionogels can be produced using a chemically crosslinked polysaccharide, silanized hydroxypropyl methylcellulose. Silica NFs, covalently
bound to the polysaccharide, increase ionic conductivity. These nanocomposite ionogels
contain 98% water [67]. Cellulose nanocrystals have been labeled with FITC for
fluorescence bioassays and bioimaging applications [65]. Cellulose NFs have been
electrospun from RTILs and modified with affinity reagent for the purpose of protein
affinity purification [16]. Chitosan grafting onto graphene oxide can be achieved by a redox
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grafting reaction [68]. A pluronic, activated using para-nitrophenyl chloroformate, has been
coupled to chitosan or heparin in dimethylsulfoxide. Poly (lactide-co-glycolide) NPs with
modified pluronic can be prepared by the nanoprecipitation/solvent diffusion method [69].
Covalently cross-linked tapioca dialdehyde starch–chitosan hydrogels have been used to
form Ag NP-containing hybrid hydrogels. The aldehyde groups in tapioca dialdehyde starch
make it possible to prepare a cross-linked hydrogel with amino-containing chitosan by the
Schiff base reaction. The aldehyde groups reduce and stabilize the Ag NPs [70].
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2.6.3 Co-synthesis—Stabilized Au and Ag NPs can be prepared using 2,6diaminopyridinyl heparin (or hyaluronan) synthesized through reductive amination. The
aldehyde on the reducing end of underivatized polysaccharide is used to reduce AuCl4 or
AgNO3, while the 2,6-diaminopyridinyl group provides a strong interaction with the Au or
Ag NPs [71, 72, 73]. Poly (ethylene terephthalate) sheets can be dip coated in AgNO3, poly
(vinyl pyrrolidone), and chitosan. After the films are dried, thermal reduction affords Ag
NPs coordinated to the chitosan amino groups, providing antibacterial films [74]. Au NPs
have been synthesized using guar gum as a reducing and capping agent [75].
Nanocomposites containing Ag can be prepared by microwave-assisted synthesis by using
microcrystalline cellulose as reducing, stabilizing, and supporting agent [76].
Galactomannan polysaccharides can be used in the controlled formation of Au NPs [77].

