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Abstract: Cellulose nanocrystals (CNCs) are renewable nanosized materials with exceptional
physicochemical properties that continue to garner a high level of attention in both industry and
academia for their potential high-end material applications. These rod-shaped CNCs are appealing
due to their non-toxic, carbohydrate-based chemical structure, large surface area, and the presence
of ample surface hydroxyl groups for chemical surface modifications. CNCs, generally prepared
from sulfuric acid-mediated hydrolysis of native cellulose, display an anionic surface that has been
exploited for a number of applications. However, several recent studies showed the importance
of CNCs’ surface charge reversal towards the design of functional cationic CNCs. Cationization of
CNCs could further open up other innovative applications, in particular, bioapplications such as
gene and drug delivery, vaccine adjuvants, and tissue engineering. This mini-review focuses mainly
on the recent covalent synthetic methods for the design and fabrication of cationic CNCs as well as
their potential bioapplications.
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1. Introduction

1.1. Cellulose and Cellulose Nanocrystals

Cellulose, being one of the most abundant renewable natural polymers on earth, has been used for
several years in both its unmodified and modified forms for the development of a range of materials
and products useful for our society [1]. Chemically, cellulose is a linear long chain homopolysaccharide
made up of 3-D-anhydroglucopyranose units joined together by (3-1,4-glycosidic bonds. The repeat
unit consists of a dimer of glucose (cellobiose) with each monomer possessing one primary and two
secondary hydroxyl groups (Figure 1).
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Figure 1. Chemical representation of a single cellulose chain repeat unit depicting two glucose units
with a 3-1,4-glycosidic linkage.
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Cellulose microfibrils are comprised of crystalline and amorphous regions and interestingly, when
they are exposed to a combination of mechanical, chemical, and/or enzymatic conditions, highly
crystalline regions can be extracted to afford rigid needle-like cellulose particles commonly termed
as cellulose nanocrystals (CNCs) [2,3]. These rod-like cellulose particles have also been referred to in
literature as nanowhiskers or nanocrystalline cellulose, however, for this review, they are all termed
as CNCs. In general, CNCs can be isolated from almost any cellulosic materials and typical major
sources include plants, bacteria, tunicates, and algae [4]. Despite being discovered as early as 1949 [5,6],
CNCs did not draw much attention until the works by Revol et al. on chiral nematic ordering of CNCs
in aqueous suspension [7] and by Favier et al. on the use of CNCs as nanocomposite reinforcement [8,9].
Since then, CNCs have quickly attracted a high level of interest in the materials community due to their
nanoscale dimensions (typically 50-3000 nm in length with cross-sections of 3-20 nm depending on the
cellulosic sources and isolation experimental conditions) [2] and intrinsic physicochemical properties
(high aspect ratio, unique optical, electrical, magnetic, and mechanical properties) [3,10-12]. The advent
of nanotechnology and the growing importance of nanomaterials have further spurred research
interests of CNCs in both academic and industrial sectors as evidenced by the influx in the number
of scientific publications and patents related to CNCs in the past decades. Given CNCs’ exceptional
physical and chemical properties as well as future commercialization prospects, this recently led to
their industrial production in North America, Japan, and Europe [13,14]. In addition to the production
of CNCs at an affordable quantity, obtaining CNC batches with comparable sizes and properties [15]
remains a top priority in order to meet the high demand of the CNC community for the design of
multifunctional CNCs for commercial applications.

1.2. Preparation of CNCs via Acid Hydrolysis of Native Cellulose

Controlled acid-mediated hydrolysis of cellulose remains the typical chemical method for the
synthesis of CNCs. During the acid hydrolysis step, the accessible amorphous regions are hydrolyzed
to yield crystalline cellulose in the form of rod-shaped particles. Studies have indicated that the
hydrolysis conditions (temperature, reaction times, acid concentration) and choice of acids are critical
and can easily affect the particle dimensions, CNCs’ overall yield, and surface charge density [16-20].
While a number of acids such as hydrochloric acid [2,3], hydrobromic acid [21,22], phosphoric
acid [23,24], and more recently, phosphotungstic acid [25] have been investigated, sulfuric acid remains
the most commonly employed acid for the hydrolysis of cellulose raw materials in both academia
and industry [3]. Sulfuric-acid-mediated hydrolysis of cellulose will also incorporate anionic sulfate
half-ester (OSO37) groups on the surface of the nanocrystals (Scheme 1) providing electrostatic
stabilization in aqueous solutions [18,26]. The sulfate half-ester content is generally obtained by
analyzing the amount of sulfur present by elemental analysis or via a much simpler method such
as conductometric titration [27]. While the number of sulfate half-ester groups depends on the
concentration of sulfuric acid and the hydrolysis time, the exact location of the OSO3~ groups on the
nanocrystals is still unknown [23].
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Scheme 1. Preparation of sulfated cellulose nanocrystals (CNCs) via acid hydrolysis of cellulose
((a) native cellulose; (b) diagrammatic representation of rod-like sulfated CNCs).
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1.3. Surface Covalent Functionalization of CNCs

