
8.1 Introduction

Since the work of H. Staudinger in 1922 [1], no one can question 
the added value of macromolecular science on new manufacturing 
objects. In the same way, in the last few decades, nanocomposites 
have become an essential sector of polymer science. Indeed, 
particles 80,000 thinner than a human hair can be a very interesting 
alternative for achieving not only mechanical properties but also 
optical, thermal, gas barrier, and flame retardancy properties of 
polymers. In the earlier stages, it was mainly the so-called “hard” 
nanomaterials such as carbon or clays that have been used across 
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many different applications with more or less success [2]. In another 
stream of activities, always driven by health and environmental 
concerns, biodegradable crystalline nanoparticles from renewable 
resources have attracted significant interest from the scientific 
community. In this framework, carbohydrate-based (polysaccharide) 
nanofillers have gained increased interest as part of an effort to 
avoid nanotoxicity and overcome environmental concerns [3].
 The family of polysaccharides is characterized by a common 
morphology composed of alternating crystalline and amorphous 
zones. These last are highly susceptible to hydrolysis under defined 
conditions, with their removal leaving the crystalline regions 
intact in the form of remarkable nanoparticles – polysaccharide 
nanocrystals [4]. Whether from an environmental point of view or 
for specific applications, polysaccharide nanocrystals offer multiple 
promising opportunities [4], in particular, in drug delivery systems 
[5], nanoencapsulation [6], or as reinforcing agents in polymer 
matrices [7–12]. With regard to the potential of these natural, 
available, and low-cost raw materials, the thinking around new 
application fields will contribute to a greener and more sustainable 
technology development. Thorough bibliographic studies mainly 
point to cellulose nanocrystals, as they are characterized by high 
structural stability under chemical modification in comparison 
with chitin or starch nanocrystals. However, chitin nanowhiskers 
and starch nanoplatelets also deserve full attention for promoting 
specific applications based on their unique properties. Nowadays, 
industrial opportunities for natural polysaccharide nanocrystals 
are under development around the world. As an example, industrial 
production of nanocelluloses is promoted by an increasing number 
of countries supporting their valorization. Here, the construction of 
multiton capacity manufacturing facilities in North America, Japan, 
and Europe can be cited [4, 13–16].
 Despite all benefits, the applicability of the polysaccharide 
nanoparticles faces significant difficulties resulting from their 
inherent hydrophilicity – the basis for incompatibility and bad 
dispersibility within most polymer matrixes (hydrophobic in 
character). In order to avoid these limitations, after appropriate 
conversion and extraction technologies, and suitable modification, 
polysaccharide nanocrystals might find a place in numerous 
biobased products. Initially, the development of polysaccharide-
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reinforced nanocomposites was mainly restricted to hydrophilic 
media as these nanocharges possess inherent hydrophilicity 
and aggregate in hydrophobic media. However, their surface 
modification (mostly chemical) overcomes this limitation and has 
been largely applied in broadening the number of suitable polymeric 
matrices with processing from organic dispersions or melts instead 
of aqueous suspensions. In this light, promising developments in 
the design process of nanocelluloses allow to focus on research 
on all polysaccharide nanocrystals, including chitin and starch, 
with particular attention on their surface modification for better 
compatibilization with biobased materials.
 Amongst all methods, surface grafting of polymer chains is a 
promising and attractive new process by which polysaccharide 
nanoparticles are transformed into apolar hybrid nanoparticles. The 
procedure is readily intriguing as fully biobased composites can be 
processed by classical methods such as extrusion, compression or 
injection molding, or thermoforming [17].
 A lot of interesting and progressive work has been performed 
in this respect, thus paving the road for the forthcoming chapter 
that spans the surface modification of biobased polysaccharide 
nanoparticles via grafting.

8.2 Surface Grafting

In terms of chemistry, grafting is an often-used modification method 
through which polymers are introduced to a surface [18]. It allows 
for modulation of surface properties in terms of hydrophilicity/
hydrophobicity, dimension stability, resistance to heat, abrasion 
and/or chemicals, biological activity or electrical properties, and 
functionality [18]. Depending on how polymers are introduced, 
three major types of grafting can be defined: 1) grafting from, 2) 
grafting onto, and 3) grafting through (Fig. 8.1). However, grafting 
can also be performed via a non-covalent approach – the so-called 
supramolecular grafting (Fig. 8.1d). This new and yet not much 
explored trend uses softer conditions and prevents surface integrity 
and functionality. The following parts discuss the different grafting 
approaches in terms of requirements and applicability to solid 
surfaces.

Shivani Sharma
Highlight
AQ: Please rephrase for clarity.


minchevar
Note
Many interesting and progressive works have been performed on the surface modification of biobased polysaccharide nanoparticles via grafting, thus paving the road for the upcomming chapter.



226 Surface Modification of Biobased Polysaccharide Nanoparticles via Grafting

Figure 8.1 Schematic representation of the grafting methods used for 
introducing polymer chains to a surface.

8.2.1 Grafting from

The grafting from approach includes the in situ building up of a 
polymer layer by surface-initiated polymerization of monomer units 
(Fig. 8.1a). For this, an appropriate initiator (initiating sites) is first 
introduced on the surface to be grafted via external field (plasma, 
UV irradiation, ozone treatment) or reactive species introduction 
(chemical modification) [19]. Intriguingly, in some cases, the 
initiating sites are naturally available on the surface via the presence 
of reactive groups (e.g., OH-groups on cellulose substrates). A 
very attractive peculiarity here is the fact that the initiating sites 
are usually easy to access by the monomer molecules forming the 
chain ends of the covalently attached growing polymers. Thus high 
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grafting densities are achieved making this method very attractive 
from a scientific point of view [19].
 Multiple polymerization methods such as surface-initiated free 
radical polymerization (SI-FRP), controlled radical polymerization 
(SI-CRP), and ring-opening polymerization (SI-ROP) have been 
elaborated in grafting from [20]. Like conventional FRP, the SI-FRP is 
a versatile chain-growth polymerization applicable to a large range 
of monomers, thus providing an unlimited number of (co)polymers 
[21]. The tolerance of this method to water or other impurities and 
functionalities (e.g., OH, OR, NH2, NR2, etc.), together with the mild 
and versatile (solution, emulsion, bulk, etc.) reaction conditions, 
makes the SI-FRP highly attractive. The method comprises all 
reaction steps of the conventional FRP (Fig. 8.2) and allows for 
obtaining a high grafting density due to the ease of contact between 
SI sites and monomers [18, 22, 23].

Figure 8.2 Schematic representation of the general FRP grafting from 
mechanism.

 However, difficulties in the correct control or prediction of 
grafting density and resulting polymer chain length and architecture 
are often found. Moreover, the formation of free, unbound 
homopolymers is unavoidable. Therefore, other research groups 
introduced the SI-CRP techniques to the grafting from method [20].