3. Types of polysaccharide nanocomposites and their applications
A wide variety of polysaccharide nanocomposites have been explored. These include
polysaccharide nanocomposites containing metals, metal oxides and inorganic compounds,
structured carbons, biomolecules, functional polymers and multiple polysaccharides (Table
1).
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There are many potential applications for such polysaccharide nanocomposites. These
potential applications can be divided in many different overlapping groups. The major
categories include: drug delivery, tissue engineering and wound healing, blood and
biocompatibility, antibacterial properties, applications in biomedicine, energy production
and storage, industrial applications, electronic devices, affinity materials, and mechanical
and thermal properties (Table 1). Four different applications of polysaccharide-based
nanocomposites are illustrated in Figure 2.
3.1 Metal-polysaccharide nanocomposites
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Au NPs have been known for centuries and are generally prepared through the reduction of
HAuCl4. Heparin-coated Au NPs have also been used in liver-specific CT imaging [59] and
in the targeted detection and apoptotic death of metastatic cancer cells [63] (Figure 2A).
Fluorescently labeled heparin immobilized to Au NPs can specifically detect metastatic
cancer cells due to their overexpression of heparanase. Heparin-Au NPs have also been
conjugated with RGD peptides to selectively target metastatic cancer cells and induce
apoptosis through heparin internalization. Heparin-immobilized NPs may have a future in
cancer imaging and induced apoptosis of cancerous cells. Guar gum has been used as a
reductant, capping and stabilizing agent, in the ‘green synthesis’ of Au NPs [75]. These
composites detect ammonia by surface plasmon resonance, representing a low-cost, highly
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sensitive, aqueous ammonia detector for clinical and medical applications. Galactomannan
polysaccharides can also afford stabilized Au NPs [77].
Ag NPs have been widely investigated because of their ease of synthesis, through reduction
of AgNO3, and because of their antibacterial properties. Green methods utilized to reduce
Ag NPs can introduce both hyaluronan and heparin onto their surfaces [71]. In vitro and in
vivo studies on these NPs showed anti-inflammatory, anticoagulant activity and excellent
antimicrobial properties against S. aureus and E. coli [72]. Moreover, the nanocomposites
did not aggregate over several months when stored at room temperature. Central venous
catheters have been coated with a copolymer (N-vinylpyrollidinone and n-butyl
methacrylate), Ag NPs, and heparin to produce anticoagulant and antibacterial surfaces [30].
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Ag NPs prepared in water under microwave heating using microcrystalline cellulose as
reducing, stabilizing and supporting agent, affords NPs with sustainable biocidal activity
[76]. Cellulose fiber-Ag NP composites have been prepared by several methods and tested
for Ag release and antibacterial activity against B. subtilis, S. aureus and K. pneumoniae
[48]. These nanocomposites might find interesting applications in clinical wound healing
applications. Sodium carboxylmethyl cellulose-Ag nanocomposite films have been produced
and loaded with curcumin [78]. These films show synergistic antimicrobial activity against
E. coli suggesting promise as wound and burn dressings.
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Ag–chitosan nanocomposite antimicrobial coatings for methacrylic thermosets can address
the growing issue of bacterial adhesion to the surface of orthopedic and dental implants [31].
Coated thermosets showed in vitro antimicrobial protection for three weeks, after which the
superficial release of Ag NPs compromised antibacterial activity. Thermal reduction
produced Ag NPs doped chitosan-poly (vinylpyrrolidone) films showed bactericidal activity
against S. aureus and E. coli within 5 min, and retained stability for 35 days [74]. Large and
uniform Ag NP-containing hybrid hydrogels have been prepared by in situ reduction of Ag+
in cross-linked tapioca dialdehyde starch–chitosan hydrogels. By controlling the reduction
conditions, such as polysaccharide concentration, aqueous AgNO3 concentration, reaction
time, and aqueous ammonium concentration, Ag NPs of different sizes and morphologies
could be obtained [70]. These hydrogels showed good swelling behavior in water, and
demonstrated high biocompatibility. A variety of metal NPs, including Ag, Au, Pt, and Pd
were formed by reduction of corresponding metal salts with NaBH4 in the presence of
chitosan. Chitosan adsorbs to the surface of newly formed metal NPs acting as a stabilizer
[79].
3.2 Metal oxides and inorganic compounds nanocomposites with polysaccharides
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Using co-precipitation, heparin-coated superparamagnetic iron oxide NPs, were tested as
potential image-guided anticancer drug delivery vehicles [46]. Doxorubicin and paclitaxel
drug release profiles and cytotoxicity against ovarian cancer cell lines were measured.
Heparin coating promoted a sustained release, and these NPs were effectively targeted. Iron
oxide NPs were immobilized with chitosan and heparin by means of an Au coating [35]. An
in vivo study on tumor targeting, showed fluorescence within the tumor after 1 h of the
injection of the heparin-coated NPs. The study also showed that the nanocomposites could
be used as an MRI agent. These composite NPs demonstrated low cytotoxicity. Chitosan and
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heparin conjugated to iron oxide NPs produce a means of removing low-density lipoprotein
from blood plasma [56]. Heparin increases the biocompatibility of these NPs, which showed
selectivity in removing low-density lipoproteins and could be removed magnetically and
recycled. A pectin-iron oxide magnetic nanocomposite adsorbent demonstrates highly
effective Cu2+ removal from wastewater. The adsorption mechanism is based on ionexchange [45].
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ZnO exhibits both semiconductor and piezoelectric properties and can be used to produce
electrical energy from ambient mechanical and thermal energy [80] (Figure 2B). ZnO NPs,
grown on the surface of cellulose fibers, can form a nanocomposite paper for thermal energy
and mechanical energy harvesting, opening up a new approach for developing low-cost
energy-scavenging systems. Nanocomposites consisting of ZnO and alginate showed
antibacterial activity against S. aureus and E. coli [50]. These nanocomposites have potential
as a biocompatible and renewable antimicrobial agent. Nano ZnO–soluble starch
nanocomposites were synthesized using water as a solvent and soluble starch as a stabilizer
and impregnated into cotton fabrics to impart antibacterial and UV-protection functions
[32].
TiO2 grown in the presence of cellulosic fibers by hydrolysis of TiSO4 in acidic medium
affords composite handsheets with much higher opacity than conventional papers [52].
These results may benefit the industrial papermaking process where papers with higher
opacity are needed.
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CdS NPs with small particle sizes and large surface areas can be immobilized in the
cellulose film to obtain CdS/cellulose nanocomposite [51]. These nanocomposite films can
be used for the production of H2 water photosplitting with visible light and excellent
photostability for “green” processes. In situ synthesis of ZnS NPs in carboxymethyl
cellulose produced a solution that was casted into a homogeneous film [53]. The films show
high optical transmission and offer a new approach for the production of security paper with
optical signatures and organic based electronic devices.
CaCO3/cellulose nanocomposite materials have been prepared by the controlled reaction of
CaCl2 with dimethylcarbonate in alkaline medium in the presence of cellulose fibers [49].
The resulting nanocomposites showed good mechanical performance and could be used in a
poly (ethylene) matrix as reinforcing filler for traditional industrial applications.
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Biomimetic techniques can be used to produce hydroxyapatite-cellulose nanocomposite
scaffolds [47]. Stromal cells adhered and proliferated at a fast rate on these scaffolds,
expressing high levels of osteopontin, osteocalcin, bone sialoprotein and alkaline
phosphatase mRNA, suggesting potential in bone tissue engineering.
Montmorillonite (MMT) and cellulose NPs were added to alginate to prepare organic- and
inorganic-reinforced nanofillers bionanocomposites with different physico-mechanical and
thermal properties [81]. Cellulose increases surface hydrophobicity and MMT increases film
hydrophilicity. Cellulose also increases film tensile strength and tensile modulus, suggesting
applications in food packaging. Guar gum-MMT nanocomposites can be prepared by a
solution intercalation method [82]. X-ray diffraction patterns indicate intercalation resulting
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from treatment of montmorillonite by guar gum, and transmission electron microscopy
shows intercalation and the presence of a partial exfoliation.
A family of Hofmann-like clathrate NPs of the [Fe(pz){M(CN)4}] type (where M = Ni2+,
Pd2+, Pt2+) can be synthesized by successive coordination of the Fe2+, pyrazine and
tetracyanometallates to functional amino and carboxylate groups inside the polysaccharides
matrix pores. The Hofmann-like clathrate NPs, located in the chitosan pores, are covalently
linked to the amino groups of the chitosan and could also be involved in the hydrogenbonding network via the remaining solvent molecules [83].
3.3 Structured carbon-polysaccharide nanocomposites
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Blood nano-based neo-proteoglycans have been prepared, which are comprised of a coating
of MWCNTs with poly (ethyleneimine) and covalently conjugated heparin. Heparin retains
its expected plasma-based anticoagulant activity when immobilized, resulting in bloodcompatible MWCNTs [64]. Core-sheath MWCNT-cellulose fibers have been prepared by
coaxial electrospinning [22]. The MWCNT-cellulose fibers formed a cable structure with a
conductive core and insulating sheath and fiber mats demonstrated excellent conductivity
because of a conductive pathway of bundled MWCNTs. These NFs could be used as a
double-layer supercapacitor device because of the thin insulating cellulose sheath. Very high
capacitance was obtained due to the inverse relationship between capacitance and distance
between CNT electrodes. The fibers could also be used as a thin and flexible separator for an
actuator. These electrode-spacer-electrolyte integrated nanocomposites were film casted to
build a variety of thin flexible energy-storage devices [24]. The nanocomposite paper
contains MWCNTs as the working electrode, the cellulose surrounding individual
MWCNTs as the spacer, and the RTIL in cellulose as the self-sustaining electrolyte. The
nanocomposite paper can be rolled up, twisted, or bent to any curvature and is completely
recoverable. MWCNTs-cellulose composite fibers were prepared using wet-wet solution
spinning from RTIL [23]. Cellulose fibers show very high alignment of MWCNTs in the
fiber axis direction. Moderate improvement in the tensile strength of MWCNT/cellulose
composite fibers was observed up to a 0.05 mass fraction addition of MWCNTs.
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A biocompatible nanocomposite consisting of SWCNTs dispersed in hyaluronan was
investigated as a sensing platform for a mediatorless electrochemical detection of NADH
[38]. SWCNT–hyaluronan bionanocomposite showed reversible electrochemistry, high
short-term stability in NADH sensing and high selectivity in NADH detection. The
nanocomposite layer shows strong SWCNT–hyaluronan interaction necessary for preparing
biocompatible dispersions. SWCNTs/cellulose nanocomposites prepared using Nmethylmorpholine-N-oxide monohydrate affords toughened, electro-conducting, transparent
SWNT/cellulose films [25]. These transparent films may be used in applications such as
transparent electrodes.
Activated carbon beads were coated with nanoporous poly (methyl methacrylate)-chitosanheparin to be used in the removal of a chemotherapeutic agent, doxorubicin [55] (Figure
2C). The intention of this study was to develop a feasible filtration agent as well as improve
the biocompatibility and blood compatibility of carbon filters already in use in medical
fields.
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Amine-modified nanofibrillated cellulose was combined with reduced graphene oxide sheets
to produce graphene-cellulose nanocomposite paper with enhanced mechanical and
electrical properties [84]. The electrical properties are greater than any cellulose paper seen
before, and the mechanical properties were not significantly diminished due to addition of
graphene oxide. Moreover, the excellent physical properties are most likely due to the good
dispersion resulting in strong hydrogen and chemical bonding between the reduced graphene
and the nanofibrillated cellulose. Eco-friendly synthesis of carboxymethylcellulosegraphene oxide nanocomposite films relied on a simple solution mixing-evaporation method
[85]. Graphene oxide was grafted with chitosan using a redox reaction to improve dispersion
and biocompatibility [68]. Because of graphene's high Young's modulus, high thermal
conductivity, and used as a zero-bandgap semiconductor, the successful grafting of chitosan
on the grapheme oxide surface affords nanocomposites with possible use in biosensors and
other biomedical materials.
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3.4 Biomolecule-polysaccharide nanocomposites
Electrospun collagen-chitosan NFs were stabilized by glutaraldehyde vapor via crosslinking,
which afforded a biomimetic extracellular matrix for cell growth [18]. Neither collagen nor
chitosan crystallized in electrospinning and crosslinking afforded an amorphous NFs
structure. Both endothelial cells and smooth muscle cells proliferate well on or within the
NF, supporting the use of these scaffolds in tissue engineering. Collagen–chitosan–
thermoplastic poly (urethane) blends were electrospun for biocompatible tissue-engineered
scaffolds [86]. Porcine arterial endothelial cells and Schwann cells were seeded onto the
scaffolds and showed enhanced proliferation on both randomly oriented and aligned NF
scaffolds, suggesting that these scaffolds potentially allow for faster blood vessel repair and
nerve regeneration.
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Gelatin can be physically entrapped onto the surface of Ca(PO4)-poly (hydroxybutyrate-cohydroxyvalerate) nanocomposite scaffolds, after which heparin was immobilized to the
gelatin using standard carbodiimide chemistry [60] (Figure 2D). This nanocomposite shows
sustained release of BMP-2 for bone tissue engineering. Electrospinning hyaluronan and
gelatin blends affords fibrous membranes with protein characteristics [19]. Decellularized
bovine jugular vein scaffolds, containing heparin-chitosan NPs, loaded with VEGF, were
used to increase the endothelialization and vascularization in the repair of cardiovascular
damage [57].