Surface covalent modification of CNCs remains a popular area of research in literature for the
design of advanced and multifunctional CNCs for a number of applications [2,28-30]. The presence
of numerous hydroxyl groups (8.13 x 103 mmolm 2 for the number of hydroxyl groups per unit
surface area of cotton CNCs [31]) allows the fine tuning of the surface of CNCs by imparting new
properties to the material for the intended application. However, it is crucial to make sure no damage
to the original morphology of the nanocrystals occurs during the surface functionalization process
and as such, mild chemical methods are required to maintain the integrity of the nanocrystals.
A number of surface covalent functionalizations of CNCs has been reported and some common
examples include oxidation (tetramethylpiperidinyloxyl radical (TEMPO) oxidation for conversion of
the primary hydroxyl groups to carboxylic acids [32] and periodate oxidation of vicinal diols to afford
dialdehyde functionalities [33]), esterification [34,35], amidation [36,37], carbamation [38,39], amine
functionalized CNCs (conversion of hydroxyl group to a terminated primary amine group) [40,41],
radical polymerization [42-45], etherification, and other chemical modifications [2,29]. Readers are
directed to a more detailed and critical review by Eyley and Thielemans on surface modifications
of CNCs [29]. While most surface covalent functionalization methods of CNCs have allowed the
introduction of the desired functionalities such as anionic charge, hydrophobicity, and fluorescence [46],
recent studies have shown that cationization of CNCs might open up more opportunities for the
design of cationic functional CNCs. Moreover, the intrinsically negative surface charge of CNCs
generated by sulfuric-acid-mediated hydrolysis prevents the direct use of electrostatic interactions for
the binding or self-assembly with negatively charged biomacromolecules, nucleic acids, and certain
proteins [47]. Naturally derived cationic CNCs are attractive targets for potential gene and drug
delivery, tissue engineering, and other therapeutic applications as they are generally non-toxic,
biocompatible, and renewable. Hence, the development of new chemical methods for cationization of
CNCs via surface functionalization is desirable (Scheme 2). Herein, we provide an overview on the
design and fabrication of cationic CNCs through covalent surface functionalization methods as well as
the potential applications of functional cationic CNCs.
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Scheme 2. Design of cationic rod-like CNCs via chemical surface covalent functionalization of
unmodified CNCs.

2. Surface Covalent Functionalization Methods for the Fabrication of Cationic CNCs

2.1. Surface Cationization of CNCs via Etherification Reaction

The first cationic surface covalent functionalization of CNCs was reported by Hasani and
co-workers, which involved an etherification reaction of CNCs (synthesized by hydrolysis of cotton
filter aid using 64% w/w sulfuric acid at 45 °C) with (2,3-epoxypropyl) trimethylammonium chloride
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(EPTMAC) as cationization agent under basic conditions at 65 °C [48]. Surface cationization proceeded
via a nucleophilic addition reaction of the CNCs activated hydroxyl groups with the reactive epoxy
functional group of EPTMAC (Scheme 3). The base (7% w/v NaOH) is required for the activation
of the hydroxyl groups as well as for cleavage of the sulfate half-ester groups in order to ensure the
pure cationic nature of the resulting hydroxypropyltrimethylammonium chloride CNCs. Purification
of the cationic CNCs required extensive dialysis for 15 days and sonication to afford stable aqueous
cationic CNCs suspension. The success of the cationization was confirmed by electrophoretic mobility
measurements which indicated a charge reversal from —39 4 3 mV to +30 & 5 mV upon reaction
with EPTMAC. Surface properties of the cationic CNCs were analyzed by conductometric titrations
to assess the trimethylammonium chloride content (0.112 mmol g~! for a degree of substitution
of 0.02 per bulk anhydroglucose unit) and atomic force microscopy for nanocrystals dimensions
(11 &£ 2nm x 174 £ 18 nm). While the morphology of the nanocrystals was not affected by surface
modification, a decrease in total surface charge density of the cationic CNCs was observed.
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Scheme 3. Surface cationization of CNCs via a nucleophilic ring-opening of the epoxide moiety.
(Adapted from reference [48] with permission from the Royal Society of Chemistry, copyright 2008).