Surface Grafting
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 Amongst all, the surface-initiated CRPs, nitroxide-mediated 
polymerization (NMP) [24], atom transfer radical polymerization 
(ATRP) [25–27], photoinduced Cu-mediated reversible-deactivation 
radical polymerization (RDRP) [22], and reversible addition–
fragmentation chain transfer polymerization (RAFT) [28] received 
greatest attention [18]. Their principles (Fig. 8.3) are exhaustively 
discussed elsewhere [18, 20, 29] and therefore will only be recalled 
here. The NMP belongs to the family of stable RPs and involves a 
stable nitroxide radical (X*) [30]. Here, the active propagating 
species (Pn

*) react with X*, deactivate, and reversibly form dormant 
species (Pn–X). Once Pn

* reforms, it re-propagates by adding another 
monomer (M) or terminates the chain growth by recombination  
(Fig. 8.3A). NMP is usually performed under relatively high (> 100 °C) 
temperatures and is applicable to acrylate-type monomers. However, 
its application in methacrylates/methacrylamides requires specially 
designed stable radicals.
 In a reversed way, ATRP starts with an alkyl halide (Pn-X) that 
undergoes a reversible redox process catalyzed by a transition metal 
complex (activator, Mez-Y/ligand, where Y may differ from the ligand 
or be a counter ion) and forms the Pn

* and a metal halide complex 
(X…Mez+1–Y/L) [31]. The Pn

* reacts with a monomer and propagates 
or abstracts a halide atom from X…Mez+1–Y/L and reforms dormant 
species. The alkyl halide species is then reactivated by the activator 
and propagate further (Fig. 8.3B). ATRP is easily applicable to most 
of the vinyl and acrylic monomers over a wide temperature range 
and is known to be tolerant (to a certain extent) to oxygen and other 
inhibitors. Nevertheless, the reaction uses unconventional initiation 
systems that may suffer from poor solubility in the polymerization 
media. Additionally, the transition metal residues color and induce 
certain toxicity to the obtained polymers.
 RAFT is the polymerization method of choice when grafting of 
vinyl and acrylic monomers is desired [18]. This polymerization is 
similar to the conventional RPs when performed in presence of a 
chain transfer agent (‘‘RAFT agent’’ – a thiocarbonyl thio compound). 
It results in polymers of narrow dispersities and of controlled chain 
lengths (Fig. 8.3C). The problem that one can relate to the coloration 
of the resulting product by the thiocarbonyl thiol end-group is easily 
solved by reduction, thermolysis, aminolysis, exposure to ultraviolet 
radiation, and treatment with peroxides or sodium hypochlorite. 
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Thus, it seems the RAFT process is the method of choice for grafting 
from cellulose.
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Figure 8.3 Schematic representation of the accepted mechanisms for NMP 
(A, [30]), ATRP (B, [31]), and RAFT (C, [18]).

 However, these methods are not applicable in the case of 
cyclic monomers (lactones and lactides), where ROP is commonly 
used. This well-established technique relies upon alcohol (in 
general) initiation, which makes it suitable in cellulose or cellulose 
derivatives grafting from [32]. Depending on the monomer, initiator, 
and catalyst used, ROP operates through different mechanisms. For 
example, in the case of tin(II) 2-ethylhexanoate (Sn(Oct)2) catalyzed 
ROP of monomers such as ε-caprolactone (ε-CL), lactide (LA), 
and p-dioxanone, the most commonly accepted mechanism is the 
‘‘coordination-insertion’’ mechanism in which Sn(Oct)2 converts to 
tin alkoxide (the actual initiator) by reaction with alcohols or other 

Surface Grafting
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protic compounds/impurities. The fine-tuning of the alcohol-to-
monomer ratio allows better control over the molecular weight of 
the final polymer [32].
 Nevertheless, none of the methods discussed here allows for 
overcoming the formation of non-grafted polymer chains or knowing 
their molecular characteristics. As a result, grafting onto is usually 
applied.

8.2.2 Grafting onto

In grafting onto (Fig. 8.1b), usually end-functionalized preformed 
polymer chains of known molecular characteristics (chemical 
structure, molecular weight, dispersity, morphology, etc.) are 
covalently attached to a (modified)hydroxyl groups of a substrate. 
Additionally, the grafting might be performed via the deactivation 
of living polymer chain ends by the surface functional groups, thus 
allowing attaching commercial polymers with a well-characterized 
structure, which makes the process very attractive for industrial 
applications [33]. For the method to be successful, it is necessary 
to apply efficient coupling chemistry such as 1) reactions between a 
living polymer chain end-group and a suitable group on the surface 
to be grafted [34, 35], 2) copper(I) catalyzed Huisgen 1,3-dipolar 
cycloaddition [36–38], 3) esterification and amidation [39–43], 4) 
isocyanate chemistry [17, 44, 45], and 5) nucleophilic substitution 
[46, 47] (Fig. 8.4).
 However, steric hindrance can prevent reaching the available 
reactive sites at the surface, thus unfavorably reducing the surface 
grafting density via the grafting onto the method. A method aiming 
on combining grafting onto and grafting from to overcome their 
inconvenience is the grafting through.

8.2.3 Grafting Through

The grafting through process (Fig. 8.1c) involves (co)polymerization 
of macromonomer(s) [18, 30]. For its purposes, the surface to be 
grafted is firstly functionalized with a polymerizable group (a vinyl 
group) able to participate in polymerization as a macro-monomer 
(Fig. 8.5) [49]. As a particularity of the method, there is no relation 
between the amount of nanoparticles and initiator concentration. 
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The grafting through technique overcomes the growth of long chains 
and promotes this of shorter chains. This is achieved by reversing 
the monomer concentration gradient in the grafting-from, where the 
monomer concentration is lowest at the substrate and highest in the 
surrounding solution.

Figure 8.5 Grafting through CNC macromonomers.

 However, the grafting through is yet scarcely applied due to the 
following reasons:

 (1) Limited availability of polysaccharide macromonomers
 (2) The possible interreference of the surface chemical 

modification for introducing suitable functionalities with 
polysaccharide nanocrystal (PSNC) integrity, crystallinity, and 
other surface properties [18]

 (3) Possibility to cross-link the system via recombination of 
growing chains with two or more propagating sites on 
macromonomers [50]

 Thus, further research must be done for taking advantage of the 
grafting through approach, or, alternatively, supramolecular grafting 
can be used.

8.2.4 Supramolecular Grafting

Supramolecular chemistry is non-covalent chemistry employing 
hydrogen bonding, metal coordination, hydrophobic forces, van der 
Waals forces, pi-pi interactions, and electrostatic effects in molecular 
self-assembly, folding, and recognition, host-guest chemistry, 
mechanically interlocked molecular architectures, and dynamic 
chemistry [51]. For several years, the method has been an alternative 
of choice for the surface modification of nanoparticles mainly 
because it involves milder and nondestructive conditions for surface 
functionalization/modification/grafting and thereby preserves 
structure, properties, and straightforwardness of nanoparticles [52]. 
When supramolecular chemistry is used for surface grafting, the so-
called supramolecular grafting, preformed polymer chains of known 
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molecular characteristics and having special functionalities along 
their backbones react with the available functional groups of the 
surface to be modified in a mild and complementary nondestructive 
manner (Figs 8.1d and 8.6). Thus, the problems related to grafting 
from technique are avoided. Besides, the possibility to design and 
incorporate suitable functionalities along the preformed polymer 
chains overcomes the need for surface functional group modification.