Author Manuscript

A heparin-conjugated fibrin has been used as an injectable system for sustained delivery of
BMP-2 [58]. BMP-2 released from the heparin-fibrin gel was bioactive suggesting its use in
bone regeneration. Four techniques, (1) covalent crosslinking, (2) ionic crosslinking, (3)
polyelectrolyte complex, and (4) self-assembly, for the preparation of hydrophobically
modified polysaccharides, were reviewed for polysaccharide-based NP drug delivery
systems [5].
Antibodies targeting heparan sulfate proteoglycans were loaded into N,N,N-trimethyl
chitosan NPs for selective delivery to hepatocellular carcinoma cells [43]. The study
indicates that these nanocomplexes, while absorbed by both normal and cancerous cells,
were retained longer in the hepatocellular carcinoma cells and demonstrated lower toxicity
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in healthy cells. N,N,N-trimethyl chitosan was nanocomplexed with monoclonal antibody
raised against human liver heparan sulfate proteoglycan through ionotropic gelation. These
nanocomplexes entered cancer cells, were retained longer, and exhibited greater toxicity
[77].
Lysostaphin, a bactericidal enzyme, was immobilized onto biocompatible fibers generated
by electrospinning homogeneous solutions of cellulose, cellulose-chitosan, and cellulosepoly (methylmethacrylate) [17]. These fibers were chemically treated to generate aldehyde
groups for the covalent immobilization of lysostaphin, and the resulting fibers were used in
bandages preparations showing activity against S. aureus with low toxicity towards
keratinocytes.
3.5 Functional polymer-polysaccharide nanocomposites

