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A B S T R A C T   

Cancer is currently a major threat to public health, being among the principal causes of death to the global 
population. With carcinogenesis mechanisms, cancer invasion, and metastasis remaining blurred, cancer diag
nosis and novel drug delivery approaches should be developed urgently to enable management and treatment. A 
dream break-through would be a non-invasive instantaneous monitoring of cancer initiation and progression to 
fast-track diagnosis for timely specialist treatment decisions. These innovations would enhance the established 
treatment protocols, unlimited by evasive biological complexities during tumorigenesis. It is therefore contingent 
that emerging and future scientific technologies be equally biased towards such innovations by exploiting the 
apparent properties of new developments and materials especially nanomaterials. CNCs as nanomaterials have 
undisputable physical and excellent biological properties that enhanced their interest as biomedical materials. 
This article therefore highlights CNCs utility in cancer diagnosis and therapy. Their extraction, properties, 
modification, in-vivo/in-vitro medical applications, biocompatibility, challenges and future perspectives are 
precisely discussed.   
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1. Introduction 

Regardless of the irrefutable recent evolution in medicine and health 
care, some pathologies including cancer have remained among the most 
21st century’s dreaded diseases of the global population including pa
tients, experts and health providers alike. Ominously, an estimated 11.4 
million death toll from cancer is anticipated in 2030 [1,2]. Cancer is a 
complex state of illness initiated by alteration and mutation of healthy 
cells at the molecular level, and it is associated with approximately 200 
different types of diseases [3]. However, it is projected that scientific 
and technological advances could increase likelihood of early diagnosis 
and consequently treating more cancers as “manageable” chronic dis
eases, coupled with a favorable pleasing quality of life. Lately, novel 
cancer research has focused on theranostic as an emerging research 
field. Theranostics integrate diagnoses and therapies into single systems 
to allow monitoring of treatment outcomes for efficient therapy of tar
geted illnesses. Theranostic innovations could hasten the hinderance of 
cancer growth at diagnosis/screening phases thus, potentiating subse
quent specialist treatments [4,5]. Recent findings in nanotechnology 
have supported, among others, novel molecular imaging and drug/gene 
delivery methods in cancer treatment by utilizing nanomaterials to 
develop emerging theranostic systems. Diverse forms of nanomaterials 
from different sources and preparations, in form of nanoparticles of 
micelles, liposomes, metal atoms/ions, dendrimers, natural and syn
thetic polymers, are being/have been explored for biomedical applica
tions [6–11]. These nanoparticles possess appealing properties such as 
tunable sizes, modifiable surfaces, excellent drug bioavailability, high 
loading potential, tumor targeting precision, controlled drug release, 
and thus portray an effectively high therapeutic efficiency and low 
toxicity [10]. Studies on these nanocarriers have solved limitations of 
delivery of chemotherapeutics like poor water solubility of most anti
cancer agents, toxicity to normal cells, poor bioavailability. Neverthe
less, we aim at limiting the discussion in this article to plant derived 
cellulose nanocrystals (CNCs). 

Wide spread interest in nano-structured cellulosic materials as 
biomedical resources is an upshot of their stupendous properties such as 
sustainability, biodegradability, biocompatibility, remarkable mechan
ical properties, availability, worldwide variety and abundancy with low 
cost, renewability and biomass-based economy, low energy consump
tion, environmentally benign, and low cytotoxicity [12–16]. As a sup
plement, these structural scaffolds made of green plant cells have great 
mechanical properties, and could easily be highly functionalized. 
Therefore, they have precipitously drawn attention of both academia 
and industry as manifested in the plenteous scientific publications [14]. 
The various cellulose sources such as trees/plants, bacteria, tunicates 
(sea squirts) and algae; extraction/production methods and conditions; 
and the surface chemistry own variations in nanocelluloses as summa
rized in numerous review papers [14,16–18]. Also, the large differences 
in the cellulose biosynthesis processes of several raw material sources 
sway the cellulose chain stacking, and thus result in dissimilar crystal
linity degrees, cellulose polymorph, dimensional sizes, particle aspect 
ratios, and cross-section morphologies of the extracted nanoparticles. 
Henceforth, deconstruction of wood fibers or other plant structures re
sults in cellulose nanofibers (CNFs) and/or CNCs [15,16,19,20] as 
amongst the three main nanocelluloses, with bacterial nanocellulose 
inclusive. As noted above and as portrayed by Foster [21], CNFs differ 
from CNCs in a way that the former are attained either mechanically or 
chemically [16] to form much longer (microns) and different nano
fibrils, with mixtures of amorphous and crystalline cellulose chains [22] 
in the same suspension. Nanofibrils also form a gel at very low (aver
agely 1.5 wt.%) concentrations while a thick paste is formed at relatively 
higher concentrations (by 10 wt.%). They are also flexible with aspect 
ratios of 10-100, width range of 6–80 nm, 500–2000 nm long and 
crystallinity of 40–70% [14,23,24]. While the CNCs are generated via 
chemical treatments to form rice-like crystallites [16,22] that are shorter 
and much similar in appearance and properties [25], they typically do 