In order to circumvent the issue of a low total surface charge density of the above cationized CNCs,
Zaman and co-workers proposed an aqueous semi-dry method using a similar synthetic strategy as
depicted in Scheme 3 [49]. In their study, dried sulfated CNCs were ground with powdered NaOH,
then mixed with the solvent (H,O or HyO/DMSO mixture at different volume ratios) followed by
dropwise addition of the EPTMAC. The impact of the amount of water on the cationization efficiency
was thoroughly studied. In the presence of a high water content, a likely side-reaction such as alkaline
hydrolysis of EPTMAC could occur (Scheme 4), thereby consuming the key reagent for the desired
etherification reaction [50]. Although surface cationization of CNCs by the semi-dry process proceeded
with an increase in the surface charge density over the unmodified CNCs, no X-ray diffraction (XRD)
data was reported to assess any loss in crystallinity and the associated structural integrity of the
nanocrystals [29].
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Scheme 4. Mechanism of alkaline hydrolysis of EPTMAC.

Lin and co-workers reported the same etherification reaction (as depicted in Scheme 3) to prepare
cationic CNCs for the subsequent electrostatic binding with anionic alginate towards the design of
biocompatible double-membrane hydrogel as complexing drug carriers [51]. Surface cationization
of sulfated CNCs was also achieved non-covalently by physical adsorption with cationic branched
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polyethylenimine (Scheme 5). Cationic CNCs derived from the surface covalent chemical modification
had a remarkable effect to sustain the drug release in the hydrogel in contrast to cationic CNCs
prepared from the physical modification method. This further highlights the importance of surface
covalent cationization which provides a strong permanent layer of cationic charges.
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Scheme 5. Synthetic route for the preparation of cationic CNCs by chemical grafting and physical
adsorption (Reproduced from reference [51] with permission from the American Chemical Society,
copyright 2016).

In a recent study, You and co-workers designed nanocomposite injectable hydrogels based on
quaternized cellulose and cationic CNCs [52]. The cationic CNCs were synthesized via an etherification
reaction of anionic sulfated CNCs with 3-chloro-2-hydroxypropyl-trimethylammonium chloride
(CHPTAC) under alkaline conditions at 65 °C. The CHPTAC actually formed the epoxide which
then reacted with the surface-activated alkoxide CNCs. The cationic CNCs behaved as physical fillers
as well as components that could be cross-linked along with quaternized cellulose chains to form
the matrix. The resulting hydrogel has improved mechanical strength, degradation, and sustained
release behaviour of doxorubicin. These cationic CNC-based injectable hydrogels could be used for
the sustained delivery of anticancer drugs. In other studies, cationic CNCs synthesized by employing
EPTMAC as a cationization agent were used as miniemulsion polymerization stabilizers [53] and high
performance nanocomposite films [54].

2.2. Cationic Porphyrin-Based CNCs with Photobactericidal Activity

Feese et al. reported the preparation of cationic CNCs that was surface-modified with a cationic
porphyrin [55]. The porphyrin was covalently conjugated onto the CNCs’ surface via the powerful
Huisgen 1,3-dipolar cycloaddition reaction (Click chemistry). This Click reaction involves the coupling
of an azide with a terminal alkyne to link two molecules via the formation of the stable 1,2,3-triazole
ring [56,57]. The CNCs used in this study were obtained by HBr hydrolysis of cotton fibers (Whatman
#1 filter paper, 98% «-cellulose, 80% crystallinity) at 100 °C. The primary hydroxyl groups of CNCs were
first transformed to tosylates (-OTs) leaving groups for subsequent Sy? displacement with nucleophilic
azide groups using sodium azide in dimethylformamide to afford surface reactive azidated CNCs
(Scheme 6). While no data was provided on the degree of tosylation, the azidation occurred with a
degree of substitution of 0.14 based on elemental analysis data. The next step in the synthesis involved
the appendage of the cationic porphyrin unit on the surface of the CNCs under Click reaction conditions
to chemically join the ethyne-bearing porphyrin to the azidated CNCs. The purified insoluble green
cationic CNCs were obtained after isolation by several careful washes and centrifugations to remove
unreacted materials and the copper catalyst [58] followed by freeze-drying of the aqueous suspensions.
Proof of covalent conjugation between the cationic porphyrin and CNCs was confirmed using infrared
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spectroscopy (a decrease in the intensity of the azide band at 2113 cm™! and an increase in C=N
band intensity at 1651 cm ! originating from the porphyrin and triazole linkage) and diffusion NMR
spectroscopy, and supported by thermogravimetric analysis and gel permeation chromatography.
While the presence of the porphyrin fragments on the surface of the CNCs is an indication of the
cationic nature of the modified CNCs, the success of the surface cationization was not further confirmed
by electrophoretic mobility measurements.
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Scheme 6. Preparation of cationic porphyrin-based CNCs via Click chemistry. (Adapted from

CuBr, Ascorbic acid
DMF, Et;N

reference [55] with permission from the American Chemical Society, copyright 2011).