Author Manuscript
Author Manuscript

A pluronic surface layer on a poly (lactide-co-glycolide) NPs was functionally modified
with heparin or chitosan to improve tumor targeting and imaging efficacy [69]. Heparin
shows high-affinity binding and internalization by the rapidly dividing vascular endothelial
cells in tumors. Chitosan facilitates tumor cell adsorption and tissue retention. The
cytotoxicity of both the heparin-pluronic and the chitosan-pluronic is minimal, and the
cellular uptake was enhanced for the coated NPs both in vitro and in vivo. Heparinfunctionalized poly (lactide-co-glycolide) NPs were developed for the controlled release of
growth factors. Pluronic was used as a hydrophilic surface layer and heparin as the
functional moiety [42]. These NPs were loaded with lysozyme and VEGF showed 2-week to
1-month linear release profiles in vitro. Poly (ethylene glycol), functionalized with low
molecular weight heparin, was electrospun into NFs with either poly (ethylene oxide) or
poly (lactide-co-glycolide) carrier [87]. NF fabrics of poly (L-lactide-co-ε-caprolactone) coelectrospun with collagen or heparin have been investigated for cell adhesion and
proliferation and anticoagulant activity [20]. These fabrics have potential use in vascular
tissue engineering.
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A facile ionic assembly was prepared by ionic complexation of carboxymethylated
nanofibrillated cellulose and micelles of quaternized poly (1,2-butadiene)-block-poly
(dimethylaminoethyl methacrylate) [40]. The amphiphilic block copolymer consists of a
hydrophobic core segment with a stabilizing corona of hydrophilic chains. The cationic
portion of block copolymer serves as a binder to the nanofibrillated cellulose, whereas the
hydrophobic rubbery micellar cores facilitate energy dissipation and nanoscale lubrication
between the nanocomposite domains under deformation, preventing macroscopic phase
separation and giving rise to an alternating hard/soft architecture. Polysaccharide
nanocrystals of cellulose and chitin, and platelet-like starch nanocrystals, were incorporated
into supramolecular hydrogels based on cyclodextrin-polymer inclusion [41]. The
polysaccharide nanocrystals increased the stability of the hydrogel framework and inhibited
protein diffusion with no apparent cytotoxicity. Polysaccharide nanocrystals exhibit a polar
surface covered with numerous hydroxyl groups, which are responsible for reinforcing
nanocomposites.
Anisotropic poly (vinyl alcohol)-cellulose nanocomposite was used to prepare NFs [33]. The
stress–strain tensile properties of porcine aorta were closely matched in both the
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circumferential and the axial directions by one type of this anisotropic nanocomposite.
Tunable, thermo-responsive poly (N-vinylcaprolactam) was combined with cellulose acetate
and electrospun [21]. The cellulose acetate was then converted to cellulose through alkaline
hydrolysis and the composite fibers might be useful in the isolation and purification of
proteins, and immobilization of enzymes.
Hyaluronan–poly (ethylene oxide) NF scaffolds mimic the architecture of the natural
extracellular matrix [88]. Fibroblasts attached to these scaffolds spread, suggesting their use
in tissue regeneration.
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Starch/polyaniline nanocomposite was synthesized by chemical oxidative polymerization of
aniline and was subsequently analyzed for dye removal from aqueous solution [62]. The
inter-molecular hydrogen bonds broken in the composite became freely accessible for
interactions with dye molecules.
Ionogels have been produced as a sustainable alternative to petrochemical-based polymer
electrolytes [67]. These cellulose based ionogels displayed flexibility, thermal stability, and
high ionic conductivity of a liquid.
3.6 Polysaccharide-polysaccharide nanocomposites
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Electrospun cellulose-heparin micron-and nanometer-sized fibers show anticoagulant
activity and good blood compatibility [15]. A facile approach was used to generate
cellulose-chitosan hybrid NFs by electrospinning their ester derivatives and subsequently
hydrolyzing these under alkaline conditions [89]. Aqueous solutions of cellulose and
chitosan, casted to produce transparent films, display improved mechanical and thermal
properties for biodegradable packaging and organic electronic displays [27]. Nanocomposite
films with incorporation of cellulose NFs into xylan-rich hemicelluloses afford enhanced
mechanical properties [90]. Nanocomposite films casted with pullulan and nanofibrillated
cellulose are homogenous and transparent with excellent thermal and mechanical properties
for use in sustainable food packaging and organic electronics [26].
Organic rectorite and chitosan were used to produce an intercalated composite, which was
then deposited upon cellulose NFs along with sodium alginate. These bilayers did not affect
the fiber shape or 3D structure, and additional organic rectorite increased E. coli inhibition
of [37]. 3D layer-by-layer structured materials using this approach have potential use in
tissue engineering and wound dressings.
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Starch-reinforced cellulose NF foams can be prepared by freezing and freeze-drying [36].
Starch content could be used to control cell size and these nanostructured biofoams, showing
negligible shrinkage even at high cellulose NF contents. Cellulose nanocrystals, chitin
whiskers and platelet-like starch nanocrystals, were incorporated into alginate-based
nanocomposite microspheres for drug delivery applications [91]. Bacterial cellulosechitosan NFs, cross-linked with heparin, produce scaffolds suitable for vascular tissue
engineering [92]. These scaffolds show good morphology, viability and proliferation of
MC3T3-E1 cells.
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Heparin-containing NPs of a polyelectrolyte-complex of chitosan-heparin loaded with
fibroblast growth factor were then adsorbed to the fiber surfaces for use as a growth factor
delivery system [93]. The formation of polyelectrolyte-complex NPs was investigated at
different charge mixing ratios for the chitosan-heparin and chitosan-hyaluronan polycationpolyanion pairs [34]. Electrospun chitosan and alginate polyionic, complexed, nanofibrous,
cross-linked scaffolds exhibit increased cell adhesion and proliferation as tissue engineering
scaffolds [94]. Chitosan dissolved in an aqueous ammonia/TFA solvent was electrospun to
produce a network of fibers. Ionotropic gelation method was used to produce chitosanhyaluronan NPs loaded with heparin [44]. Chitosan prolongs residence time of NPs at
absorption sites, and hyaluronan acts as a mucoadhesive polymer. These NPs were
internalized by mast cells, and the heparin in the NPs prevented histamine release suggesting
their use in treating asthma. Aminotrimethoxysilane was anchored to the surface of stainless
steel of a cardiovascular stent and hyaluronan was covalently immobilized as nanostructured
coating onto this surface [95]. Heparin was then covalently bonded to the hyaluronanimmobilized stainless steel substrate and drug was loaded on these multiple coating layers
for controlled drug-delivery and anticoagulant activity.

4. Summary and conclusions
Many different polysaccharide-based nanocomposites have been reviewed for a variety of
potential applications. Polysaccharides are abundantly available and offer important
properties in synthesis, fabrication and structure. Applications range from biomaterials to
electronics and other industrial uses. Polysaccharides also offer a “green” alternative to oilbased synthetic polymers.

Author Manuscript

Acknowledgments
The authors thank JNC for its partial support of this research as well as the China Scholarship Council and Zhejiang
Sci-Tech University for financial support and the Young Researchers Foundation of the key lab of ATMMT,
Zhejiang Sci-Tech University, China (Grant No. 2012QN04).

