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Polysaccharides have attracted considerable attention in a broad range of applications in recent years,
which is due to their remarkable features such as biocompatibility, biodegradability, renewable origin,
and facile modification. Considerable research efforts have been focused on developing polysaccharide
nanoparticles and to promote their applications in various areas and biomedicine in particular. The
present review highlights the properties of common polysaccharides used in nanoparticle formation
as well as strategies to fabricate polysaccharide nanoparticles. Furthermore, the combination of
polysaccharide nanoparticles and polymers is presented and brought into the context of applications.
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Finally, applications of polysaccharide nanoparticles as nano-delivery system, Pickering emulsion
stabilisers, and material reinforcing agent in the fields of nanomedicine, cosmetics, and food system are
DOI: 10.1039/d1tb00628b highlighted. Moreover, this review describes and critically discusses present limitations and drawbacks in
the preparation and use of polysaccharide nanoparticles, revealing directions to develop polysaccharide

rsc.li/materials-b nanoparticles for further utilisation in various applications in the future.
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1. Introduction

Hydrophilic polymers and water-based polymer systems have
gained significant attention over the past decades due to
their applications in various interdisciplinary areas e.g. drug-
delivery,' tissue-engineering,” catalysis,” membrane technology,”
aggregate formation>® or phase separations like aqueous two-
phase systems (ATPS).” Especially, nanoparticle (NP) based
technology® is a significant area in biomedical,” pharmaceutical,’
cosmetic/cosmeceutical'”'" and food industry."* As such, NPs have
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been prepared and utilised in the areas such as targeted substance
delivery, emulsion stabilisation, imaging on the molecular scale
for diagnostic applications, and material reinforcement.”*™*® More-
over, emulsion stabilisers based on NPs have been extensively
studied for application as cosmetic formulations," in oil-in-water
(O/W) emulsions®*?! and in water-in-water (W/W) emulsions.>>**
The transformation of traditional food and agriculture sectors is
also significantly promoted by nanotechnology. In addition to
transporting bioactive substances like nutrients, numerous novel
applications such as smart and active packaging, nanosensors,
nanopesticides and nanofertilisers have been invented for
improving food quality and agricultural output."?
Polysaccharides are a significant class of hydrophilic polymers
with natural origin and biocompatibility that find frequent use
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Scheme 1 Overview of polysaccharide NP formation and their applications.

in water-based polymer systems and in nanotechnology in
particular, which is mainly due to their favourable properties
in biological systems, e.g. biodegradability, biocompatibility, and
low-toxicity. These properties constitute considerable require-
ments for the utilisation of NPs and thus polysaccharides repre-
sent an ideal class of building blocks for NP fabrication.>* For
example, in the field of medical therapy, polysaccharide-based NPs
have the advantages of high loading efficiencies, fast drug release
rates and good targeting ability as well as high stability and low
toxicity in physiological environment.>*>* In addition to biode-
gradability and biocompatibility, polysaccharides have gained
considerable attention due to their abundance, facile processing
and sustainable feedstocks (refer to Section 2)."° The chemical
functionalisation of polysaccharides is mainly achieved by using
the free carboxyl and hydroxyl groups distributed along the
backbone of the polysaccharides. The utilisation of these reactive
groups allows the fabrication of suitable polysaccharide derivatives
with determined properties (e.g. hydrophobicity, solubility),
promoting further use of polysaccharides in specific application
areas'25,27,28

Based on common mechanisms such as ionic crosslinking,
covalent crosslinking, self-assembly of hydrophobically modified
polysaccharides, polyelectrolyte complexation, and forming
polysaccharide-drug conjugates (refer to Section 3),>® many
researchers have designed different approaches to synthesise
polysaccharide-based NPs with controlled size, morphology,
and structure (Scheme 1).>° The key point of the choice of the
synthetic route is to optimise the final properties of NPs
designed for a specific application. In addition, a series of

Bernhard V. K. J. Schmidt completed
his PhD in 2013 with Prof. Barner-
Kowollik at the Karlsruhe Institute
of Technology and a PostDoc with
Prof. Hawker at the University of
California, Santa Barbara. After-
wards he joined the department of
Prof. Antonietti at the Max Planck
Institute of Colloids and Interfaces
as a Group Leader and finished his
Habilitation in 2020. Since 2019,
he is Lecturer in Synthetic Polymer
Chemistry at the University of
Glasgow. His research focusses on
block copolymer self-assembly, metal-organic framework/polymer
hybrids and carbon nitride/polymer hybrid materials.

Bernhard V. K. J. Schmidt

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry B

factors such as physicochemical parameters of the polysaccharides
used, polysaccharide chemical composition, NPs size, and surface
morphology, can be used as a guide during the synthesis
process.®® Sometimes, misunderstandings occur because of
the misuse of the term NP referring to both NP and nanocrystal,
which are indeed different types of materials. NPs are amor-
phous particles while nanocrystals are crystalline.*' Therefore,
polysaccharide nanocrystals will not be discussed detailly in the
following sections, but some useful applications will be mentioned.