The ability of the synthesized cationic CNCs to photoinactivate genera of bacteria such as
Staphylococcus aureus (Gram-positive), Escherichia coli (Gram-negative), and Mycobacterium smegmatis
(mycobacterium) were investigated. Results indicated that the cationic CNCs displayed excellent
activity toward the photodynamic inactivation of Mycobacterium smegmatis and Staphylococcus aureus,
and minimum efficacy against Escherichia coli. Overall, this synthetic strategy exploits the benefits
of CNCs as biodegradable, biocompatible, and renewable nanobiomaterial for the appendage of
photosensitizers that could be potentially useful in the food preparation and health care industries.

2.3. Cationic Imidazolium and Pyridinium Grafted CNCs

Eyley and Thielemans designed cationic CNCs in a three-step synthetic strategy using the
robust Click chemistry to append imidazolium cations on the surface of CNCs (obtained by 64 wt %
sulfuric acid hydrolysis of bleached cotton) [59]. Chlorination of the primary hydroxyl groups with
thionyl chloride was first achieved followed by reaction with sodium azide to afford surface-reactive
azidated CNCs. Although the tosylate is a better leaving group than the chloride, chlorination
was preferred over tosylation as the first step of the synthesis due to prior inconsistent results of
heterogeneous tosylation reaction on cotton [60,61]. The ionic liquid 1-methyl-3-propargylimidazolium
bromide ([MPIM][Br]) [62] was then reacted with the azidated CNCs under Click reaction conditions to
generate the desired cationic imidazolium grafted CNCs (Scheme 7). The presence of the imidazolium
fragments on the surface of the CNCs was confirmed by infrared spectroscopy and X-ray photoelectron
spectroscopy (XPS). Using nitrogen concentration by elemental analysis, a degree of substitution of
0.36 was calculated for the grafting of the imidazolium, however, the extent of surface modification
for the azidation step was not reported. The zeta-potential of the imidazolium-grafted CNCs was
found to be +47 mV (v/s —9.49 mV for unmodified CNCs), thereby indicating a cationic surface
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(surface charge density of 1.17 enm). Examining the crystallinity of the products at each stage of the
surface functionalization is crucial to ensure no damage to the nanocrystals’ structure and properties.
The authors were able to successfully monitor the crystallinity of each product using powder X-ray
diffraction (XRD) technique. A constant value of the crystallinity index at each stage of the surface
modifications was observed except for a slight decrease from 0.89 to 0.80 for the chlorination step.
Furthermore, it was possible to exchange the bromide anion with bistriflimide and the monoanionic
orange II dye, thereby allowing the design of a number of ion exchange systems or catalysts using
CNCs as a support template.

OH cl N3
SOCl,, pyridine NaN;, DMF

PhMe 48 h, 100 °C
unmodified CNCs 16 h, 65 °C chlorinated CNCs azidated CNCs

[MPIM][Br]
CuSO,, NaAsc, H,O
2 days, 70 °C

Cationic CNCs

Scheme 7. Synthesis of imidazolium grafted CNCs via Click chemistry. (Adapted from reference [59]
with permission from the Royal Society of Chemistry, copyright 2011).

In a further attempt to decrease the number of synthetic steps and make the synthetic design more
amenable for potential industrial applications, the Thielemans group also developed a simple and
heterogeneous one-pot synthetic route for the preparation of cationic pyridinium-grafted CNCs [63].
Unmodified CNCs were treated with 4-(bromomethyl)- or 4-(1-bromoethyl)benzoic acid in the
presence of p-toluenesulfonyl chloride and pyridine to append the cationic pyridinium groups on
the CNCs’ surface (Scheme 8). The grafting involves an esterification reaction between the activated
4-(1-bromoethyl/bromomethyl) benzoic acid as their mixed anhydrides and CNCs and a nucleophilic
substitution of the bromide with pyridine (pyridine alkylation type reaction). Purification of the
resulting cationic CNCs was achieved by Soxhlet extraction with dichloromethane and ethanol for
24 h to get rid of any unbound reactants.
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Scheme 8. One-pot synthetic route for the design of pyridinium-grafted CNCs. (Adapted from
reference [63] with permission from the Royal Society of Chemistry, copyright 2013).