References

Author Manuscript

1. Kemp MM, Linhardt RJ. Nanomed Nanobiotechnol. 2010; 2:77–87.
2. Simkovic I. Carbohydr Polym. 2013; 95:697–715. [PubMed: 23648032]
3. Lin N, Huang J, Dufresne A. Nanoscale. 2012; 4:3274–3294. [PubMed: 22565323]
4. Hubbe MA, Rojas OJ, Lucia LA, Sain M. BioResources. 2008; 3:929–980.
5. Liu Z, Jiao Y, Wang Y, Zhou C, Zhang Z. Adv Drug Delivery Rev. 2008; 60:1650–1662.
6. Weiss J, Takhistov P, Mcclements DJ. J Food Sci. 2006; 71:R107–R116.
7. Wang X, Ramstrom O, Yan M. Adv Mater. 2010; 22:1946–1953. [PubMed: 20301131]
8. El-Boubbou K, Huang X. Curr Med Chem. 2011; 18:2060–2078. [PubMed: 21517769]
9. Gross RA, Kalra B. Science. 2002; 297:803–807. [PubMed: 12161646]
10. Dumitriu, S., editor. Polysaccharides: Structural Diversity and Functional Versatility. 2nd. Marcel
Dekker; New York: 2004.
11. Bhushan, B., editor. Encyclopedia of Nanotechnology. Springer; 2012.
12. Dai, L., editor. Carbon Nanotechnology. 1st. Elsevier Science; 2006.
13. Erokhin, V.; Ram, MK.; Yavuz, O., editors. The New Frontiers of Organic and Composite
Nanotechnology. 1st. Elsevier Science; 2007.
14. Meli L, Miao J, Dordick JS, Linhardt RJ. Green Chem. 2010; 12:1883–1892.

Carbohydr Res. Author manuscript; available in PMC 2016 March 20.

Zheng et al.

Page 15

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

15. Viswanathan G, Murugesan S, Pushparaj V, Nalamasu O, Ajayan PM, Linhardt RJ. Biomacromol.
2006; 7:415–418.
16. Miyauchi M, Miao J, Simmons TJ, Dordick JS, Linhardt RJ. J Chromatogr Separat Techniq. 2011;
2:1000110.
17. Miao J, Pangule RC, Paskaleva EE, Hwang EE, Kane RS, Linhardt RJ, Dordick JS. Biomater.
2011; 32:9557–9567.
18. Chen ZG, Wang PW, Wei B, Mo XM, Cui FZ. Acta Biomaterialia. 2010; 6:372–382. [PubMed:
19632361]
19. Li J, He A, Han CC, Fang D, Hsiao BS, Chu B. Macromol Rapid Commmun. 2006; 27:114–120.
20. Kwon IK, Matsuda T. Biomacromol. 2005; 6:2096–2105.
21. Webster M, Miao J, Lynch B, Green DS, Jones-Sawyer R, Linhardt RJ, Mendenhall. J Macromol
Mater Eng. 2013; 298:447–453.
22. Miyauchi M, Miao J, Simmons TJ, Lee JW, Doherty TV, Dordick JS, Linhardt RJ. Biomacromol.
2010; 11:2440–2445.
23. Rahatekar SS, Rasheed A, Jain R, Zammarano M, Koziol KK, Windle AH, Kumar S, Gilman JW.
ECS Trans. 2009; 16:119–127.
24. Pushparaj VL, Shaijumon MM, Kumar A, Murugesan S, Ci L, Vajtai R, Linhardt RJ, Nalamasu O,
Ajayan PM. Proc Nat Acad Sci USA. 2007; 104:13574–13577. [PubMed: 17699622]
25. Kim DH, Park SY, Kim J, Park MJ. Appl Polym Sci. 2010; 117:3588–3594.
26. Trovatti E, Fernandes SCM, Rubatat L, Silva Perez D, Freire CSR, Silvestre AJD, Neto CP.
Composites Sci Technol. 2012; 72:1556–1561.
27. Fernandes SCM, Oliveira L, Freire CSR, Silvestre AJD, Neto CP, Gandini A, Desbrieres J. Green
Chem. 2009; 11:2023–2029.
28. Shimazaki Y, Miyazaki Y, Takezawa Y, Nogi M, Abe K, Ifuku S, Yano H. Biomacromol. 2007;
8:2976–2978.
29. Gorrasi G, Bugatti V, Vittoria V. Carbohydr Polym. 2012; 89:132–137. [PubMed: 24750614]
30. Stevens KNJ, Croes S, Boersma RS, Stobberingh EE, van der Marel C, van der Veen FH, Knetsch
MLW, Koole LH. Biomater. 2011; 32:1264–1269.
31. Travan A, Marisch E, Donati I, Benincasa M, Giazzon M, Felisari L, Paoletti S. Acta
Biomaterialia. 2011; 7:337–346. [PubMed: 20656078]
32. Vigneshwaran N, Kumar S, Kathe AA, Varadarajan PV, Prasad V. Nanotechnol. 2006; 17:5087–
5095.
33. Millon LE, Guhados G, Wan WJ. Biomed Mater Res Part B. 2008; 86B:444–452.
34. Boddohi S, Moore N, Johnson PA, Kipper MJ. Biomacromol. 2009; 10:1402–1409.
35. Yuk SH, Oh KS, Cho SH, Lee BS, Kim SY, Kwak BK, Kim K, Kwon IC. Biomacromol. 2011;
12:2335–2343.
36. Svagan AJ, Jensen P, Dvinskikh SV, Furo I, Berglund LA. J Mater Chem. 2010; 20:6646–6654.
37. Deng H, Wang X, Liu P, Ding B, Du Y, Li G, Hu X, Yang J. Carbohydr Polym. 2011; 100:239–
245.
38. Filip J, Sefcovicova J, Tomcik P, Gemeiner P, Tkac J. Talanta. 2011; 84:355–361. [PubMed:
21376957]
39. Maeda N, Miao J, Simmons TJ, Dordick JS, Linhardt RJ. Carbohydr Polym. 2014; 102:950–955.
[PubMed: 24507368]
40. Wang M, Olszewska A, Walther A, Malho J, Schacher FH, Ruokolainen J, Ankerfors M, Laine J,
Berglund LA, Osterberg M, Ikkala O. Biomacromol. 2011; 12:2074–2081.
41. Zhang X, Huang J, Chang PR, Li J, Chen Y, Wang D, Yu J, Chen J. Polymer. 2010; 51:4398–
4407.
42. Chung Y, Tae G, Yuk SH. Biomat. 2006; 27:2621–2626.
43. Vongchan P, Wutti-In Y, Sajomsang W, Gonil P, Kothan S, Linhardt RJ. Carbohydr Polym. 2011;
85:215–220. [PubMed: 21552341]
44. Oyarzun-Ampuero FA, Brea J, Loza MI, Torres D, Alonso MJ. Int J Pharmaceut. 2009; 381:122–
129.