As polysaccharide-based NPs have a broad range of possible
applications, understanding the mechanism of action is highly
important. In this review, the properties of several common
polysaccharides (refer to Section 2) and practical methods for
preparing their NPs will be discussed (refer to Section 3). Also,
the development of polysaccharide/polymer NP systems (refer
to Section 4) is discussed, highlighting the advantages of the NP
system obtained from a polysaccharide and synthetic polymer
combination. Finally, on the basis of the preceding sections, the
emphasis of this review is to survey some useful applications of
polysaccharide-based NPs in nanomedicine, cosmetics, and food
(refer to Section 5). At last, we will summarise the developments
in the field of polysaccharide NPs and give an outlook for future
directions.

2. Polysaccharides

Polysaccharides are natural polymers consisting of monosac-
charide units linked by glycosidic bonds with chitosan (CS),
cellulose (CL), starch, hyaluronic acid (HA), and dextran (DEX) being
typical examples.***? Similar to proteins and glycosaminoglycans,
which are also common natural polymers, polysaccharides can be
extracted from various sources, for instance, from plant origin,
microbial origin and animal origin.”>** The biological properties
and activities of different polysaccharides are diverse due to their
different chemical structures (Fig. 1) and ionic nature. Thus, their
functions and applications are directly related to their chemical
and biochemical specifications.”>?® The properties of common
polysaccharides which are widely used in nanomedicine, cosmetics,
food, and other areas are summarised in Table 1, and more
information is detailed in the following sections.

2.1 Chitin and chitosan

Chitin (CH) is the primary component of the crustaceans’
exoskeleton, and it is also the second most abundant natural
polysaccharide.*** A commonly employed derivative of CH is
chitosan (CS), which is a linear polysaccharide obtained from
the partial N-deacetylation of CH with a deacetylation degree of
over 40% under alkaline conditions and elevated temperature
(Fig. 1a).*® CH has a hydrophobic linear structure composed of
B-(1,4)-linked N-acetyl-p-glucosamine units, while the structure
of CS is mainly based on B-(1,4)linked glucosamine and
N-acetyl glucosamine units.*®*”

CH is insoluble in water or in other common solvents.
However, CS produced from the N-deacetylation process of CH
has increased aqueous solubility. Acidic conditions promote the
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Fig. 1 Chemical structures of polysaccharides: (a) chitin (CH) and its derivative from N-deacetylation chitosan (CS), (b) cellulose (CL), (c) and (d)
structures of two different polymers coexisting in starch, amylose and amylopectin (dashed lines indicate branches), (e) hyaluronic acid (HA), (f) dextran
(DEX) (dashed lines indicate branches), (g) pullulan (PL), (h) sodium alginate (a-L-guluronic acid—a-L-guluronic acid—B-p-mannuronic acid—fp-b-

mannuronic acid sequence shown), and (i) k-carrageenan (k-CRG).

Table 1 Properties of common polysaccharides

Polysaccharide Water solubility Molar mass range/kDa Source

Alginate Soluble (sodium or potassium salt) 32-400°* Algae, bacteria

Carrageenan (CRG)  Soluble in hot water 100-1000* Seaweed

Chitin (CH) Insoluble®® 1000-2500%® Exoskeleton of non-mammals
Chitosan (CS) Soluble under acidic conditions®” 100-500 N-Deacetylation process of chitin
Cellulose (CL) Insoluble®® 50-2000°7% Higher plants

Dextran (DEX) Soluble 3-2000%*° Bacteria

Starch Insoluble in cold water*! ~100 for amylose, and 1000-10 000 for amylopectin  Higher plants

Hyaluronic acid (HA) Soluble*? 20-10 000%%%3 Mammals

Pullulan (PL) Soluble 100-250** Bacteria

water solubility of CS due to protonation of the basic amino
groups.”® In addition, the conversion of CH to CS decreases the
molecular weight (MW) from an average range of 1000-2500 kDa
to 100-500 kDa. The lower MW of CS resulting from the
deacetylation process can also facilitate the water solubility of

7032 | J Mater. Chem. B, 2021, 9, 7030-7062

CS.”>*® The more frequent use of CS in NPs compared to CH can
be deduced to the improved water solubility. Furthermore, the
amine functions of CS can be employed for chemical reactions,
e.g. functionalisation, and CS can be produced in many kinds
of forms, such as powder, paste, and film. Frequently, CS is

This journal is © The Royal Society of Chemistry 2021
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utilised for the synthesis of widely used CS-based nanoparticles
(CSNPs).>833

As the nature of CS favours chemical modifications compared
to less reactive CH, the preparation of CS-based nanoparticles
(CSNPs) can be conducted by various avenues. Effective chemical
modifications enable further options to use the material compared
to the natural compound. The chemical modifications are usually
carried out at the sites of reactive amino groups of CS, and there is
a wide range of examples of commonly used CS derivatives such as
thiolated CS, sugar-bearing CS, and carboxyalkyl CS.>**® These CS
derivatives are designed to enhance specific properties of CS. For
instance, CS modified by thiol groups can obtain improved
mucoadhesive properties, while conjugating hydrophobic moieties
(e.g deoxycholic acid and cholesterol) to CS introduces an avenue
to form CSNPs by self-assembly.>*®