not independently gel until a concentration of approximately 10-14 wt. 
% [26]. CNCs therefore, appear organized in achiral nematic way in 
suspensions that form iridescent films when dried. Furthermore, they 
are generally stiff, spindle-like, with aspect ratio range of 5-30, 3-50 nm 
wide, 100-400 nm long, and 60 - 90% variation in crystallinity, 
depending on the starting material [14,23,24,27–30]. From the avail
able literature, both nanoparticles have immense potential for various 
applications, however, this review will principally focus on CNCs which 
are far more abundant and cheaper. 

For decades, CNCs have reaped considerable attention in both aca
demic and industrial area. These uniform nanorod-like shaped crystal
lites are commonly produced via acid hydrolysis which interrupts the 
hydrogen bonding network, leading to cleavage of the cellulose micro
fiber. This treatment imparts them numerous and unique physico
chemical features, optical properties and high aspect ratio. Such 
properties include high elastic modulus/stiffness (110− 220 GPa) due to 
high surface area (~250 m2/g), high tensile strength (2-10 GPa) 
[31,32], low density (1.6 g/cm3) [31], coupled with unique surface 
morphology bearing abundant surface hydroxyl groups [15,16,33,34]. 
These properties make them of a valuable potential as raw materials for 
future sustainable, renewable and decomposable products. The hydroxyl 
groups on CNCs surfaces have offered a facile platform for the chemical 
functionalization with amino, carboxyl, aldehyde, or thiol groups by 
means of grafting or oxidation [35]. These modifications enable the 
attachment of smaller chemical moieties such as biomarkers, metal 
nanoparticles, or larger protein/polymer macromolecules. The hydroxyl 
groups confer hydrophilicity to CNCs, thus improving their dispersibility 
in polymer matrices. These superior features coupled with easy chemical 
modification make CNCs suitable for various applications as function
alized nanoparticles. They are used in systems, such as colloidal com
plexes, oil-water emulsions, 2-D films and membranes, 3-D hydrogel and 
aerogels and the yet to be discussed drug delivery and bioimaging. Their 
importance can be inferred from large-scale production in Japan, 
Europe, and North America purposely for easy access and affordability 
of research innovations and development in various sectors [35]. 

Despite their early discovery in 1949 [35], it was the research in 
CNCs colloidal suspensions from Gray’s laboratory in 1992 [36] that 
incited curiosity in the materials science community to actively inves
tigate their potential. Modified CNCs were initially explored for use as 
reinforcing materials before they could be innovatively tested for fluo
rescence bioimaging applications [37]. This elicited interest for their 
biomedical applications and other fields by exploiting their chemistry, 
as documented in several reviews [15,22,33,35,38–41]. The present 
review examines significant discoveries that utilize CNCs as nanoplat
forms for application in cancer therapy. We will analyze CNCs sources, 
extraction, properties and their application in drug delivery and bio
imaging specifically in cancer treatment and diagnosis. Briefly, we 
highlight the biological and toxicity properties that may limit efficient 
integration of CNCs in clinical biomedicine. 