The success of the surface covalent grafting was confirmed by IR spectroscopy (the presence of
the typical carbonyl stretching peak of the ester functionality at ~1720 cm~!) and XPS (appearance
of new nitrogen peaks at 402.1 eV). Surface cationization was also elucidated by zeta potential
measurements which indicated a change of —33.6 mV for unmodified CNCs to +54.5 and +59.0 mV
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for benzyl and a-methylbenzyl pyridinium CNCs respectively. The morphology and crystallinity
of the pyridinium-based CNCs were unaffected as shown by XRD and atomic force microscopy
(AFM) results. The absorption of the Orange II dye on the surface of the cationized CNCs was also
demonstrated. The degree of substitution on the surface of the CNCs was determined to be 0.38 and
1.10 for benzyl and a-methylbenzyl pyridinium CNCs, respectively, based on nitrogen content from
elemental analysis. A higher degree of substitution was surprisingly observed for o-methylbenzyl
pyridinium CNCs which the authors attributed possibly to the difference in relative solubilities of the
two pyridinium salts in the reaction medium. The solubility issues of the pyridinium salts were later
addressed in another work by performing the one-pot cationization reaction at higher dilution [64].
The resulting highly charged cationic CNCs were found to be excellent flocculants for freshwater
microalgae harvesting. Recently, the same group exploited this one-pot synthetic method given the
high grafting density to expand on the design of cationic CNCs with varying properties [65] (Figure 2).
Two different structural amines, 1-methylimidazole and 4-dimethylaminopyridine, were employed in
this study, which also acted as the catalytic base for the esterification step as well as the nucleophile
to attack the electrophilic carbon of the C-Br and generate the cationic charge. Overall, their study
demonstrated the ability to vary the type of cation on the surface of CNCs, which could be applied in
the field of drug delivery or the sequestration of contaminants from waste water streams.
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Figure 2. Chemical structures of cationic 1-methylimidazolium and 4-dimethylaminopyridinium
grafted CNCs. Adapted from reference [65] with permission from Springer Nature, copyright 2016).

2.4. Cationic CNCs via Polymerization Techniques

The development of living radical polymerization (LRP) or reversible deactivation radical
polymerization techniques has allowed materials scientists to synthesize polymers with well-defined
properties and controlled molecular architectures. The main LRP techniques include atom
transfer radical polymerization (ATRP), reversible addition fragmentation chain transfer (RAFT),
and nitroxide-mediated polymerization (NMP), which have been exploited for the modification of
polysaccharides towards the formation of high-performance hybrids [66,67]. These LRP techniques
have also been employed on the surface of colloidal CNCs for the grafting of several functional
polymer brushes with tunable or stimuli-responsive properties [42-45,68-71]. Surface-initiated atom
transfer radical polymerization (SI-ATRP) and single-electron transfer living radical polymerization
(SI-SET-LRP) are the most widely used methods for grafting from of polymers on the surface of CNCs.
Poly(N,N-dimethylaminoethyl methacrylate) (P(DMAEMA)) is one of the popular and well-studied
stimuli-responsive polymer systems that possess both pH and thermoresponsive properties [72,73].
P(DMAEMA) is a weak polyelectrolyte (pKa of ~7.4 at room temperature) and below its pKa,
PDMAEMA chains are positively charged due to the protonation of the pendant dimethylamino
groups [74]. P(DMAEMA) was grafted onto the surface of CNCs using the free radical polymerization
method in the presence of ammonium persulfate as the water-soluble initiator (Scheme 9) [75].
Cationization of the CNCs’ surface was demonstrated at pH 3.0 with a zeta potential of +40 mV.
The impact of the resulting PDMAEMA-grafted CNCs on the stability of Pickering emulsions was
studied. It was found that PDMAEMA chains could tune the stability of emulsion droplets by
manipulating pH and temperature for the design of dual-responsive emulsion systems.
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Scheme 9. Preparation of CNCs grafted PDMAEMA via free radical polymerization. (Adapted from
reference [75] with permission from the American Chemical Society, copyright 2014).

In a recent study, Rosilo and co-workers developed an efficient method for shielding the anionic
sulfate half-esters of CNCs using SI-ATRP as the key step to introduce poly P(DMAEMA) brushes on
the surface of CNCs [47]. Pristine CNCs were first modified with initiator molecules via the chemical
vapor deposition (CVD) method to form CNC macroinitiators with high-density initiator sites for
subsequent grafting of P(DMAEMA) in dry DMF at 70 °C in the presence of ethyl a-bromoisobutyryl
bromide (EBiB) as the sacrificial initiator. Cationization occurred when the polymer brush-modified
CNC-¢-P(DMAEMA) was further quaternized with methyl iodide in pure water (Scheme 10).
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CNC-g-P(DMAEMA) CNC-g-P(QDMAEMA)

Scheme 10. Preparation of cationic polymer brush surface-modified CNCs (Reproduced from
reference [47] with permission from the Royal Society of Chemistry, copyright 2014).