CS is widely investigated in many areas of application, for
example, drug delivery, tissue engineering, and stabilising
cosmetic ingredients.*>***° The positive charge density on CS
is thought as significant in improving the cell uptake, but it is
accompanied with higher toxicity.>>' To solve this problem,
the selection of suitable CS derivatives have attracted growing
attention, in order to improve health benefits of CS.*"

2.2 Cellulose

Cellulose (CL) is the primary constituent of plant cell walls, and
it is the most abundant natural polysaccharide.”® As the base
fundamental unit of plants, CL is considered as human/animal/
environmental-friendly, biocompatible, and biodegradable.>*>
CL is mainly extracted from plant origin, and its linear poly-
saccharide structure is formed by B-(1,4)-linked p-glucose units,
giving a flat ribbon-like conformation (Fig. 1b).>>

The CL polymer and polymer fibrils are relatively stable due
to their inter- and intra-chain hydrogen bonding network. Thus,
the linkage of individual CL chains is stabilised by supramolecular
interactions, giving the linear configuration and an axial stiffness
in CL fibrils. On the basis of CL biosynthesis and extraction
processes, various types of CL-based nanoparticles (CLNPs) and
CL nanocomposite materials can be obtained. The main factors
which cause the differentiation are the source materials of CL
(e.g. wood, plant, and bacteria) and the deconstruction processes
during extraction.”*>?

For the utilisation of CL, many applications in diverse research
areas are described, such as food packaging, drug delivery, films,
and reinforcing materials for polymer matrices.>*>> After appro-
priate surface functionalisation, the surface chemistry of CLNPs
enables self-assembly, making CLNPs versatile materials with
considerable mechanical properties.>>

2.3 Starch

In plant tubers and seed endosperm, starch is the primary
storage carbohydrate which can be extracted from many resources
such as corn and potato.>* Chemically, two different polysaccharide
structures are present in starch, which are amylose (Fig. 1c) and
amylopectin (Fig. 1d). Amylose is a linear polymer formed by o-(1,4)-
linked p-glucose units while amylopectin is a highly branched
polymer composed of short chains of o-(1,4)-linked p-glucose

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry B

units with branches formed by o-(1,6) linkages at the branch
positions.>*>*

The average MW of amylose is in the range of 10° Da while
that of amylopectin is distributed from 10° to 10” Da. For example,
rice starch has higher MW compared with those from corn, wheat,
and potato, because rice starch has the lowest amylose content
amongst them.>" Similar to CL, starch is insoluble in cold water
due to the hydrogen bonding effect. Moreover, the high MW of
starch decreases the solubility. In relation, amylopectin has higher
solubility compared to amylose because of its highly branched
structure, which is useful in separating amylose and amylopectin
from starch granules.””"

Starch-based NPs (SNPs) can be prepared by various strategies
such as precipitation, solvent evaporation, and emulsion cross-
linking. Moreover, different preparation methods will result in
variation of SNPs properties (e.g. shape and crystallinity).**°
Compared with other polysaccharides, starch is unique because
it has the property to convert to thermoplastic material in the
presence of plasticisers. Also, starch has the advantages of
stability, biocompatibility, and biodegradability, making it
useful in drug delivery, tissue engineering, and food packaging

applications.***’

2.4 Hyaluronic acid

As a typical extracellular matrix polymer, hyaluronic acid (HA)
has broad applications in biomedical and nanotechnological
areas. Regarding the structure of HA, it is a hydrophilic linear
polysaccharide composed of alternately linked b-glucuronic
and N-acetyl-p-glucosamine units via -1,3 and B-1,4 glycosidic
bonds (Fig. 1e).**** As HA is a negatively charged polysaccharide,
hyaluronic acid-based NPs (HANPs) can be formed by using
cationic molecules (e.g. CS) as ionic crosslinkers. Moreover,
approaches such as making HA-cargo (e.g. drug) conjugates have
also been developed to form HA-based nanocarriers.>’® HA is
mostly extracted from tissues, and it is significant in the areas of
tissue repair, wound healing, food industry, and cosmetics.
Moreover, HA is not only a good wound healing factor but also
an adequate carrier for the delivery of antibiotics that aid in
wound healing properties.'*?®