Figure 8.6 Chemistry of some supramolecular interactions.

 Multiple examples of the application of these grafting techniques 
to polysaccharide nanoparticles (cellulose, starch, and chitin) will 
be given below, but prior to this, the next section discusses the 
particular base for their applicability.

8.3 Polysaccharide Nanoparticles

8.3.1 Raw Material

Polysaccharides nanocrystals can be “extracted” from raw materials 
such as cellulose and chitin (the most abundant polymers on Earth) 
or from starch (the major energy reserve of higher plants) and offer 
molecular and biological advantages for their use in the preparation 
of nanocomposites.
 Cellulose is extracted from the cell walls of plants, from algae, 
tunicates, and bacteria [53, 54]. The exoskeleton of crustaceans, 
shellfish, and insects is the principal source of chitin [55] and starch 
can be found in seeds such as wheat, corn, or rice or in tubers such as 
potatoes [7, 56–58]. The chemistry of these polysaccharides varies 
from linear b-(1→4)-linked D-glucose residues (cellulose, Fig. 8.7A) 
to linear N-acetyl-D-glucosamine units linked through b-(1→4)-
glycosidic linkage (chitin, Fig. 8.7B); or a mixture of amylose, a 
linear or slightly branched (1→4)-a-D-glucan, and amylopectin, a 
highly branched macromolecule consisting of (1→4)-a-D-glucan 

Polysaccharide Nanoparticles
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short chains linked through a-(1→6) linkages (starch, Fig. 8.7C). 
These carbohydrates are widely used in food (starch), clothing 
(cotton), communication (paper), packaging (paper and board), and 
construction (wood) and have always been a fundamental part of 
both industrial and academic R&D [59]. Furthermore, due to the 
depletion of fossil resources, climate changes, and toxicity impacts, 
polysaccharides remain pivotal options for the future of biobased 
materials. Currently, interest in polysaccharides has shifted toward 
nanoscale materials.

Figure 8.7 Chemical structures of polysaccharides.
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 However, the greatest obstacles to their expansion are (i) the low 
thermal stability of polysaccharide nanocrystals to consider melt 
processing and (ii) poor compatibility with a number of polymer 
matrices. In this framework, surface modification of polysaccharide 
nanocrystals appears to be a powerful strategy to meet these 
challenges.

8.3.2 Preparation

8.3.2.1 Nanocellulose

Over the past several decades, there has been extensive research 
in nanocellulose. Nickerson and Habrle first reported an efficient 
procedure to prepare nanocellulose from cotton linters [60]. In 
2011, the Technical Association of the Pulp and Paper Industry 
(TAPPI) confronted with numerous studies about cellulose 
nanocrystals and considered it appropriate to bring together 
experts to release a harmonized nomenclature about nanocellulose 
materials [61]. Based on their recommendations, several reviews 
and books described the methods for extracting different cellulose 
nano-objects, such as cellulose nanofibrils (CNFs) and cellulose 
nanocrystals (CNCs) [4, 12, 13, 54, 62–65] from plants (e.g., cotton 
[66], hemp [67], wood [68]), marine animals (e.g., tunicates [69]), 
algae (e.g., Valonia [70]), bacteria (e.g., Acetobacter xylinum [71]), 
and even amoeba (Dictyostelium discoideum [72]) to fabricate a wide 
range of functional materials such as reinforcing filler [54] as well 
as photonic crystal [73], barrier film [74], shape-polymer polymers 
[75], light-healable [76], drug-delivery [77] and mechanically 
adaptive nanocomposites [78]. There is a significant difference to be 
understood between CNF and CNC, although one is coming from the 
other. CNFs are bulky products of nanocellulose production with a 
large surface area and aspect ratio: diameters ranging from 20 to 
60 nm and lengths of several microns. They are usually the finest 
result of the mechanical treatment stage, without any acid contact. 
While the terms microfibril, nanofibril, nanofiber, and elementary 
fibrils are usually used as synonyms for CNFs, they must be avoided 
in describing CNC – the finest product of acid hydrolysis of CNF 
amorphous regions. In contrast to CNFs, CNCs are rodlike particles 
of low aspect ratio and an elastic modulus of about 140 GPa [13, 79]. 

Polysaccharide Nanoparticles
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As the methods for nanocellulose production are well described in 
numerous studies, reviews, and chapters, they will not be discussed 
here. However, Fig. 8.8 summarizes cellulose fiber treatments for 
extracting both CNFs and CNCs, and some additional explanations 
are given below.

Figure 8.8 Schematic representation of the extraction procedures for both 
CNFs and CNCs from cellulose.

 With respect to cellulose nanofibrils (CNFs), scaling-up production 
and reduction of energy consumption forced researchers to set up 
a global procedure including chemical or enzymatic pretreatments 
before a mechanical treatment and high-pressure homogenization 
process [13, 53, 54, 80–82]. Regarding the procedure to extract 
cellulose nanocrystal (CNCs), ideally the amorphous regions are 
hydrolyzed and the remaining crystals will be nanometer size [13]. 
Actually, the shape of CNCs is strongly dependent on acid hydrolysis 
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conditions. Composed of b-(1→4)-linked D-glucose units, linear 
polymer chains are arranged in highly crystalline cellulose I 
(native cellulose). The typical methodology for CNC extraction 
involves strong-acid hydrolysis under well controlled conditions 
(temperature, stirring, and time) of purified cellulose. Depending 
on the source and parameters of the hydrolyze, the author’s product 
ranges from 50 to 300 nm in length and cross sections of 3–20 
nm [4, 12, 13, 53, 62]. A comparative and thorough reading of the 
literature makes it possible to show that the structure, properties, 
and behavior of the CNCs are strongly dependent on their source 
and the extraction method [4, 13, 62]. Additionally, the production 
(as integrated forest biorefinery [80]) changed scale, forcing the 
users to adequately characterize nanofillers prior to any use. The 
real question, nowadays, is whether production scale, starting 
material, or purification affects nanocellulose behavior. A recent 
publication by Reid et al. [16] proposes an interesting benchmarking 
of CNCs from laboratory to industrial production. Overall, sulfuric 
acid extracted CNCs compare well with CNCs produced at the 
laboratory scale with the final product being highly crystalline, high 
aspect ratio “nano-only” CNCs. However, differences in sulfate half 
ester content, colloidal stability, crystallinity, and morphology are 
clearly observable. It is established that the community needs to 
have industrially produced nanocelluloses to continue to develop 
nanocellulose research. These results must just us to lead to set up 
proper characterization to forecast nanocellulose behaviors [16].