2. CNCs sources, extraction methods, formation and properties 

CNCs were first visualized in the 1950s by Rånby et al [42], before 
being extensively studied in the 1960s [43]. CNCs as termed by the in
ternational organization for standardization (ISO) [44] or as a 
commonly used term, are also synonymously called nanocrystalline 
cellulose, crystallites, cellulose nano-whiskers, rod-like cellulose mi
crocrystals, whiskers or needles. 

2.1. Sources of CNCs 

CNCs are crystalline regions of the CNFs, which are also described as 
the monocrystalline regions of cellulose [45]. Their sources include: 
wood (such as balsa wood, douglas-fir wood chips, Acacia mangium, 
bleached eucalyptus kraft pulp, bleached hard wood kraft pulp, poplar) 
[46–51] that originate from a wide range of forests; industrial cellulosic 
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products like cotton linter and pulp, whatman, waste office paper, and 
tetra pak paperboards [30,52,53]; agricultural, fiber and industrial bio- 
residues such as apple pomace, grape pomace [54], sugar cane, coconut 
husks, mengkuang leaves, corn husk/ straw [55], pine cones [27], oil 
palm fronds [56], doum leaves [57], cassava bagasse [58], banana peel, 
pineapple leaves, coffee skin [59], rice straw, rice husk, bamboo, sugar 
beets, sugar palm (Arenga pinnata) fibers [60], kenaf bast fiber [61], 
sisal, mulberry branch bark, , wheat straw or ramie [15,62], Sago seed 
shells [63]; marine biomass such as bacterial, tunicin, cladophora cel
lulose [64], sea weeds, red algae [65–69]; microcrystalline cellulose 
(MCC) [70–72]; among others [62]. These provide a wide range for the 
exploitation of the high-value and sustainable CNCs, as biomaterials. 
Generally, sources affect the choice of CNCs, for instance, CNCs from 
seaweeds are more preferred compared to that from land plants and 
other sources. This is because they are easily extracted owed to the low 
matter of other constituent polysaccharides hence less interference to 
cellulose isolation, grow rapidly and allow a reduced harvest time, 
contain higher contents of stored carbohydrate for higher CNCs yield 
[66,67]. However, land derived CNCs sources such as cotton possess a 
high cellulose content and highly exposed hydroxyl groups [73]. 
Therefore, their treated fibers are equally modifiable for medical and 
other applications, in form of either yarns or knitted fabrics [74–76]. 
With such wide distribution in plants, bacteria, alga, among others, 
CNCs are among the highly abundant natural nanomaterials. 

2.2. Extraction methods of CNCs from raw materials 

CNCs are extracted via chemical processes such as acid hydrolysis 
and chemical oxidation, enzymatic hydrolysis and mechanical treatment 
(Fig. 1). 

Universally, CNCs are isolated chemically by hydrolytic treatment of 
cellulose with strong acids [16,78,79], as developed in the 1940s and 
1950s [42,80–82] after the introduction of the idea by Nickerson and 
Habrle [80]. Commonly utilized acids such as the typical sulfuric acid 
[25,52,63,70,83,84], hydrochloric acid [16,71] or phosphoric acid [84] 
infiltrate into and dissolve the nearby amorphous /disordered domains 
of the cellulose fibers and fibrils. This leads to cleavage of the glycoside 
bonds and thus leave behind rigid and highly crystalline CNC nanorods 
(Fig. 2) [16] that are resistant to acid penetration, and produced at 
different yields depending on the acid conditions used [15,85–87]. At 
certain treatment conditions therefore, CNCs tend to retain the same 
crystal allomorph as the cellulose source. 

The other explored acids include: hydrobromic acid, maleic acid 
[12,52], dicarboxylic acids [88], the more recently developed 

phosphotungstic acid [89], and combined acid hydrolysis such as sul
furic acid/oxalic acid [46] and sulfuric acid/acetic acid hydrolysis [51] 
combinations. However, new chemical methods for CNCs preparation 
have emerged [39,90], that is esterification [88,91–94], ionic liquid 
treatment [50], subcritical water hydrolysis [95], oxidation chemistry 
such as oxidation using ammonium persulfate (APS), a strong oxidant 
[96], Hydrochloric acid (HCl) and 2,2,6,6-tetramethyl-1-piperidine-N- 
oxy (TEMPO) oxidation [97,98], NaIO4 oxidation [99], DMSO and 
succinic/acetic anhydride [100,101] and a completely less disadvan
taged modern approach utilizing HCl vapor [102–104]. 