The resulting cationized CNCs displayed excellent dispersibility and colloidal stability in water
with a zeta potential of +38 mV. Given the cationic nature of the surface-modified CNCs, the
ability to bind with virus particles possessing negatively charged outer surfaces was investigated.
Gel electrophoresis, dynamic light scattering, and transmission electron microscopy (TEM) (Figure 3)
results showed the electrostatic binding of cationic CNCs with cowpea chlorotic mottle virus
(CCMV) and norovirus-like particles (NoV-VLP) with large affinities at different salt concentrations.
This synthetic approach for the design of cationic CNCs and the virus-binding study concept could be
applied to other viruses or anionic materials such as synthetic nanoparticles, DNA, and bacteria for
improving viral delivery of therapeutic agents.

PDMAEMA was reported to effectively condense plasmid DNA into nanoparticles to aid cellular
internalization for gene delivery applications [76,77]. Taking advantage of this property, Hu and
co-workers designed cationic CNC-based gene vectors by wrapping the surface of CNCs with
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disulphide bond-linked dense PDMAEMA brushes [78]. Prior to SI-ATRP with PDMAEMA, sulfated
CNCs were modified in two steps: (i) reaction of cystamine with CDI-activated CNCs to afford
CNCs-S5-NHj (ii) amidation reaction of CNC-S5-NH, with a-bromoisobutyric acid (BIBA) to generate
bromoisobutylryl-terminated CNCs (CNC-SS-Br) (Figure 4). The resulting CNC- graft-PDMAEMA
vectors (CNC-55-PD) were evaluated for their gene condensation abilities, reduction sensitivities,
cytotoxicities, gene transfection efficiencies, cellular uptake, and the in vitro and in vivo antitumor
effects. The release of plasmid DNA was achieved by degrading the disulphide linkage under reducing
conditions. Low cytotoxicities, high transfection efficiencies, and good activity in inhibiting the growth
of tumors and cancer cells rendered the rod-like CNCs with biocleavable PDMAEMA side-chains as
good candidates for gene/drug delivery systems.

Figure 3. TEM images of (a) CCMV viruses in water; (b) Complexes of CNC-g-P(QDMAEMA) and
CCMV in water; (¢) NoV-VLP in 500 mM NaCl stock solution; (d) Complexes of CNC-¢g-P(QDMAEMA)
and NoV-VLP at 200 mM NaCl. (Reproduced from reference [47] with permission from the Royal
Society of Chemistry, copyright 2014).

CNC-SS-NH,  CNC-SS-Br

R S

i *- E
Disulfide bond
%,/
)\) :;Q XFW " cleaved by GSH
"
= )

Figure 4. Schematic diagram depicting the synthesis of CNC-graft-PDMAEMA (CNC-SS-PD) via
SI-ATRP and the gene delivery process. (Reproduced from reference [78] with permission from the
American Chemical Society, copyright 2015).
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Kan and co-workers disclosed a facile one-pot aqueous ceric ion-initiated graft polymerization of
4-vinylpyridine from the surface hydroxyl of CNCs for the design of biodegradable pH responsive
flocculants (Scheme 11) [69]. Ceric (IV) ammonium nitrate (CAN) was used as the initiator and
interestingly, this one-pot polymerization method did not require a pre-polymerization step to
covalently attach initiators on the surface of CNCs. Sonication was required throughout the reaction to
prevent aggregation and ensure a good dispersion of CNCs for an efficient polymerization process.
The radical polymerization gave poly (4-vinylpyridine)-grafted CNCs (P4VP-g-CNCs), which had
a positive electrophoretic mobility at pH < 5 due to the cationic surface. P4VP-g-CNCs changed
character from cationic to anionic and hydrophilic to hydrophobic with an increase in pH (Scheme 11).
The reversible flocculating nature of P4VP-¢g-CNCs could potentially be used as flocculating agents in
paper and pulp manufacturing industries.
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Scheme 11. One-pot aqueous ceric ion surface-initiated graft polymerization of 4-vinylpyidine
with sulfated CNCs and the effect of pH on the electrophoretic mobility of unmodified CNCs and
P4VP-¢g-CNCs (Adapted from reference [69] with permission from the American Chemical Society,
copyright 2013).