2.5 Dextran

Dextran (DEX) belongs to the first commercial exopolysaccharides
produced by bacterial enzymes and is mostly obtained from
Leuconostoc mesenteroide. It is branched, and the basic structure
of the various types of dextran consists of main chains formed
by (1,6)-0-p-glucose with various ratios of linkages and branches
(Fig. 1f).>° The ratios of 0-(1,6) linkages can vary from 97%
to 50%, and the branching can take place mainly in position
0-(1,3), and occasionally in position o-(1,2) or o-(1,4).%"°
Because of the reactive hydroxyl chemistries of DEX, it is easy
to be functionalised.*® Furthermore, DEX is highly water-soluble
and frequently used in ATPS.°®®' Depending on the strain
of bacteria and conditions used, properties of DEX such as
branching and molecular weight vary considerably. The MW of
DEX ranges from 3000 Da to 2 000000 Da, and the larger DEX

J. Mater. Chem. B, 2021, 9, 7030-7062 | 7033
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(>60000) are excreted poorly from the kidney and remain in the
blood before being completely metabolised.**>

Non-ionic DEX-based NPs can be obtained by self-assembly,
and due to the biocompatibility and biodegradability of DEX, NPs
from DEX are discussed as suitable drug/gene nano-vehicles. In
addition, the superior water solubility of Dextran-based NPs
(DEXNPs) prevents cellular toxicity after completing the drug
delivery process.®® Similar to CS and HA, the advantages of
DEXNPs can be promoted after suitable chemical modifications
or forming DEX-drug conjugates. Typical DEX derivatives such as
thiolated DEX, phosphorylated DEX, and dextran sulfate (DS) are
all very useful in enhancing the targeting ability of DEXNPs,>*>*
For example, the chemical modification of DEX to obtain DS
enables interactions with lipoproteins and complexation with
fibrinogen or DNA. Furthermore, modification with hydrophobic
moieties introduces amphiphilicity, which is very important to
form self-assembled and water dispersible DEXNPs in the field of
drug delivery.”®

2.6 Pullulan

Pullulan (PL) is a non-ionic exopolysaccharide which is mainly
obtained from the fermentation medium of the fungus-like
yeast Aureobasidium pullulans under limiting conditions. PL has
been widely used in various areas because it is non-toxic, non-
mutagenic, non-carcinogenic, biocompatible, and bio-degradable.**
The structure of PL is based on -(1,6) linked maltotriose units
(Fig. 1g), and the linkage between maltotriose units significantly
gives structural flexibility of PL.°>*® PL is easily soluble in water and
insoluble in most organic solvents. Compared with other polysac-
charides, the PL aqueous solution is stable and has a relatively low
viscosity. The MW of PL ranges from 100 kDa to 250 kDa, and its
appearance is white or yellowish-white powder.** PL hydrogel NPs
have been employed for gene delivery®” or as composite with CS for
vaccine delivery.®®®® Recently, PL was utilised as block in double
hydrophilic block copolymers, which were utilised in turn for
self-assembly, for example in the formation of completely
hydrophilic capsules,”® droplets””* or particles.”?

Similar to DEX-based NPs, PL-based NPs (PLNPs) can be
prepared by self-assembly after the hydrophobic modification
of PL. In the fields of drug and gene delivery, hydrophobically
modified PL has been widely investigated to be a good nano-
carrier. Moreover, by mixing hydrophobically modified PL with
quantum dots, the formed PLNPs can also play a significant
role in medical tracing areas such as tumour imaging.***® PL is
also being used in the areas of food and cosmetics, for example to
extend food shelf life and simplify food processing. For cosmetics,
PL can be utilised in lotions, shampoos, and face masks.”

2.7 Alginate

Alginate is a well-known polysaccharide produced by brown
algae and bacteria consisting of o-i-guluronic acid and B-o-
mannuronic acid building blocks that are linearly linked by
1,4-glycosidic linkages (Fig. 1h).””> Alginate chains consist of
blocks of either all a-L-guluronic acid, all B-p-mannuronic acid, or
alternating o-1-guluronic acid-B-p-mannuronic acid subunits.”®
It is known to be biodegradable, non-toxic and abundant with

7034 | J Mater. Chem. B, 2021, 9, 7030-7062
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molar masses between 32 and 400 kDa.** The polymer is anionic
due to the acid functions and frequently used in the form of
sodium or potassium salts. A remarkable feature of alginate is its
interaction of a-r-guluronic acid-o-r-guluronic acid subunits
with divalent cations like calcium ions leading to hydrogel
formation.”® These hydrogels are utilised in various medical
applications,”” e.g. encapsulation of drugs and release’® or as
cell growth environment.”® The complexation with Ca®" can also
be employed to form NPs for example via emulsion methods®°
or precipitation.®" Also, a combination with cationic CS enables
NP formation via coacervation.®”

2.8 Carrageenan

Carrageenans (CRG) are linear sulphated polysaccharides and
originate from seaweed.*> The polymer structure consists mainly
of 3-linked B-p-galactopyranose and 4-linked o-p-galactopyranose
or 4-linked 3,6-anhydro-o-p-galactopyranose units (Fig. 1i with an
example structure). CRGs are classified into six types based on the
chemical structure (kappa (k)-, iota (1)-, lambda (L), mu (u)-, nu
(v)- and theta (6)-CRG), i.e. the position of sulfate esters and the
presence of anhydro units. Overall, the MW of commercial CRG
ranges from 100 to 1000 kDa with solubility in hot water and
partially cold water depending on substitution. CRGs form helices
in aqueous environment leading to gelation that is exploited in
food industry for thickening.** Due to its polyanionic character,
CRG can be used in conjunction with CS to form NPs.**% Never-
theless, the biocompatibility and toxicity of CRG is currently under
discussion and has to be followed closely for food and biomedical
applications in particular.®