CNCs can also be biologically extracted from cellulosic microfibers 
such as MCC through the elimination of amorphous domains by enzyme- 
assisted hydrolysis or microbial treatment by microorganisms such as 
Trichoderma reesei, Penicillium oxalicum M12, Aspergillus niger, Cal
dicellulosiruptor bescii [39,78,105]. Cellulose sources are disintegrated 
by enzymes such as cellulase, cellobiohydrolase, endoglucanase. The 
method involves initial hydrolysis of hemicellulose to expose the shiel
ded cellulose, which then undergoes H-bond breakdown to form the 
CNCs [106]. The cellulose fibers may sometimes be pretreated with 
substances such as ionic liquids to enhance the enzymatic process for a 
shorter hydrolysis time. This method is not only environmentally 
benevolent but also employable together with mechanical fibrillation 
and chemical pretreatment with substances such as ionic liquids. 
Enzymatic hydrolysis is also cheap and allows selective degradation of 
the amorphous regions in the cellulosic fibers, while leaving the crys
talline regions unscathed. The numerous hydroxyl groups exposed on 
the surfaces of produced CNCs allow an easier and wider chemical 
manipulation and thus enriching the medical industry. However, it faces 
obstacles such as production of low CNCs yields, requirement of high 
mechanical energy to disintegrate enzymatically hydrolyzed cellulose 
fibers, longer time for hydrolysis, requirement of further research to 
improve its efficiency for application with mechanical fibrillation 
[78,105,107]. Other challenges include difficulty of dispersing and 
functionalizing CNCs and limited thermal stability of the enzymatically 
produced CNCs. These have made the enzymatic process using cellulase 
to be limited to a pretreatment procedure for enhancing the chemical 
method. 

Abstraction of CNCs using mechanical refining [39] has also been 
surveyed. The various mechanical methods utilized include high pres
sure homogenization, ultrasonication, and ball milling [106,108]. Dur
ing the mechanical extraction, the produced energy in form of 
mechanical vibration breaks down the amorphous cellulosic bonds to 
enhance the degradation of the polysaccharide linkages. This energy 
also causes the isolation of micro- and nano-scale fibrils from the cel
lulose materials. Disadvantageously therefore, this process requires 
extreme energy input, however, the raw materials can undergo initial 
pretreatment before incorporation. 

Multi-process integration systems such as oxidative or enzymatic- 
mechanical, chemical-enzymatic [62], and chemical-mechanical treat
ments such as mixed chemical-ultrasonic and ball mill assisted solid acid 
hydrolysis [72,79,83,109] have also been developed. 

2.3. Formation of CNCs nanoparticles 

CNCs extraction generally consists of three steps including the pre- 
treatment step(s) such as depolymerization and mercerization/alkaline 
treatment to purify and homogenize the starting material by removing 
the non-cellulosic contents (wax, hemicellulose, pectin, natural fats), the 
bleaching/delignification step, followed by the refinement step(s) 
[14,59,67] which include acid or enzymatic hydrolysis, and mechanical 
shear/dispersion. Above all, refinement by acid hydrolysis remains the 
established protocol for CNCs preparation as suggested by the current 
knowledge on cellulose ultrastructure. Acid hydrolysis owes credit of 
productivity with high CNCs yields and reasonably economical 
[14,27,28]. Several sources including those cited in this review, reflect 
sulfuric acid hydrolysis of cellulose raw materials as an established, 

Fig. 1. Illustration of the processes for the extraction of CNCs (green rod-like 
sulfated/hydroxylated structures) from raw materials (such as cotton nano
whiskers [77]). Reproduced with permission from ref. [77]. Copyright 2013, 
Engineering. 
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reproducible and widely exploited technique for CNCs preparation in 
both academia and industry [15]. Sulfuric acid efficiently cleaves the 
disordered segments in native microfibril and interacts with the surface 
hydroxyl groups via the esterification reaction to produce crystallites, 
while simultaneously introducing the OSO3

- groups on their surface 
(Fig. 3). These OSO3

- groups induce repulsive forces between the CNCs, 
thus leading to an electrostatically stable colloidal suspension in water 
[15,39,90]. The OSO3

- content can be obtained by elemental analysis of 
the present amount of sulfur or using a more simpler method of 
conductometric titration [110]. While the OSO3

- content is dependent on 
sulfuric acid concentration and hydrolysis reaction time, however, the 
precise location of the OSO3

− moieties on the CNC molecular surface is 
yet to be determined [111]. 