SI-SET-LRP is a robust and versatile copper (0)-mediated living radical polymerization technique
for the design of multifunctional materials with complex macromolecular architectures [79,80].
Compared to other living radical polymerization methods, SET-LRP is simple to conduct and it
occurs at ambient temperature or below with fast polymerization rates. Metal catalyst removal
is quite challenging in other polymerization techniques as residual metal can impede the direct
use of the product in many applications. SET-LRP overcomes the above limitation with the
use of parts per million levels of catalyst as well as simple catalyst removal from the reaction
mixture. Recently, Hemraz and co-workers used the SI-SET-LRP technique to covalently decorate
cationic poly(2-aminoethylmethacrylate) (poly(AEM)) and poly(N-(2-aminoethylmethacrylamide)
(poly(AEMA)) on CNCs’ surface [45]. Surface hydroxyl groups of sulfated CNCs were esterified
using 2-bromoisobutyryl bromide in dry THF at room temperature in the presence of triethylamine
as base and catalytic DMAP. The amount of initiator sites on the cellulosic surface was varied by
reacting CNCs with 2-bromoisobutyryl bromide at different ratios with respect to the anhydroglucose
unit. The obtained initiator-modified CNCs underwent SI-SET-LRP with the cationic monomers
(AEM, AEMA), copper (I) bromide, and N,N,N ' N” N ”-pentamethyldiethylenetriamine (PMDETA) in
a 1:1 water/methanol mixture at room temperature (Scheme 12).

The surface of the CNCs was rendered cationic as indicated by zeta potential measurements.
The cationic nature was further confirmed by gold deposition as evidenced by scanning transmission
electron microscopy (STEM) images (Figure 5). The in-vitro toxicity of these cationic CNCs was
analyzed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in two
different cell lines, J774A1 (mouse monocyte cells), and MCF-7 (human breast adenocarcinoma cells).
These studies showed that none of the tested cationic-modified CNCs decreased cell viability at low
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concentrations. Given the needle-like structure of CNCs, further studies showed that one of the cationic
CNCs displayed immunogenic properties that perhaps could be used as vaccine adjuvants [81].

\/\ s
PMDETA, CuBr
OH  DMAP, Et;N, THF MeOH-H,0, rt
—_— —>
o
oH Br /\/
Br X
Unmodified CNC CNC-BriB =0, AEM ) /\/

= CNC«-g-poly(AEM)
X NH, AEMA X= H CNC-g-poly(AEMA)

Scheme 12. Synthetic pathway for the preparation of cationic CNCs via SI-SET-LRP (Reproduced from
reference [45] with permission from the American Chemical Society, copyright 2015).

Figure 5. STEM images of unmodified CNCs and cationic CNCs-g-poly(AEMA)-1 before (A,B) and
after (C,D) gold deposition, respectively. (Reproduced from reference [45] with permission from the
American Chemical Society, copyright 2015).

Using a combination of UV-induced photopolymerization and living cationic ring-opening
polymerization, Hou and co-workers prepared biocompatible poly(2-oxazoline)s with a defined
bottle brush architecture on CNCs [82]. The synthesis proceeded first via a self-initiated photografting
and photopolymerization of 2-isopropenyl-2-oxazoline (IPOx), which led to the direct formation of
poly(2-isopropenyl-2-oxazoline) (PIPOx) brushes on the CNCs (Scheme 13). Upon reaction with methyl
triflate, the PIPOx brushes were transformed to polyoxazolinium brushes. Surface-initiated living
ring-opening polymerization of 2-alkyl-2-oxazoline monomers and subsequent addition of piperidine
afforded the cationic side chains of poly(2-oxazoline)s on the CNCs. Thermogravimetric analysis of the
poly(2-oxazoline)-modified CNCs showed an improved thermal stability and no change in crystalline
structure as indicated by XRD experiment. Taking advantage of the cationic nature of the side chain
terminal piperidinium of the bottle brush, indocyanine green (ICG) was successfully immobilized
via electrostatic interactions. Overall, cationic poly(2-oxazoline)-modified CNCs could be potential
candidates for photothermal cancer therapy.
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Scheme 13. Preparation of poly(2-oxazoline)-modified CNCs using UV-induced photopolymerization
and living cationic ring-opening polymerization and subsequent immobilization of indocyanine green
(ICG) via electrostatic interactions (Reproduced from reference [82] with permission from the Royal
Society of Chemistry, copyright 2017).