Carbohydr Res. Author manuscript; available in PMC 2016 March 20.

Zheng et al.

Page 16

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

45. Gong JL, Wang XY, Zeng GM, Chen L, Deng JH, Zhang XR, Niu QY. Chem Engin J. 2012; 185–
186:100–107.
46. Javid A, Ahmadian S, Saboury AA, Kalantar SM, Rezaei-Zarchi S. RSC Adv. 2014; 4:13719–
13728.
47. Fang B, Wan Y, Tang T, Gao C, Dai K. Tissue Engineer Part A. 2009; 15:1091–1098.
48. Pinto RJB, Marques PAAP, Neto CP, Trindade T, Daina S, Sadocco P. Acta Biomaterialia. 2009;
5:2279–2289. [PubMed: 19285455]
49. Vilela C, Freire CSR, Marques PAAP, Trindade T, Neto CP, Fardim P. Carbohydr Polym. 2010;
79:1150–1156.
50. Trandafilovic LV, Bozanic DK, Dimitrijevic-Brankovic S, Luyt AS, Djokovic V. Carbohydrate
Polymers. 2012; 88:263–269.
51. Ke D, Liu S, Dai K, Zhou J, Zhang L, Peng T. J Phys Chem C. 2009; 113:16021–16026.
52. Marques PAAP, Trindade T, Neto CP. Composites Sci Technol. 2006; 66:1038–1044.
53. Luna-Martinez JF, Hernandez-Uresti DB, Reyes-Melo ME, Guerrero-Salazar CA, GonzalezGonzalez VA, Sepulveda-Guzman S. Carbohydr Polym. 2011; 84:566–570.
54. El-Faham A, Albericio F. Chem Rev. 2011; 111:6557–6602. [PubMed: 21866984]
55. Miao J, Zhang F, Takieddin M, Mousa S, Linhardt RJ. Langmuir. 2012; 28:4396–4403. [PubMed:
22313019]
56. Li J, Hou Y, Chen X, Ding X, Liu Y, Shen X, Cai K. J Mater Sci Mater Med. 2014; 25:1055–1064.
[PubMed: 24394982]
57. Tan Q, Tang H, Hu J, Hu Y, Zhou X, Tao Y, Wu Z. Int J Nanomed. 2011; 6:929–942.
58. Yang HS, La W, Bhang SH, Jeon J, Lee JH, Kim B. Tissue Engineer Part A. 2010; 16:1225–1233.
59. Sun IC, Eun DK, Na JH, Lee S, Kim IJ, Youn IC, Ko CY, Kim HS, Lim D, Choi K, Messersmith
PB, Park TG, Kim SY, Kwon IC, Kim K, Ahn CH. Chem Eur J. 2009; 15:13341–13347.
[PubMed: 19902441]
60. Duan B, Wang MJR. Soc Interface. 2010; 7:S615–S629.
61. Shchipunov YA, Khlebnikov ON. Colloid J. 2011; 73:418–429.
62. Janaki V, Vijayaraghavan K, Oh B, Lee K, Muthuchelian K, Ramasamy AK, Kamal-Kannan S.
Carbohydr Polym. 2012; 90:1437–1444. [PubMed: 22944400]
63. Lee K, Lee H, Bae KH, Park TG. Biomat. 2010; 31:6530–6536.
64. Murugesan S, Park TJ, Yang H, Mousa S, Linhardt RJ. Langmuir. 2006; 22:3461–3463. [PubMed:
16584210]
65. Dong S, Roman M. J Am Chem Soc. 2007; 129:13810–13811. [PubMed: 17949004]
66. Buchtova N, Rethore G, Boyer C, Guicheux J, Rambaud F, Valle K, Belleville P, Sanchez C,
Chauvet O, Weiss P, Le Bideau J. J Mater Sci: Mater Med. 2013; 24:1875–1884. [PubMed:
23666665]
67. Buchtova N, Guyomard-Lack A, Le Bideau J. Green Chem. 2014; 16:1149–1152.
68. Bustos-Ramirez K, Martinez-Hernandez AL, Martinez-Barrera G, de Icaza M, Castano VM,
Velasco-Santos C. Materials. 2013; 6:911–926.
69. Chung Y, Kim JC, Kim YH, Tae G, Lee S, Kim K, Kwon IC. J Control Rel. 2010; 143:374–382.
70. Xia B, Cui Q, He F, Li L. Langmuir. 2012; 28:11188–11194. [PubMed: 22770209]
71. Kemp MM, Kumar A, Mousa S, Park TJ, Ajayan P, Kubotera N, Mousa SA, Linhardt RJ.
Biomacromol. 2009; 10:589–595.
72. Kemp M, Kumar A, Clement D, Ajayan P, Mousa S, Linhardt RJ. Nanomed. 2009; 4:421–429.
73. Kemp MM, Kumar A, Mousa S, Dyskin E, Yalcin M, Ajayan P, Linhardt RJ, Mousa SA.
Nanotechnol. 2009; 20:455104.
74. Wang B, Liu X, Ji Y, Ren K, Ji J. Carbohydr Polym. 2012; 90:8–15. [PubMed: 24751004]
75. Pandey S, Goswami GK, Nanada KK. Carbohydr Polym. 2013; 94:229–234. [PubMed: 23544533]
76. Silva AR, Unali G. Nanotechnol. 2011; 22:315605.
77. Lenichaya MV, Aleksandrova GP, Feoktistova LP, Sapozhnikov AN, Sukhov BG, Trofimov BA.
Doklady Chem. 2011; 440:282–285.