On the other hand, the main concerns associated with using mineral 
acid hydrolysis especially sulfuric acid include: cumbersome and un
economical acid recovery; harsh reaction conditions; toxicity of the final 
product and thus its limited use; low thermal-stability of the yielded 
sulfate-modified CNCs, but use of sodium exchange and alkali bases such 
as sodium hydroxide during extraction can increase the thermal stabil
ity; potential cellulose degradation which increases the vulnerability to 
corrosion; advanced functionalization of the sulfate-modified CNCs have 
remained difficult; and persistently low yields of CNCs, though this is 
most limited by the acid concentration as a critical parameter 
[68,109,112]. 

After hydrolysis, these chemical acids can be neutralized by either 
washing with water, or dissolving in a base such as sodium hydroxide 
followed by washing of the formed salts with water. Though retaining of 
the acids and the low salt concentrations does not affect some of the 
properties of the prepared CNCs suspension such as the zeta potential, 
apparent particle size, surface tension, electrophoretic mobility, the 
performance of their applications such as emulsions [113] are normally 
influenced by the counterion effect, thus a need for their removal. 
Furthermore, another hindrance of this process arises at this point with 
the need of green treatment of the acidic/salty waste water, that may be 
concentrated and impact the environment. Nevertheless, this traditional 
process is unceasingly used today in numerous firms for commercial 

production of CNCs [114]. This has currently limited efforts to elevating 
pretreatment approaches which are particular to lignocellulosic matter. 

For easy handling, transportation and storage, CNCs are normally 
solidified either by freeze- or spray-drying [21,115]. These are later on 
redispersed into colloidal suspensions when needed for use. 

Several investigations have revealed that the hydrolysis re
quirements (reaction times, temperature, acid concentration (acid/fiber 
ratio) and nature) and source of cellulose material are critical parame
ters that impact most CNCs properties such as morphology and size di
mensions, crystallinity, crystallite allomorph structures, thermal 
resistance, including their overall yield [14,62,85,116]. Other factors 
may include acid catalyzed hydrolysis by salts of inorganic ions that 
mainly affect CNCs quality and yield [71]. Generally, CNCs yield is 
higher at lower acid/chemical concentration and longer hydrolysis time 
allowed [7,117]. Morphological shapes may include sphere, rod, needle, 
spike shape and these are important features in CNCs since they relate to 
inter/intra-molecular hydrogen bonds and crystallinity, as influenced by 
their source and controlled treatment conditions [22,65,117,118]. For 
instance, smaller CNCs particles were obtained from sugarcane bagasse 
by treatment with higher citric acid concentration and longer hydrolysis 
time. Also, the lateral and length dimensional sizes of CNCs extracted 
from hard wood are smaller (3-5 nm and 100-300 nm), respectively, 
where as those of CNCs derived from tunicate are longer (15-30 nm and 
1000-1500 nm), respectively [15]. Particle size of CNCs is also influ
enced by the species level of plant sources [68]. 

Generally, CNCs are more crystalline as compared to their sources 
due to the removal of the non-cellulosic parts during the refinement step 
to release the individually rearranged crystalline components, however, 
thermal stability varies especially depending on the extraction method 
and the applied conditions [68]. These factors also vary depending on 
the group, for instance, as compared to the traditional CNCs sources, 
seaweed CNCs have a relatively higher crystallinity, are more thermally 
stable and as well easily accessed [68]. The higher thermal stability of 
seaweed CNCs compared to their source was due to the removal of the 
non-cellulosic portions that possess more active sites that can initiate the 
heating process within the furnace. However, most sources portray a 

Fig. 2. (a) Scanning Electron Microscopy (SEM) of wood fiber, (b) TEM of wood CNCs, (c) TEM image of tunicate-CNCs. Reproduced with permission from ref. [16]. 
Copyright 2011, Chemical Society Reviews. 