2.5. Other Covalent Cationization Synthetic Methods

2.5.1. Cationization of CNCs via Grafting of Cationic Hyperbranched Dendrimers

Dendrimers are highly branched or hyperbranched globular nanosized macromolecules defined
by three main building blocks, namely an interior dendritic structure, a central core, and an exterior
surface with functional surface groups. Dendrimers can be prepared with their size, molar masses,
number of end groups, and compositions being precisely controlled and thus their unique features
make them attractive candidates for biomedical and industrial applications [83,84]. Dendronized
polymers are formed when the dendritic segments are densely grafted along a linear polymer [85].
The design of dendronized-based hybrid material is appealing in order to combine unique features
of both materials. For instance, dendronized polymers based on polyamidoamine (PAMAM) and
chitosan (a natural cationic organic polymer) as the core were synthesized and used as a biocompatible
gene delivery vector [86]. In line with this concept, Tehrani and Basiryan were able to covalently graft
PAMAM up to three generations on the surface of CNCs by a divergent method [87]. The synthetic
route involved several steps starting with tosylation of unmodified CNCs followed by nucleophilic
displacement with ethylenediamime to afford aminated CNCs. The aminated CNCs underwent
a Michael addition reaction of the amino groups to methylacrylate and amidation of the obtained
terminal ester groups with ethylenediamine gave the desired CNCs-grafted PAMAM. Reactions were
repeated to construct a G3 CNC-grafted PAMAM that grew on the surface of the rod-like CNCs
(Figure 6).

Covalent grafting of the cationic hyperbranched dendritic PAMAM was confirmed by IR and
'HNMR spectroscopies. A positive zeta potential (+25 mV) was obtained and interestingly, after the
denderonization process, small globular residues covering the surface of the CNCs were identified
by AFM, which is a good indication of the presence of grafted PAMAM. AFM results also showed
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that the morphology of the CNCs was preserved, however, no XRD data was given to confirm if
such extensive covalent surface functionalization involving several synthetic steps had led to a loss of
crystallinity and structural integrity of the modified CNCs.

v
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Figure 6. Chemical structure of G3 CNC-grafted PAMAM (Adapted from reference [87] with permission
from Elsevier, copyright 2015).

2.5.2. Cationic CNCs as siRNA Delivery Agents

The search for an effective siRNA delivery agent endowed with low toxicity and high transfection
efficiency still remains a challenge in the field of siRNA delivery for the treatment of several
diseases [88]. Other than viruses, cationic polymers, peptides and nanoparticles, and biopolymers
such as chitosan, curdlan, hyaluronic acid, or pullulan were also investigated as siRNA delivery
agents [89-92]. The rod-like nature of CNCs made them attractive bionanomaterials for gene delivery
since rod-like nanoparticles were shown to be more rapidly internalized than spherical ones [93]
and had a significant impact on gene transfection [94]. Recently, cationic CNCs were designed for
complexing with siRNA via electrostatic interactions [95]. Anionic CNCs were first oxidized by sodium
periodate in the presence of propan-1-ol to avoid cellulose super-oxidation and formed aldehyde
functionalities that underwent a reductive amination reaction with polyethyleimine (PEI, 600 Da)
and sodium cyanoborohydride as the reducing agent. Covalent conjugation of CNCs with PEI was
confirmed by IR spectroscopy and a change of zeta potential from —40.0 mV (oxidized CNCs) to
+36.9 mV. Chemically modified CNCs retained the crystal structure of native cellulose as indicated by
XRD analysis of the CNCs for each chemical surface functionalization in the synthetic design. Cationic
CNCs-PEI were loaded with siRNA to generate CNCs-PEI-siRNA particles strongly stabilized by ionic
interactions. The ionic complexation was confirmed by UV absorption measurements and cellular
uptake of these particles was monitored by ethidium bromide staining. In addition to having a lack
of cytotoxicity, CNCs-PEI also protected siRNA from degradation and favored its delivery into the
cell cytoplasm. Overall, this first study showed that cationic CNCs-PEI are promising nanocarriers
for siRNA Kkiller delivery to induce apoptosis in vitro. However, in vivo studies are still required to
realize the full potential of the cationic CNCs-PEI as efficient siRNA non-viral vectors.

3. Conclusions

The unique physico-chemical properties of CNCs led to an extensive investigation of this rod-like
bionanomaterial for many diverse applications. The presence of ample surface hydroxyl groups
becomes an ideal platform for covalent surface functionalization of CNCs. The design of cationic
CNCs started to gain interest in the CNC community in the past decade given their potential
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use as flocculating and photobactericidal agents, templates for ion-exchange systems or catalyst,
dual-responsive emulsion systems, vaccine adjuvants, photothermal cancer therapy, and drug and gene
delivery vectors. Various synthetic approaches were utilized to covalently attach cationic moieties such
as small organic molecules, polymers, porphyrin, and dendrimers. Etherification and polymerization
reactions are by far the popular synthetic approaches for the design of cationic CNCs. The one-pot
synthetic strategy is promising since there is less chance of destroying the morphology and integrity of
the nanocrystals when compared to multi-step synthetic pathways. Thorough characterization of the
modified CNCs at each stage of the synthetic modification process is highly recommended to ensure
reproducibility and high quality of the synthesized cationic CNCs. Detailed in vivo studies are still
required to fully explore the use of cationic CNCs for potential bioapplications. Overall, we expect to
see more novel synthetic methods in the future for the design of functional cationic CNCs.
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