Carbohydr Res. Author manuscript; available in PMC 2016 March 20.

Zheng et al.

Page 17

Author Manuscript
Author Manuscript

78. Vaprasad K, Vimala K, Ravindra S, Reddy NN, Reddy GVS, Raju KM. J Mater Sci Mater Med.
2011; 22:1863–1872. [PubMed: 21681658]
79. Huang H, Yuan Q, Yang X. Colloids Surfaces B: Biointerfaces. 2004; 39:31–37.
80. Kumar A, Gullapalli H, Balakrishnan K, Botello-Mendez A, Vajtai R, Terrones M, Ajayan PM.
Small. 2011; 7:2173–2178. [PubMed: 21626690]
81. Abdollahi M, Alboofetileh M, Rezaei M, Behrooz R. Food Hydrocolloids. 2013; 32:416–424.
82. Mansa R, Detellier C. Materials. 2013; 6:5199–5216.
83. Tokarev A, Long J, Guari Y, Larionova J, Quignard F, Agulhon P, Robitzer M, Molnar G, Salmon
L, Bouzzeksou A. New J Chem. 2013; 37:3420–3432.
84. Luong ND, Pahimanolis N, Hippi U, Korhonen JT, Ruokolainen J, Johansson LS, Nam JD,
Seppala JJ. Mater Chem. 2011; 21:13991–13998.
85. Yadav M, Rhee KY, Jung IH, Park SJ. Cellulose. 2013; 20:687–698.
86. Huang C, Chen R, Ke Q, Morsi Y, Zhang K, Mo X. Colloids and Surfaces B: Biointerfaces. 2011;
82:307–315.
87. Casper CL, Yamaguchi N, Kiick KL, Rabolt JF. Biomacromol. 2005; 6:1998–2007.
88. Ji Y, Ghosh K, Shu XZ, Li B, Sokolov JC, Prestwich GD, Clark RAF, Rafailovich MH. Biomater.
2006; 27:3782–3792.
89. Du J, Hsieh YL. Cellulose. 2009; 16:247–260.
90. Peng X, Ren J, Zhong L, Sun R. Biomacromol. 2011; 12:3321–3329.
91. Lin N, Huang J, Chang PR, Feng L, Yu J. Colloids and Surfaces B: Biointerfaces. 2011; 85:270–
279.
92. Wang J, Wan Y, Huang Y. IET Nanobiotechnol. 2012; 6:52–57. [PubMed: 22559707]
93. Volpato FZ, Almodovar J, Erickson K, Popat KC, Migliaresi C, Kipper MJ. Acta Biomaterialia.
2012; 8:1551–1559. [PubMed: 22210184]
94. Schmidtke C, Kreuziger AM, Alpers D, Jacobsen A, Leshch Y, Eggers R, Kloust H, Tran H,
Ostermann J, Schotten T, Thiem J, Thimm J, Weller H. Langmuir. 2013; 29:12593–12600.
[PubMed: 24028496]
95. Huang LY, Yang MC. J Nanosci Nanotechnol. 2006; 6:3163–3170. [PubMed: 17048532]

Author Manuscript
Author Manuscript
Carbohydr Res. Author manuscript; available in PMC 2016 March 20.

Zheng et al.

Page 18

Author Manuscript

Highlights
•

Polysaccharide nanocomposites can be prepared used a number of methods

•

Polysaccharide nanocomposites often rely on green chemistry for their
preparation

•

Commonly used preparation methods include electrospinning and film casting

•

Polysaccharide nanocomposites are commonly used as biomaterials

•

Other applications of nanocomposites are electrical devices and packaging
materials
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Figure 1.
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Schematic illustration of composite formation. (A) Electrospinning using (1) wet-wet; (2)
wet-dry; and (3) co-axial methods. (B) Film coating of (1) cellulose cast from RTIL
(spheres) onto MWCNTs (cylinders) grown on silicon wafer; (2) dip-coating in lactosemodified chitosan with embedded Ag NPs (spheres) on a thermoset core. (C) layer-by-layer
film of alginate (−),organic rectorite (+) and chitosan (*) on cellulose nanofiber mat. (D)
Colloidal assembly (1) block polymer added to water forms a cationic micellar core-shell
structure that self assembles on an anionic polysaccharide fiber; (2) poly (lactide-coglycolide) (sphere) assembles a surface of pluronic block polymer (squiggle) and heparin
(helix) in water. (E) In situ NP preparation (1) cellulose fiber (cylinder) is phosphorylated
and hydroxylapaptite nanocrystals are grown on the surface; (2) AgNO3 added dropwise to a
NaBH4 solution containing cellulose NFs results in fiber (cylinder) containing Ag NPs
(spheres). (F) Covalent coupling of (1) heparin NHS/EDC-linked to chitosan and coated on
activated, poly (methylmethacrylate)-coated carbon (C) or reductively aminated with
thioheparin (helix), labeled with fluorescent (star) and then coupled to Au NP (sphere); (2)
cellulose oxidized and coupled to lysostaphin or siloxane treated and cross-linked to silica
NF (cylinder); and (3) chitosan redox grafted to graphene oxide (GO) sheets or treated with
tapioca-starch-dialdehyde for in stu synthesis of Ag NPs.
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Figure 2.

Applications of polysaccharide nanocomposites. A. Fluorescently labeled heparin (helix
with star) is quenched when bound to Au NPs (sphere) and when released by heparanase
(packman) quenching is reduced allowing the detection of heparinase-producing cancer
cells. B. ZnO NPs grown on cellulose fibers transduce mechanical and thermal energy to
electrical energy. C. Blood, containing doxorubicin drug, circulating through vessels is
passed through an extracorporeal cartridge containing activated carbon beads (C) coated
with a nanoporous poly (methylmethacrylate)/chitosan/heparin film to remove anticancer
drug (dots) (see Figure 1F(1)). D. Heparin (helix), coupled to gelatin lining a biodegradable
CaPO4-containing matrix (mesh), is used to release BMP-2 to promote cell differentiation.
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The composite methods and applications of polysaccharide nanocomposites.