8.3.2.2 Nanochitin

The fully acetylated version of chitin is insoluble in water and in 
most organic solvents due to the strong hydrogen bonding between 
the acetyl group. In this light, chitin is challenging to work, and 
it is difficult to maintain the chitin nanofiber structure during 
processing. Chitin exists in three polymorphs a, b and g that differ 
in orientation and packing of the chitin molecular chains. The most 
abundant is the a-chitin (from crab and shrimp shells). There, the 
polymer chains align in an antiparallel arrangement that favors 
strong intermolecular hydrogen bonds. In contrast, the b-chitin 
(from squid pens) polymer chains pack in parallel, what weaker 
intermolecular interactions. The g-chitin structure is a mixture of 
the a- and b-forms [55]. A very recent publication investigating 
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engineering strategies for chitin nanofibers (ChNF) allows to 
review all previously developed syntheses by both “top-down” and 
“bottom-up” routes [83]. So far, the top-down approach, consisting 
of breaking the native chitin microfibril to individual building blocks 
of interest, has been preferred in order to prevent the difficulties 
of dissolution at the molecular level. In this approach, pure chitin 
is first isolated upon demineralization and deproteinization using 
acid and alkali treatment. Then, the resulting mass is strongly 
mechanically disintegrated to chitin nanofiber dispersion with 
range diameters of 10–20 nm [83–87]. Wu et al. proposed an easier 
route to successfully extract ChNF from crab α-chitin by a milder 
high-pressure homogenization process under acidic conditions 
[88]. The synergistic effect between high-pressure homogenization 
and cationization of chitin was also found to disintegrate effectively 
the large chitin fibers to give nanofibers of an average diameter of 
20 nm [88]. Other ‘top-down’ approaches are mediated oxidation 
with strong acid hydrolysis, intensive mechanical disintegration, 
and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), which 
led to ChNF with an average width of 8 nm [83, 89] or a chemical-
etching-free approach to disintegrate chitin using calcium ions and 
solvent exchange [90]. In parallel, the bottom-up approach involves 
dissolving chitin fibers before reassembling into chitin nanofibers. 
Some microfibers have been prepared using electrospinning after 
dissolution into 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) with 
an average diameter of 160 nm. A pretreatment with ionic liquids 
allows dissolving chitin before electrospinning for making thinner 
microfibers (i.e., average diameter between 30 and 80 µm). Zhang 
and Rolandi proposed a different route of self-assembling chitin 
nanofibers from squid pen b-chitin previously dissolved into HFIP 
or LiCl/N,N-dimethylacetamide (DMAC) with electrospinning free 
step [83]. Promising chitin nanofibers with a diameter of 3 nm have 
been obtained.
 The procedures for obtaining chitin nanocrystals (ChNCs) are 
obviously very similar to the one for CNCs [91] and will not be a 
subject of this review.

8.3.2.3 Nanostarch

Introduced by Le Corre et al. [7], Lin et al. [4, 57], or, more recently, 
Kim et al. [92, 93], the main method to obtain starch nanocrystals 
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relies again on the disruption of the amorphous and paracrystalline 
domains of semicrystalline starch granules via acid hydrolysis. 
The optimization of the process is studied by varying diverse 
parameters including the acid used or the botanic origin of the 
native starch [94, 95]. However, the first studies of Le Corre et al. 
[7], Lin et al. [57], or, more recently, Kim et al. [93] are the basis 
of a global review on the preparation of starch nanocrystals with 
lengths ranging 20–150 nm with possible crystallinity preservation. 
In parallel, starch nanoparticles were prepared from gelatinized 
starch using numerous physical treatments including extrusion 
[96], high-pressure homogenization and emulsification [56, 97], 
ionic liquid medium [98–100], solvent displacement method [58, 93, 
101], or ultrasonication [102] with promising results for industrial 
applications [93].

Figure 8.9 Different ways of producing crystalline and amorphous starch 
nanoparticles: hydrolysis leads to nanocrystals, whereas regeneration and 
mechanical treatment lead to both amorphous and crystalline particles in the 
final batch. Adapted with permissions from Ref. [7]. Copyright 2019 American 
Chemical Society.
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 For example, Song et al. investigated the mechanism of starch 
nanoparticle formation during extrusion. They show that an 
appropriate use of a cross-linker at 75°C facilitates the reduction of 
particle size to around 160 nm [96]. However, as expected, mechanical 
damages are caused by the longtime of melt blending under high 
shear. On the other side, with the high-pressure homogenization 
technique, Liu et al. developed an alternative sustainable approach 
to reducing the size of SNPs. This method uses a microfluidizer to 
manipulate the continuous flow of liquid through microchannels 
[93]. Based on specific experimental parameters (starch slurry, 
20 passes, high pressure), the decrease of starch granules particle 
size from a few micrometers to a few nanometers. However, 
experimental conditions must be optimized for better preservation 
of the crystalline structure and improving the recovery yield [97]. 
The nanoprecipitation process is also a promising anti-solvent 
method to extract SNPs. This method consists of the deposition 
of polymers using a semipolar solvent miscible with water from 
a hydrophobic solution [92]. Here, the successive addition of a 
diluted starch solution to a non-solvent leads to the precipitation 
of nanostarch [58]. In this respect, the nanoprecipitation method, 
initially reported by Qin et al., allows to obtain differential structural 
and morphological properties of SNPs using several native starches 
with various amylose content and different types of crystalline 
structures. Authors conclude that the obtained SNPs display a typical 
V-crystalline structure (i.e., nanoplatelet-like) with particle sizes 
ranging from 20 to 225 nm depending on native starch granules.

8.3.3 Physicochemical Properties

Physicochemical properties of polysaccharides nanocrystals have 
been outlined clearly by Lin et al. [4]. In the framework of this 
chapter, Table 8.1 proposes a comparative presentation of the main 
differences between cellulose, chitin, and starch nanoparticles. 
In general, the morphology and geometrical dimensions of 
polysaccharide nanocrystals are related to the starch origins and 
extracting method. More specifically, common cellulose nanocrystals 
with rodlike morphology derived from cotton, flax, ramie, sisal, 
and so on are characterized by a length range of 100–700 nm and 
diameter 5–30 nm, while animal tunicate presents a considerable 
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aspect ratio of about 100 and bacterial cellulose gives L and D of 100 
to several mm and from 5 to 50 nm, respectively [91]. Dimensions of 
chitin nanowhiskers extracted from shrimp shell, crab shell, or squid 
pen were found to be close to those reported for cotton whiskers, 
while for Riftia tubes ChNC, the average L was around 2.2 mm and the 
aspect ratio was 120 [4]. As for the platelet-like starch nanocrystals, 
they are generally derived from crops, such as pea, potato, corn, and 
waxy maize L is between 20 and 100 nm, W - around 25–30 nm, and 
T - 6–8 nm [4].