3. Synthesis of polysaccharide
nanoparticles

A variety of methods has been proposed to prepare NPs based
on natural polysaccharides. The selection of a proper synthesis
method depends on the targeted application and its requirements.
For example, many factors such as thermal and chemical stability
of the active agent, reproducibility of the release kinetic profiles,
particle size, and stability of the final product and residual toxicity
associated with the final product have to be taken into account
before preparing drug delivery nanocarriers®” and NPs for other
applications. The avenue for the preparation of NPs is crucial for
stability under the intended conditions and in particular the
crosslinking chemistry has to be considered. For example, the
native charges of polysaccharides can be exploited for the synthesis
of polysaccharide NPs®*** or covalent crosslinking can be
implemented.”’™®® Mizrahy and Peer discussed the main
mechanisms during the synthesis of polysaccharide NPs in their
review in detail, which are categorised as chemical (covalent) cross-
linking, physical (ionic) crosslinking, polyelectrolyte-complexation
and self-assembly (Scheme 2).>° Due to the repeated number of
monomer units on the polysaccharide a full network can be
achieved. Hence, a complete gelation of the reaction medium
has to be suppressed via the preparation conditions, e.g. in
dispersed systems.

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Avenues for the preparation of polysaccharide NPs: (a) covalent
crosslinking, (b) ionic crosslinking, (c) complexation of oppositely charged
polysaccharides, (d) self-assembly of hydrophobically (blue sphere) modified
polysaccharides and (e) polysaccharide—drug (green sphere) conjugate.?®

In addition to the crosslinking process itself, the formation
of NPs relies on the formation of materials on the nano scale
via various preparative techniques. In this section, important
and widely used methods such as nanoprecipitation, complex
coacervation, and emulsification will be discussed. Also, the
microfluidic technique has proven to be a useful direction for
the preparation of polysaccharide NPs, both in emulsion and
nanoprecipitation approaches.’® Other related methods devel-
oped by researchers will be reviewed as well. The relationship
between the properties (e.g. diameter) of the polysaccharide
NPs synthesised and the methods utilised will be discussed to
showcase how the methods affect the final properties.

3.1 Crosslinking and aggregation strategies

As for common polymer NPs, one of the main concerns in the
fabrication of polysaccharide NPs is the crosslinking of the
polysaccharide to form stable particles. Crosslinking has a
considerable influence on the polysaccharide NP properties
and hence applications, e.g. mechanical properties, swellability
or drug-encapsulation/release.

Covalent crosslinking introduces irreversible crosslinking
points leading to highly stable structures (Scheme 2a) that
can withstand chemical stress, e.g. solvent changes or a broad pH
range.”® The crosslinker molecules have to be multifunctional in
order to react twice with a polysaccharide molecule or with other
crosslinkers to form a connection between polysaccharide mole-
cules. Common crosslinkers for polysaccharides are dialdehydes

This journal is © The Royal Society of Chemistry 2021
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that link via acetal formation. Other options include multi-
functional carboxylic acids forming ester or amide bonds. An
avenue to introduce degradability or even stimulus response is
the utilisation of cleavable crosslinkers.”® One of the issues with
covalent crosslinking is the potential toxicity of remaining non-
linked small molecules crosslinkers that might hinder biome-
dical applications.

Another way to introduce crosslinks is via a supramolecular
pathway for charged polysaccharides, e.g. in ionic crosslinking
(Scheme 2b). For that, oppositely charged small ionic molecules
with multiple functionalities are added, eg tripolyphosphate
(TPP), or ions with multiple vacancies for interaction, for example
Ca**".% The crosslinking proceeds via electrostatic interactions that
connect the crosslinker with the polysaccharide. In contrast to
covalent crosslinking, ionic crosslinking features a lower chemical
stability, e.g. against changes in pH or ionic strength, and also
physical stability, e.g. against temperature changes. However, this
defined instability can be exploited to enable degradation on
purpose, for example in drug-delivery applications.”