Author Manuscript
Author Manuscript
Author Manuscript

Polysaccharide

Additive

Composite method

Applications

Ref.

Heparin

Ag

Reduction of Ag onto DAPHP

Antibacterial

71, 72

Au

Reduction of Au onto DAPHP

Antibacterial

71, 72

Reduction of Au by NaBH4
onto Heparin-DOPA

Liver-specific CT imaging

59

Au-thiol linkage

Imaging & induced cancer cell
apoptosis

63

CNTs

Coupling of activated heparin
to nanotubes

Blood compatibility nanodevices

64

Fe3O4

Co-precipitation

Targeted drug delivery

46

Fibrin

Dehydrative coupling by
EDC/NHS

Drug delivery: BMP-2

58

Poly (glycolide-co- lactide) &
pluronic

Solvent-diffusion method

Drug delivery: VEGF

42

Poly(L-lactide-co-ε-c aprolactone)

Co-electrospinning

Vascular tissue engineering

20

poly (lactide-co- glycolide), pluronic

Precipitation/solvent diffusion

Tumor imaging & therapy

69

Gelatin, Ca–P/PHBV

Coating Ca–P/PHB with
Gelatin, dehydrative coupling
of gelatin and heparin by EDC/
NHS,

Bone tissue regeneration

60

Ag

Ascorbic acid reduction on
lactose-modified chitosan

Antibacterial

31

Ag, PVP

Dip-coating and thermal
reduction

Antibacterial

74

[Fe(pz){M(CN)4}] (M = Ni, Pd, Pt)

In situ preparation in the
presence of chitosan

Spin-crossover properties

83

poly (lactide-co-glycolide), Pluronic

Precipitation/solvent diffusion

Tumor imaging and therapy

69

Collagen

Electrospinning

Tissue engineering

86, 18

Heparin

Solution mixing

Tissue engineering

93

Bacterial cellulose

Solution mixing, film casting

Food packaging & electronic
displays

27

Alginate

Electrospinning

Tissue engineering

94

Monoclonal antibody

Ionotropic gelation

MAb delivery

43

Ag

Chemical or UV reduction of
Ag on cellulose

Antibacterial

48

CNTs

Mixing

Energy storage devices

24

Coaxial electrospinning

Electronic devices; Energy
storage

22

Graphene

Solution Mixing

Electronics devices

84

CaCO3

In situ CaCO3 preparation on
cellulosic fibers

Reinforcing fillers in industrial
polyethylene matrixes

49

CdS

In situ CdS preparation on
regenerated cellulose

Energy production:
photocatalytic H2 production

51

TiO2

In situ TiO2 preparation in the
presence of cellulosic fibers

Industrial papermaking

52

Chitosan

Cellulose
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Composite method

Applications

Ref.

ZnO

In situ ZnO preparation in
cellulosic fibers

Multisource energy conversion

80

Lysostaphin

Electrospinning

Wound healing

17

Cibacron Blue F3GA

Covalent coupling of dye to
electrospun cellulose

Bovine serum albumin affinity
purification

16

Poly(N-vinylcaprolac tam)

Electrospinning

Protein affinity purification

21

Epoxy Resin

Film casting, dip-coating

Thermal conductivity

28

xylan-rich hemicelluloses

Solution mixing & film casting

Tensile strength and thermal
stability

90

Organic rectorite, chitosan, sodium
alginate

Layer-by-layer techniques

Antibacterial

37

Quaternized poly (1,2-butadiene)block -poly(dimethylamino ethyl
methacrylate)

Ionic assembly

Biomimetic nanocomposites

40

Hydroxyapatite

Biomimetic technique

Bone tissue engineering.

47

Polyvinyl Alcohol

Solution mixing, thermal
processing (cycling)

Tissue engineering

33

Pullulan

Film casting

Food packaging, electronic
devices

26

Ag

Ag reduced with hyaluronan

Antibacterial

72

Au

Ag reduced with hyaluronan

Antibacterial

71

CNT

Solution mixing and coating

NADH biosensing

38

Gelatin

Electrospinning

Tissue engineering

19

ZnO

In situ preparation in soluble
starch

Antibacterial and UV protection
cotton fabrics

32

Polyaniline

In situ chemical oxidative
polymerization of aniline

Removal of reactive dyes from
synthetic effluent

62

Cellulose

Solution mixing & freezedrying

Packaging materials and
biomedical materials

36

Fe(pz){M(CN)4}] (M = Ni, Pd, Pt)

In situ preparation in alginate

Spin-crossover properties

83

ZnO

In situ preparation in alginate

Antibacterial

50

Cellulose nanocrystals, chitin
whiskers, platelet-like starch
nanocrystals, CaCl2

Mixing and adsorption

Drug release

91

Pectin

Fe3O4

Co-precipitation and direct
encapsulation

Cu2+ removal

45

Guar

Au

Au reduction by guar gum

Aq. ammonia sensor

75

Montmorillonite

Solution intercalation

Drug delivery

82

Starch/chitosan

Ag

Reduction cross-linked tapioca
dialdehyde starch-chitosan

Functional hydrogels

70

Chitosan/heparin

Activated carbon beads

EDC/NHS coupling of
chitosan & heparin & carbon
beads coating

Removal of chemotherapeutic,
doxorubicin

55

Fe3O4

In situ preparation of Fe3O4,
EDC/NHS coupling of
chitosan and heparin

Low-density lipoprotein removal

56

Fe3O4, Au, Tween 80

Coating by ionic interaction

Magnetic resonance imaging
with a tumor-targeting
characteristic

35
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Additive

Author Manuscript

Hyaluronan

Starch

Author Manuscript

Alginate

Author Manuscript
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Author Manuscript

Additive

Composite method

Applications

Ref.

Bovine jugular veins

Self-assembly with NHS/EDC
chemistry

Tissue engineering

57

Chitosan/hyaluronan

Heparin

Ionotropic gelation

Drug delivery

44

Hyaluronan/heparin

Steel

Covalently bonded

Drug eluting stents

95

Cellulose & chitin
whiskers, plateletlike starch

Cyclodextrin/polymer inclusion

Solution mixing

Drug release

41
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