Table 8.1 Physical characteristics of polysaccharide nanocrystals

NC Morphology
Stiffness, 
GPa

Crystallinity, 
% Tm, °C

OH 
content, 
mol/g

CNC Rodlike [54]
Spherical [103]

120–170 
[104]

54–88 [63] 200–300 
[105]

0.0038 [4]

ChNC Rodlike [106]
Whiskers [107]

150 [108] >80 [109]

SNP Platelet-like 
[110]

40–50 [4] 250 [4] 0.0025 [4]

 The small dimensions cause some difficulties in manipulating 
individual nanocrystals, and direct measurement of their stiffness 
is not easy. However, some data are reported from theoretical 
calculations, XRD analyses, or Raman spectra, well summarized in 
Table 8.1 and in a recent review [4].
 For what is to the degree of crystallinity, theoretically, it should 
be total, but the often-incomplete removal of the amorphous phase 
results in lower values. The classical values reported in the literature 
are within the range 54–88% [63] for CNCs, >80% for ChNCs [109], 
and 45–50% for SNPs [57] depending on the sources.

8.3.4 Chemical Properties

From a chemical point of view, polysaccharide nanocrystals are 
a challenging platform possessing reactive surface hydroxyl (and 
amino) groups, which allow the modification using chemical reactions 
(Fig. 8.7). In the last decades, numerous expert studies focused 
on this possibility usually to ensure nanocrystals applications as 
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strengthening agents in composite materials or specific properties 
for novel nanomaterials [4]. More precisely, in the case of rodlike 
cellulose nanocrystals with very uniform geometrical dimensions, 
around 0.0038 mol/g of active hydroxyl groups on the surface of 
nanocrystals is calculated [4]. Using the same calculations, the 
amount of surface available OH-groups in SNP was estimated to be 
ca. 0.0025 mol/g of the total amount [111].
 Another significant point is the difference in the activity of the 
hydroxyl groups. The methylene OH group in the C6 position, for 
example, is known to be more active than the other two hydroxyl 
groups (C2 and C3). Besides, the chemical modification initially 
occurs at the surface of the nanocrystals, inducing a superficial 
chemical reaction [4]. Consequently, the reactive activities of the 
hydroxyl groups on the surface of polysaccharide nanocrystals can 
be quantified with the experiments as well as their different orders 
or gradient chemical modifications can be controlled.
 Special attention should, however, be paid to reaction time, as 
with increasing it, surface modification can propagate to the inner 
part of the crystallites and induce their erosion and, subsequently, 
the loss of crystallinity [4]. Accordingly, an effort must be focused 
on the preservation of the structure, morphology, and crystalline 
properties of nanocrystals even though the degree of substitution or 
grafting efficiency is enhanced.
 Attention is also needed to the amount of sulfur groups on 
the surface of the particles. Indeed, sulfuric acid is used as the 
hydrolyzing agent and hydrolysis treatment leads to the introduction 
of negatively charged sulfur groups (OSO3–/H+) able to favorize 
a homogeneous dispersion while keeping thermal stability due 
to the stabilization electrostatic of nanocrystals in water. [4]. In 
the meantime, the decrease of potential surface hydroxyl groups, 
because of the incomplete replacement by the surface acid groups, 
reduces the reactivity for chemical modification. The same issues 
concern reactions with the amine functional groups available on the 
surface of chitin nanocrystals.

8.3.5 Surface Modification of Biobased Polysaccharide 
Nanoparticles via Grafting

All biobased polymer composites (biocomposites) where both the 
polymer and the (nano)particles (nanofillers) are of (biodegradable) 
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renewable materials have received a tremendous interest over the 
last decades. Amongst all biofillers, polysaccharide nanocrystals 
including cellulose, starch, and chitin show superior properties as 
reinforcing reagents for biocomposites due to their biocompatibility, 
nontoxicity, and relatively low cost [112]. Unfortunately, hydrophilic 
nanocrystals self-aggregate easily, which leads to a low degree of 
dispersion and low efficiency of reinforcement in nanocomposites. 
Additionally, the hydroxyl groups on the surface of nanocrystals 
are immiscible with hydrophobic polymers as polyesters. To 
overcome this drawback, modification of the crystal surface is 
most commonly used, between all methods, via grafting techniques  
(Fig. 8.1). The applicability of each grafting method to all three types 
of polysaccharide nanoparticles will be discussed below.

8.3.5.1 The nanocellulose: nanocrystals and nanofibers

As already discussed in the previous section, nanocellulose is one 
of the most abundant and promising renewable nanomaterials 
for multiple applications that combines low thermal expansion, 
excellent mechanical properties, and high surface area with versatile 
modification capacity [113]. According to the Technical Association 
of the Pulp and Paper Industry (TAPPI), there are three forms of 
nanocellulose: cellulose microfibrils, cellulose nanofibrils, and 
cellulose nanocrystals, mainly based on variations in dimensions 
and flexibility [114]. A lot of research has been concentrated on the 
surface modification of these nanocelluloses and more particularly 
of the cellulose nanocrystals via grafting reactions. Most of the 
published papers are thoroughly summarized in several exhaustive 
reviews and books and therefore will not be discussed in detail 
here [12, 20, 29, 115]. Here, some new trends, mostly in relation to 
supramolecular grafting, will be discussed.
 Nanocrystalline cellulose supramolecular interactions are well 
known and described in a multitude of studies [116]. However, 
supramolecular grafting is a new, softer, and nondestructive trend 
that in most cases does not need modification of the existing 
functional groups [52]. In the case of nanocelluloses, this grafting 
method was pioneered by the studies of Zhao et al. [117] who reported 
covalent modification of the cellulose microfibrils functional groups 
with cyclodextrins (CD) followed by supramolecular grafting of 

Polysaccharide Nanoparticles

Shivani Sharma
Highlight
AQ: Please check the figure citation here for correctness.

benalis
Note
Yes it is



244 Surface Modification of Biobased Polysaccharide Nanoparticles via Grafting

adamantine-capped poly(ε-caprolactone) (PCL) oligomers via the 
host-guest inclusion complexation in DMF dispersion (Fig. 8.10).

Figure 8.10 Synthesis pathway for the cellulose-CD and PCL-AD and the 
conceptual illustration for the assembly process of cellulose-CD with guest 
polymer PCL-AD (Reprinted with permission from [117]. Copyright 2017 
American Chemical Society).