A crosslinking method of high relevance is coacervation or
polyelectrolyte complexation of charged polysaccharides. In order
to form coacervate structures, oppositely charged polysaccharides
and/or polyelectrolytes are employed. In a similar way to ionic
crosslinking, electrostatic interactions lead to crosslinking
(Scheme 2c). As no toxic small molecule crosslinkers are used,
the coacervate approach is considered highly biocompatible at
least if the employed polyelectrolytes/polysaccharides are bio-
compatible. The obtained stability of the NPs relies on charge
density and distribution of charges along the chain, as the
interaction between both polyelectrolytes/polysaccharides is the
main factor for stability.”” Similar to ionic crosslinking, pH, ionic
strength and temperature play a crucial role for the stability and
preparation of coacervate particles. Polysaccharides like HA, CS
and alginate are utilised frequently for coacervate formation.
Coacervation/polyelectrolyte complexation can be also utilised
in the formation of layer-by-layer assemblies.’®"°

Self-assembly of polysaccharide chains can be employed for
NPs formation as well, which is another supramolecular
avenue.'” Commonly, hydrophilic polysaccharides are functiona-
lised with hydrophobic moieties (bile acids, fatty acids or cholesterol)
that will aggregate in aqueous environment leading to micellar
structures (Scheme 2d)."*"'%* As such, NPs with hydrophobic core
and hydrophilic polysaccharide shell are obtained. The core can
perform as a reservoir for hydrophobic drugs or other molecules.
The properties of the micellar NPs can be tailored via the utilised
polysaccharide conjugate, e.g¢ MW or hydrophobic to hydrophilic
ratio, but also via the preparation process, e.g. the kinetics of micelle
formation or the utilised solvent system. The approach was brought
to the next level by Wich and coworkers,'® who synthesised an
amphiphilic block copolymer of DEX and hydrophobic acetalated
DEX and formed micellar NPs that way. As such, a completely
polysaccharide-based amphiphilic block copolymer was presented.

At last, a related structure to micelles should be discussed,
namely polysaccharide-drug conjugates (Scheme 2e).*® Instead
of adding non-functional hydrophobic molecules to drive supra-
molecular aggregation, hydrophobic drugs can be conjugated as
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well to the polysaccharide. As such, polysaccharide NPs can
be obtained that serve as drug-delivery vehicles directly. An
important characteristic is the connection of drug and poly-
saccharide that should be cleavable in the body at best at the
right point of action.'® In principle, also other methods of
aggregation or crosslinking can be combined with polysaccharide-
drug conjugates.

3.2 Nanoprecipitation

Nanoprecipitation is one of the first developed techniques for
encapsulating drug molecules, and it is also known as solvent
displacement or interfacial deposition. Nanoprecipitation has
been widely used in the formation of many kinds of NPs such as
polymeric NPs, drug NPs, drug-loaded protein NPs and inorganic
NPs.'% Though nanoprecipitation has advantages of being simple,
reproducible, fast, and economic, it is still challenging to encap-
sulate water soluble compounds with this method."*®

In the nanoprecipitation process, two miscible phases are
required, which are an aqueous phase and an organic/oil
phase.'®” A typical procedure (Scheme 3) of nanoprecipitation
consists of dissolving hydrophobic solutes in a water-miscible
solvent wherein they have high solubility at first. Subsequently,
this solution is added to a significant excess amount of an anti-
solvent such as water or buffer solutions. Because the solubility
of hydrophobic solutes decreases in the aqueous solution,
particles of hydrophobic compounds will precipitate. Finally,
particles of hydrophobic molecules are obtained after removing
the excess solvent by evaporation, dialysis, or lyophilisation.'®
The work of Barresi and coworkers showed that mixing of phases
has a significant effect on controlling the particle size.'*® Briefly,
a larger population of smaller NPs can be obtained from good
mixing conditions, while poor mixing produced larger NPs. The
NP formation also relies considerably on the surface tension
difference between aqueous phase (with high surface tension)

A

Polysaccaride
in solvent

i

e

Non-solvent

Scheme 3 Schematic representation of the nanoprecipitation method.
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and organic phase (with low surface tension). The difference in
surface tension leads to continuous solvent vortices formation at
the interface of both liquids, and the organic solvent diffuses
from low surface tension, causing gradual precipitation of the
polymer (e.g. polysaccharides) on the organic surface and for-
mation of nanocapsules.'®

Zhao and coworkers discussed three widely used nano-
precipitation methods in their work, which are traditional
nanoprecipitation, flash nanoprecipitation, and micro-fluidic
nanoprecipitation.'® To control the size and morphological
structure of the NPs prepared, key parameters such as mixing
temperature, solvent/antisolvent ratios, and properties of the
chosen polymers are very important. Operation of traditional
nanoprecipitation is easy, quick, and affordable. However, it
has a lack of control over mixing and has wider size distributions
of large particle sizes.'® Flash nanoprecipitation is a simple,
rapid and scalable method. Turbulence-based intensive mixing
can be achieved within few milliseconds by using flash nano-
precipitation mixers. Therefore, flash nanoprecipitation pro-
duces better NP quality with smaller NP size and narrow size
distribution.'®''® The limitation of flash nanoprecipitation is
that the particles produced do not have adequate stability for
some applications.'%> Micro-fluidic nanoprecipitation is usually
laminar flow-based and operated in continuous flow, its high-
speed diffusion-based mixing (at milliseconds or even micro-
seconds) results from a reduced mixing path (down to several tens
of nanometres). By changing the configuration of the micromixer
or controlling the ratio of flow rates, physicochemical properties of
NPs (e.g. size, charge, morphology) can be controlled. However, an
issue is system blocking caused by solid particle accumulation.
Moreover, small volume and low flow rates in microfluidics result
in relatively low productivity.'®>***