 The successful assembly was confirmed by FTIR-ATR, XPS, and 
the increasing weight with CD concentration. Contact angle and 
TGA measurements reflected enhanced hydrophobicity and thermal 
stability of the cellulose fibers. Their morphological evaluations 
with SEM showed smooth surfaces exhibiting visible undulations 
along the axial direction, similarly to the pure cellulose before 
grafting [117]. Indeed, in this particular case, modification of 
cellulose functional groups prior to grafting was used but proved to 
be unnecessary by the following studies.
 The supramolecular approach toward surface grafting of 
nanocelluloses was continued by the studies of Tatsumi et al. [118] 
in their attempts to synthesize novel composites comprising poly(2-
hydroxyethyl methacrylate) (PHEMA) and cellulose nanocrystals 
(CNC) from CNC suspensions in aqueous 2-hydroxyethyl 
methacrylate (HEMA) monomer solution. The starting suspensions 
separated in isotropic upper and anisotropic bottom phases 
resulting after drying in transparent birefringent films of isotropic 
phase, embryonic non-separating mixture, and anisotropic phase, 
respectively. A fingerprint texture was found depending on the 
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phase formed and the corresponding presence/absence of liquid-
crystalline organization (Fig. 8.11) [118].

Figure 8.11 Polarized optical micrograph of the anisotropic phase of a 5.0 wt% 
CNC suspension in water/HEMA (0.46:1 in weight). The scale bar denotes 50 
μm. (Reprinted with permission from [118]. Copyright 2017 American Chemical 
Society.)

 The interest in such a stable cholesteric1 liquid-crystalline 
phase was further exploited by several groups [36, 119–122] for 
the obtaining of cellulose-polymer iridescent2 films. Ionic and 
nonfunctional polymers/monomers were used (Table 8.2).
 The self-assembly of the CNCs into cholesteric phases is ascribed 
to their twisted (left-handed helicoidal) shape and anisotropic charge 
distribution [126] and the formation of ordered phases requires 
neutral, fully water-soluble polymers. Thus, the electrostatically 
driven self-assembly of the colloidal-scale CNCs will not be altered by 
changes in the CNC charge distribution or excessive CNC agglomeration 
[36, 120]. In a very interesting biomimicking approach, Malho et al. 
[123, 124] have designed cellulose binding proteins with a natural 
tendency toward multimer complex formation as an adhesive matrix 
for combinations with nanofibrillated cellulose. Their findings show 

1 Chiral nematic
2 Changing color with illumination or observation angle
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that the protein matrix affects the material mechanic properties 
mainly through interactions during plastic deformation and that the 
dynamic rearrangements lead to increased interactions between 
fibrils over higher length scales. Other studies, scarcely found in the 
literature, reveal that supramolecular grafting can also be used in 
the design of light-healable supramolecular nanocomposites, with 
significantly improved mechanical properties [47]. In this respect, 
Biyani et al. [125] developed nanocomposites based on a telechelic 
poly(ethylene-co-butylene) functionalized with ureidopyrimidone 
(UPy) and CNCs decorated with the same binding motif. Again, the 
nanocomposites show better mechanical properties. Moreover, 
when exposed to ultraviolet radiation, deliberately introduced 
defects are healed quickly and efficiently. This is because light-
excited UPy motifs convert the absorbed energy into heat, thus 
causing temporary disengagement of the hydrogen-bonding motifs 
and concomitant reversible decrease of the supramolecular polymer 
molecular weight and viscosity. The results are valid even at a filler 
content of 20% w/w, that is, in compositions that exhibit high 
strength and stiffness.

Table 8.2 Nanocellulose use for (1) crustacean-like cholesteric iridescent 
films, (2) healable nanocomposites, and (3) adhesive matrices

Nanocellulose Polymer/monomer Application Ref.

Microfibrils
PCL 1 [117]

Protein 3 [123, 
124]

Nanocrystals

PHEMA 1 [118]
Poly(ethylene glycol) 1 [120]
Anionic sodium poly(acrylate) 1 [120]
Urea Formaldehyde 1 [121]

Poly(vinyl alcohol) 1 [36, 
119]

Poly(oligoethylene glycol 
methacrylate-co-2-ureido-4-
pyrimidone methacrylate)

1 [122]

Telechelic poly(ethylene-co-
butylene) functionalized with 
ureidopyrimidone (UPy)

2 [125]
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 Further studies are needed for a more precise understanding of 
the mechanisms behind this passionate supramolecular grafting of 
nanocellulose.

8.3.5.2 Starch nanoparticles

Insofar as SNPs are recovered and processed, nanocrystals are not 
only poorly dispersible in solvents generally used with polymers 
(due to reaggregation via strong hydrogen bonding), but also 
characterized by a very low thermal stability [7, 93, 128]. A negative 
SNP melting, specifically with water trace, has to be avoided during 
processing. In order to avoid it, the solvent casting method is often 
used to prepare SNPs/polymer composites. The interest in starch 
nanocrystals is related to their platelet-like structures suitable for 
possible improvement of barrier properties. However, to stimulate 
industrial-scale use, melt blend preparation has to be investigated 
[57]. For that, the surface modification of SNPs is required [128–
131] to confer customized functions to expand the SNP applications. 
As CNCs and ChNCs, reactive hydroxyl groups are present on starch 
nanocrystals surfaces providing modifications by appropriate 
chemical reactions. However, the investigations of composite 
materials incorporating these particles are again relatively limited, 
that is, poly(styrene-co-butyl acrylate), natural rubber, pullulan, 
thermoplastic starch, polyvinyl alcohol, soy protein, or waterborne 
polyurethane [92] have been mixed up with SNPs. Four strategies 
have already been investigated in the literature [57]: (i) modification 
by chemical modification with small molecules, (ii) grafting from 
polymer chains with polymerization of a monomer (Fig. 8.1a), (iii) 
grafting onto polymer chains with coupling agents (Fig. 8.1b), and 
(iv) supramolecular grafting (Fig. 8.1d).
 The feasibility of SNPs surface modification was first confirmed 
by Angellier et al. [95]. In this study, after sulfuric acid hydrolysis 
of native starch granules, SNPs obtained were superficially 
modified using two different reagents, that is, alkenyl succinic 
anhydride (ASA) and phenyl isocyanate (PI). After surface chemical 
treatment, the platelet-like geometric form of the PI-modified starch 
nanocrystals seemed preserved even though the size of the nano-
objects was decreased (Fig. 8.12) [111]. The PI-modified starch 
nanocrystals dispersed well in methylene chloride solution, contrary 
to unmodified SNPs. Therefore, isocyanate functions modify the 
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polarity of nanostarch allowing to melt process composite materials 
using nonpolar polymers as matrices [111].

Figure 8.12 TEM micrographs of waxy maize starch nanocrystals (a) before 
and after chemical treatment with (b) alkenyl succinic anhydride (ASA) and (c) 
phenyl isocyanate (PI). Scale bar: 50 nm. Reprinted with permission from [111]. 
Copyright (2019) American Chemical Society.

 The modification of SNPs with acetic anhydride also leads 
to promising results [57, 132]. With hydrophobic property and 
improved solubility in common organic solvents, the crystalline 
structure of acetylated starch nanocrystals was also changed from 
A-style to V-style. In addition, the platelet-like starch nanocrystals 
became sphere shaped after modification and the size increased 
from the original 20–40 nm to 63–271 nm. [57, 132]. However, 
surface chemical modification with small molecule attachment does 
not always provide miscibility between nanoparticles and polymers. 
In this regard, grafting methods are as usual exploited.