As a simple and rapid method, nanoprecipitation has been
used to prepare various types of polysaccharide NPs. Tay and
coworkers synthesised SNPs with sizes in the range between
300 nm and 400 nm by adding dissolved starch solution into
excess ethanol under controlled conditions (Fig. 2a)."*> The
presence of appropriate surfactant was also an important
parameter in modulating the shape and size of the produced
SNPs (Fig. 2b and c). NPs of hydrophobically modified CL were
also synthesised by using nanoprecipitation method. Kulterer
et al. prepared cellulose acetate (CA) NPs by developing an
efficient nanoprecipitation technique based on using good CA
solvents as a modifier for the nonsolvent.'™® The size of NPs
was reduced by sonication, efficient agitation, and optimisation
of process parameters such as tetrahydrofuran (THF) content,
temperature and pH value. Spherical NPs of 60 nm with high
yield were obtained by adding good polymer solvents (THF) to an
anti-solvent (water). A nanoprecipitation process for the formation
of DEX NPs was described by Weiss and coworkers."™* Initially,
DEX, PL and starch were methacrylated via methacrylic anhydride
to enable crosslinking and the hydrophile-lipophile balance (HLB)
value measured. In the next step, the modified polysaccharides
were dissolved in acetone or THF, precipitated in water and
crosslinked under UV light. The obtained particles were subjected
to atomic force microscopy (AFM) measurements in order to

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Examples of polysaccharide NPs obtained by the nanoprecipitation
method observed via Scanning Electron Microscopy (SEM) (scale bar 1 pm):
(a) micrograph of precipitated SNPs prepared by addition of 1 mL of 1%
starch into 20 mL of ethanol, (b) micrographs of precipitated SNPs
prepared by addition of 1 mL of 1% starch into 20 mL of ethanol with 4%
of cetrimonium bromide surfactant and (c) micrographs of precipitated
SNPs prepared by addition of 1 mL of 1% starch into 20 mL of ethanol with
4% of Tween 80 surfactant. (Reproduced with permission from ref. 112.
Copyright Elsevier, 2011.)
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obtain mechanical properties. Interestingly, the Young’s mod-
uli of particles correlated with the HLB value of the utilised
polysaccharide, which might be due to the difference in water
swelling for particles with different HLB value. Nicolas and
coworkers utilised nanoprecipitation in the formation of polysac-
charide capsules employing a template."™ Various polysaccharides
were employed, e.g. DEX, PL, DS or HA, and crosslinked via
isophorone isocyanate during the nanoprecipitation process.
Mygliol as templating agent was dissolved together with the
crosslinker in acetone and the polysaccharides added in aqueous
solution at once. In addition to forming capsules from one
polysaccharide component, blends were introduced as well as
multilayers.

This journal is © The Royal Society of Chemistry 2021
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Overall, nanoprecipitation is easy to conduct with fast operation
processing and simple equipment requirement. However, issues
such as low productivity and system blocking during the NPs
formation need more attention in future development.'® Thus,
improved control for fast processing is required and more complex
structures have to be investigated in the future.

3.3 Complex coacervation

The complex coacervation method is carried out by mixing
aqueous solutions of two polymers with opposite charges. Itis a
suitable method for the preparation of NPs due to its simplicity
and mild preparation conditions without the need of organic
solvents.'® To synthesise and enhance natural polysaccharide
NPs, complex coacervation with oppositely charged polyelectro-
lytes has been widely used."*®

The mixing of solutions containing oppositely charged poly-
electrolytes (polycation and polyanion) (Scheme 4) establishes an
equilibrium between the dense liquid phase and the dilute
solution phase. The dense liquid phase is also called the coacer-
vate, which is polyelectrolyte-rich and frequently produced from
proteins and polysaccharides.""”"*® According to the theoretical
model of Voorn and Overbeek, the association of polyelectrolytes is
significantly determined by the electrostatic interaction and the
entropy gain during the complex coacervation process.'**"*
Related to this, many important modes of polymer complex
coacervation including the Voorn-Overbeek theory were reviewed
by Sing.'*°

An interesting feature of the complex coacervation process
of polyelectrolytes, is that the net charge of the NPs formed can be
modulated by adding one polyelectrolyte in excess to the other,
giving a core-shell structure with the excess component segregated
at the outer shell. The physical properties of the polyelectrolyte-
complex formed by coacervation can be affected by many
factors such as pH of the solution, temperature, ionic strength,