8.3.5.2.1 Grafting onto SNPs

Grafting onto SNPs was investigated with various preformed 
polymers using different coupling agents. The studies are 
exhaustively discussed by Lin et al. [57], concluding that SNPs 
surface modification needs mild conditions (temperature, pH) to 
preserve morphology integrity. Table 8.3 summarizes the conditions 
for the main grafting onto SNPs modifications including native 
starch source. In this case also, grafting onto suffers from drawbacks, 
that is, low reaction control and weak grafting, mainly to long-chain 
polymers. In a manner to overcome these drawbacks, the grafting 
from strategy was also investigated with SNPs.
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Table 8.3 Surface modification of nanostarch via grafting

Source
Grafting technique

Modification ReferenceMethod Variation
Waxy Maize Chemical 

reaction
– PI [111]

Corn Chemical 
reaction

– AA [132]

Waxy Maize Onto 2,4-TDI 
surface 
modification

PEGME [131]

Waxy Maize Onto 2,4-TDI 
surface 
modification

PTHF, PPGBE, 
PCL

[135]

Potato and 
Waxy Maize

Onto Esterification Aliphatic 
chloride [136]

Pea From ROP PCL [133, 137]
Potato From ROP PCL [130]
Corn From FRP PS [134]
Waxy Maize Supramolecular ROP; ATRP PDLA-b-PGMA [138]

TDI: Toluene diisocyanate; PI: Phenyl isocyanate; AA: Acetic anhydride; PEGME: 
Poly(ethylene glycol) methyl ether; PPGBE: Poly(propylene glycol) monobutyl ether; 
PTHF: Poly(tetrahydrofuran); PCL: Poly(caprolactone); PS: Polystyrene; PDLA-co-
PGMA: Poly(D-lactide)-co-poly(glycidyl methacrylate)

8.3.5.2.2 Grafting from SNPs

Both microwave-assisted and thermal ROP of caprolactone to 
PCL [129, 130, 133] have been studied, as well as the free radical 
polymerization (FRP) for polystyrene (PS) [134]. With grafting 
from strategy, a higher grafting density can be realized, and the 
properties of starch nanocrystals can be regulated through the 
selection and control of the grafting polymer chains length and type. 
The grafted SNPs were found to have improved compatibility with 
a PLA matrix. Grafting PCL polymer chains to starch nanocrystals 
using bulk polymerization was also successfully used [130] leading 
to crystalline structure and morphology of nanocrystals unaltered.
 As an alternative to ROP, starch nanocrystals were modified by 
surface induced free radical polymerization of styrene. A starch 
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nanocrystal copolymer was prepared by graft copolymerization 
of starch nanocrystals with styrene [134]. After grafting the 
hydrophobic polystyrene chains, the modified starch nanocrystals 
became amphiphilic nanoparticles with SNP sizes increased from 
50 nm nanoplatelet-like morphology to 80–100 nm spherical 
morphology. Table 8.3 summarizes the surface modification of 
nanostarch via grafting.
 Some issues, however, are to be discussed in terms of morphology 
preservation during grafting and/or melt processing. In this respect, 
as a method proceeding in milder conditions, supramolecular 
grafting can be used.

8.3.5.2.3 Supramolecular grafting on SNPs

Fully biobased and biodegradable nanocomposites based on poly(L-
lactide) (PLLA) and starch nanoplatelets (SNPs) were prepared by 
Benali et al. [138] using an original strategy involving supramolecular 
chemistry. To this end, poly(D-lactide)-b-poly(glycidyl methacrylate) 
(PDLA-b-PGMA) was first synthesized via the combination of 
ring-opening poly merization (ROP) and atom transfer radical 
polymerization (ATRP). NMR spectroscopy and SEC analysis 
confirmed an efficient control over the copolymer synthesis. The 
SNPs were then blended with the copolymer for producing a PDLA-
b-PGMA/SNPs masterbatch. The solvent casting method was studied 
to improve the SNPs thermal resistance and their compatibility 
with the PLLA matrix. A masterbatch (PDLA-b-PGMA/SNPs) was 
obtained by solvent casting with specific attention to the solvent 
selection to preserve SNPs morphology. The copolymer-SNPs 
supramolecular interactions taking place with hydrogen bonding 
are highlighted using near-infrared (NIR) spectroscopy. Thereafter, 
the masterbatch was melt-blended with virgin PLLA and then a 
thin film of PLLA/PDLA-b-PGMA/SNPs nanocomposites was melt-
processed by compression molding. The obtained nanocomposites 
films were by thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC). Our findings allow us to conclude that 
supramolecular interactions, that is, stereocomplexation between 
the PLLA matrix and the PDLA block of the copolymer formed on 
one side and hydrogen bonding between SNPs and the PGMA block 
of the copolymer on the other side led to a synergetic effect with the 
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maintenance of SNPs nanoplatelets and their morphology during 
melt processing. Quartz crystal microbalance (QCM) highlighted a 
promising effect on PLLA barrier properties against water vapor.

8.3.5.3 Chitin nanoparticles

Chitin nanocrystals (extraction presented in Fig. 8.13 [139]) attract 
attention with their unique cationic structure [140]. Recently, they 
were used as reinforcing agents in different polymeric matrices, such 
as natural rubber [141] and polycaprolactone [142]. However, as 
with all other hydrophilic nanoparticles, nanochitin self-aggregates 
easily and is immiscible with hydrophobic polymer matrices. Several 
studies deal with surface modification of chitin nanoparticles to 
introduce small lipophilic molecules such as stearic acid chloride, 
alkenyl succinic anhydride, and phenyl isocyanate. They are 
summarized and well discussed in the review of Dufresne from 2010 
[143] and will not be discussed here.

Figure 8.13 Schematic representation of chitin nanocrystals extraction. 
Adapted with permission from [139].

 Besides, a number of scientific papers report on the surface 
modification of chitin nanoparticles via grafting of polymer chains 
(Table 8.4). Grafting from and grafting onto were successfully applied 
to surface modify chitin nanofibers and nanocrystals.
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Table 8.4 Surface modification of nanochitin via grafting

Nanochitin Source

Grafting technique

Polymer Ref.Method Variation

Nanofibers Crab shells From ROP Poly(lactide-co-
caprolactone)

[144]

Unknown From FRP Poly(acrylic acid) [145]

Nanocrystals 
(whiskers)

Crab shells From ROP Poly(caprolactone) [142]

Unknown From ROP Poly(lactide) [146, 
147]

Unknown Onto Esterification Methoxy poly(ethylene 
glycol) acid

[148]

Shrimp 
shells

Onto Thionyl 
chloride 
activated 
esterification

Poly(hydroxybutyrate-
co-hydroxyvalerate)

[149]

8.3.5.3.1 Grafting from nanochitin

Most of the related studies here take advantage of the fast and 
relatively easy grafting from technique (no steric hindrance and low 
viscosity of the reaction medium) for introducing hydrophilic and 
hydrophobic polymer chains. For example, Ifuku et al. [145] use the 
free-radical polymerization of acrylic acid (AA) with persulfate as 
an initiator in an aqueous medium to introduce poly(acrylic acid) 
(PAA) chains on the surface of chitin nanofibers (Fig. 8.14). Multiple 
analytical methods showed AA was grafted on the surface and in 
the amorphous part, thus preserving the original crystal structure 
of the chitin – preserved chitin nanofibers morphology after 
polymerization and with efficient dissociation and homogeneous 
dispersion due to electrostatic repulsion between the PAA-grafted 
nanofibers.