Scheme 4 The typical processes of forming polysaccharide NPs such as
CS/HA NPs by complex coacervation process.
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charge density, and the molar mass of polyelectrolytes.>*'°° F
instance, Delair and coworkers found improved stability of the
polyelectrolyte-complex formed by DS (polyanion) and CS (poly-
cation) by remaining the charge ratio R (n/n~) under 0.6."*'
For polyelectrolyte-complex formation, CS is the most com-
monly used cationic polysaccharide. Besides, various negatively
charged polysaccharides such as HA, DS, and carboxymethyl
cellulose can be combined with CS.** Chen and coworkers
prepared NPs made of oleoyl-carboxymethyl-chitosan (OCMCS)
and HA for gene delivery using the coacervation process."** The
results obtained from their work showed that a charge ratio of 5
(n~/n") and a weight ratio of 4 (OCMCS/HA) were the optimal
conditions giving the smallest (165 nm), positively charged
(+14.2 mV) and monodisperse NPs (Fig. 3a). Ferreira and coworkers
developed a pH sensitive CS/DS NP system for the delivery of insulin
using complex coacervation.'® The optimum synthesis conditions
had a DS: CS mass ratio of 1.5: 1 at pH 4.8, and the stable spherical
NPs produced had a mean diameter of 500 nm. It was also found
that the insulin released by CS/DS NP system maintained its
immunogenic bioactivity, indicating a bright future for the
CS/DS NPs as a potential oral delivery system for insulin. Dou and
coworkers'** described the formation of complex coacervates as
well. At first, CS/DEX nanoparticles were formed via in situ
crosslinking and self-assembly. CS and DEX were dissolved in
water and radicals formed on polysaccharide backbones via
addition of cerium(v) ions that initiated the formation of

or

Fig. 3 Examples of polysaccharide NPs obtained by using the complex
coacervation method: (a) oleoyl-carboxymethyl-chitosan (OCMCS)-
hyaluronic acid (HA)/DNA NPs with a charge ratio of 5 (n"/n*) and a
weight ratio of 4 (OCMCS/HA) (scale bar 500 nm) and (reproduced with
permission from ref. 122. Copyright Elsevier, 2013) and (b) TEM image of
HA/CS/DEX superstructure NPs formed via coacervation of CS/DEX NPs
with HA. (Reproduced with permission from ref. 124. Copyright American
Chemical Society, 2020.)
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poly(methyl acrylate) (PMA) and crosslinking via diallyldisulfide.
Due to the formation of hydrophobic grafts an amphiphilic
structure was generated that assembled into NPs. In a subsequent
step, these particles were combined with HA to obtain a larger
super structure via coacervation (Fig. 3b). The formation of multi-
particle aggregates or HA-surface modified particles could be
tailored via the ratio of HA and particle precursors. Finally, the
particles were employed to target cancer cells via the lipid raft-
dependent endocytosis pathway.

The influence of CS acetylation degree on the synthesis,
stability, and performance of CS/HA NPs prepared by electro-
static complex coacervation was studied by Furlani et al.'*® A
crosslinking mechanism mediated by TPP was involved
because the inter-polyelectrolyte interaction between CS and
HA alone was not sufficient to form spherical particles. The
synthesis of NPs was carried out as follows. First, CS, sodium
hyaluronate, and TPP were dissolved individually in deionised
water. After solubilisation, HA/TPP solution was prepared by
adding TPP solution dropwise to the hyaluronate solution. Then,
the formation of NPs was conducted by adding the HA/TPP
solution dropwise to CS solution under stirring. The results of
their work proved that CS acetylation degree determines the NPs
stability, and CS with specific fractions of acetylated units such
as 0.16 and 0.63 were found to promote the formation of
homogenous NPs. Recently, Tirelli and coworkers studied the
formation of CS/HA-based nano particles with respect to the
effects of template addition."*® A two-step templating process
was compared with a direct polyelectrolyte complexation approach.
The two-step templating was performed via ionotropic gelation of
CS with TPP and subsequent incubation with HA. It could be
shown that HA can quantitatively exchange with TPP in the second
step, which was accompanied with aggregation of particles. In
contrast to the direct process of CS/HA complexation, larger
particles were generated. Furthermore, the utilisation of low
MW CS induced the formation of a HA corona.

Another key feature of complex coacervation is the preservation
of the structure and property of biochemical drugs including genes
and proteins, which is due to the mild conditions required for
coacervate formation and their native environment.**” In addition,
the complex coacervation process enables the formation of
polysaccharide NPs with high loading of biomolecular cargo.'*®
Although there has been considerable progress in the theory of
coacervation,"”*'* the prediction of outcomes from the pre-
paration procedure is challenging,'® e.g. the control over NPs
size and shape. This is mainly due to the various parameters
in coacervate preparation like pH, ionic strength, polymer
concentration, temperature and polymer type/MW. To improve
the performance of NPs in the drug delivery system, the mixing
of polysaccharide with other polymers can also be achieved
using complex coacervation method." As such, access to additional
features is possible, e.g. structures with poly(ethylene glycol)
(PEG) corona.’®

3.4 Emulsion-based methods

132,133

As a regular method for preparing polymer NPs, emulsion-
based procedures are also a versatile method used for the synthesis
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