S2O8 SO4 Chitin *

COOH
n
 2- heat 2 Chitin.

Chitin
. AA

60°C, 4h

Figure 8.14 Free-radical graft polymerization of AA on chitin nanofibers.

 Other groups tried ROP for polyester grafting on chitin 
nanofibers and whiskers [142, 144, 146, 147]. Thus, poly(lactide-
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co-caprolactone) (P(LA-co-CL)), PCL, and PLA were successfully 
introduced in order to disperse nanochitin into a PLLA matrix [146, 
147] or to directly form nanocomposites [142, 144]. In all cases, the 
initial structure of nanochitin was remarkably preserved and the 
tensile strength and elongation at break as well as the hydrophobicity 
of the nanocomposites were significantly improved.
 However, the possible residues of non-grafted homopolymers as 
well as the undefined polymer chain characteristics still presented 
a disadvantage of the method. Therefore, the groups of Wang et al. 
[149] and Mol et al. [148] applied the grafting onto approach.

8.3.5.3.2 Grafting onto nanochitin

So far, there are only two studies dealing with the grafting onto 
nanochitin [148, 149], both using chitin whiskers as the starting 
material. The group of Wang et al. [149] obtained chemically 
modified chitin nanocrystals by grafting poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) onto chitin backbone via chlorination 
while preserving the amino group. Analyses revealed successful 
grafting and preserved whiskers structure but with a modified 
appearance. A large amount of white dots (suggested to be PHBV) 
surrounded the chitin and blurred the outlines of the nanocrystals, 
while the degree of aggregation seemed to be reduced [149]. As 
expected, contact angle measurement showed that improved 
hydrophobicity of chitin whiskers and also found to suppress PHBV 
crystallization.
 In an attempt to enhance recyclability of acrylonitrile-butadiene-
styrene (ABS) rubber, Mol et al. [148] derived chitin whiskers 
surface grafted with methoxy poly(ethylene glycol) (mPEG) of 
different molar masses. Indeed, nowadays recyclability of polymeric 
materials is a very important question and gathers growing attention 
from both universities and industry. The major problem with this 
reprocessing comes from the severe damage to the molecular 
architecture and microstructure of the polymer, which often 
results in poorer mechanical properties of the recycled material. A 
possible solution considers the incorporation of nanoparticles as 
reinforcing agents. In this case [148], the modified chitin whiskers 
were incorporated into reprocessed ABS (acrylonitrile–butadiene–
styrene) to yield nanocomposites with 0.5% (mass/mass) whiskers. 
The results showed that high molar mass mPEG grafts increase the 
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strength, elongation at break, and stiffness of the reprocessed ABS 
over virgin, reprocessed ABS and reprocessed ABS/unmodified 
whiskers. This indicates that the use of surface-modified chitin 
whiskers can be valuable in improving the mechanical properties of 
recycled polymers and, consequently, enhancing their recyclability.

8.4 Conclusions

The current progress in surface modification of biobased 
polysaccharide nanoparticles, for example, nanocelluloses, starch, 
and chitin nanoparticles via grafting techniques, was carefully 
examined. Description about the different methods, for example, 
grafting from, grafting onto, grafting through, and supramolecular 
grafting, is provided in the first section. Further, the current state 
of the art in polysaccharide particle preparation and physical and 
chemical properties was renewed, including very recent trends and 
strategies. The final section thoroughly discussed the latest methods 
and achievements toward surface-modified nanocelluloses, 
nanochitin, and nanostarch particles via grafting from, grafting 
onto and most importantly supramolecular grafting. Thus, this 
chapter summarizes the most recent trends in the field of functional 
nanomaterials from bioderived polysaccharide nanoparticles.

List of Abbreviations

AA Acrylic acid
AcA Acetic anhydride
AD Adamantane
ASA Alkenyl succinic anhydride
ATRP Atom transfer radical polymerization
CD Cyclodextrins
ChNCs Chitin nanocrystals
ChNFs Chitin nanofibers
CNCs Cellulose nanocrystals
CNFs Cellulose nanofibrils
DMAC N,N-Dimethylacetamide
DMF Dimethylformamide
DSC Differential scanning calorimetry
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FRP Free radical polymerization
FTIR-ATR Fourier-transform infrared attenuated total 

reflectance spectroscopy
HEMA 2-Hydroxyethyl methacrylate
HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol
ka Activation constant
kadd Addition constant
k-add Dissociation constant
kd Deactivation constant
LA Lactide
LiCl Lithium chloride
Mez-Y/L Transition metal complex (activator, where Y 

may be another differ from the ligand (L) or be a 
counter ion)

NIR Near-infrared spectroscopy
NMP Nitroxide-mediated polymerization
NMR Nuclear magnetic resonance spectroscopy
NO* Stable nitroxide radical
PAA Poly(acrylic acid)
PCL Poly(ε-caprolactone)
PDLA Poly(D-lactide)
PDLA-co-PGMA Poly(D-lactide)-co-poly(glycidyl methacrylate)
PEGME Poly(ethylene glycol) methyl ether
PHEMA Poly(2-hydroxyethyl methacrylate)
PI Phenyl isocyanate
PLA Polylactide
PLLA Poly(L-lactide)
Pn* Active propagating species
Pn-X Dormant alkyl halide species
Pn–X Dormant species
PPGBE Poly(propylene glycol) monobutyl ether
PS Polystyrene
PSNC Polysaccharide nanocrystal
PTHF Poly(tetrahydrofuran)
QCM Quartz crystal microbalance
RAFT Reversible addition–fragmentation chain transfer 

polymerization
RDRP Reversible-deactivation radical polymerization
SEC Size-exclusion chromatography
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SEM Scanning electron microscopy
SI Surface initiated
SI-CRP Surface-initiated controlled radical polymerization
SI-FRP Surface-initiated free radical polymerization
SI-ROP Surface-initiated ring-opening polymerization
Sn(Oct)2 Tin(II) 2-ethylhexanoate
SNPs Starch nanocrystals
TAPPI The Technical Association of the Pulp and Paper 

Industry
TDI Toluene diisocyanate
TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl
TGA Thermogravimetric analysis
UPy Ureidopyrimidone
X…Mez+1–Y/L Metal halide complex
XPS X-ray photoelectron spectroscopy
ε-CL ε-Caprolactone
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