Fig. 3. Preparation of cellulose nanocrystals (CNCs) via acid hydrolysis of cellulose; native cellulose (LEFT) and diagrammatic representation of rod-like sulfated/ 
hydroxylated CNCs (green). 
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lower thermal stability of extracted CNCs due to the rapid decrease in 
the molecular weight, the increase of the amorphous sulfate ions and the 
absence of the non-cellulosic domains such as lignin that are not only 
heat resistant but also act as linkers [62,68]. Also, CNCs with many 
sulfate groups have weak thermal stabilities because the sulfate groups 
act as active sites to initiate thermal decomposition [51]. However, 
extraction using FeCl3-catalyzed deep eutectic solvent system produced 
more thermally stable CNCs than their original sources. This was due to 
the efficient and highly selective removal of the cellulose amorphous 
parts to produce highly crystalline CNCs [50]. 

Basically, cellulose has two native and common crystalline allo
morphs, cellulose I and II and these differ in their self-assembling 
structure, morphology and performance during applications [119]. 
Other exhibited allomorphs include cellulose III and IV, as reviewed by 
Mishra et al [120]. These are identified by X-ray diffraction patterns, 
showing disparities in the inter and intra-molecular interactions within 
the matrix of the polymer. Generally, cellulose III is obtained from 
Cellulose I and II by chemical treatment with agents such as liquid 
ammonia, while cellulose IV is extracted by thermal treatment from 
cellulose III. Hydrolysis with dissimilar acids can be manipulated to 
independently extricate the native polymorphs of CNCs with different 
morphologies [84,86]. For instance, hydrolysis of cotton with hydro
chloric acid and phosphoric acid erected cellulose I and II, respectively, 
while the use of sulfuric acid generated a mixture of cellulose I and II 
polymorphs. Sulfuric acid hydrolysis can also permit extraction of spe
cifically cellulose I from cellulose III. Also, spherical shaped CNCs were 
obtained with phosphoric acid hydrolysis, while the other two acids 
developed fiber shaped CNCs. 

Some researchers proposed a tentative schematic model for the for
mation of allomorphs CNC-I, CNC-II and CNC-I/CNC-II from eucalyptus 
CNC-I substrate by controlling various parameters, while studying their 
state of order during the hydrolysis process [53,85]. In a particular 
study, the transition of CNC-I supramolecular structure to CNC-II was 
obtained at 60 wt.% sulfuric acid concentration with a drastic change in 
CNC yield [85]. CNC-I displayed spindle-shapes, while CNC-II exhibited 
twisted-strip structures. As well, a high yield of 66.7% CNC suspension 
was obtained at 60 ◦C and 58 wt.% acid concentration. 

It’s also worth noting that CNCs are significantly less flexible 
compared to other nanocelluloses owed to the disrupted amorphous 
domains in their ultra-structure [15,121]. 

2.4. Colloidal stability of CNCs 

The choice of acid bestows desired functional moieties on the CNC 
surface which in turn influences their colloidal stability. For instance, 
CNCs yielded by hydrolysis with hydrochloric acid are uncharged and 
thus have poor colloidal stability, while those yielded with sulfuric acid 
are imparted with negatively charged half-ester sulphate groups that 
form highly stable colloidal dispersion [22]. Maleic acid together with 
ball mill pretreatment were also utilized to prepare CNCs with high yield 
and good colloidal stability. The use of ball mill pretreatment was 
responsible for the high CNCs yields, while maleic acid reacted with 
β-1,4-glucosidic linkages/hydrogen bonds of cellulose monomers, hy
drolyzed the disordered regions to release the crystals, and then cata
lyzed the esterification of the exposed hydroxyl groups with maleic 
anhydride anionic groups to form a colloidally stable CNCs suspension 
[12]. The colloidal stability was caused by the high charge density due 
to the formation of carboxyl groups on the CNCs surfaces from the 
esterification reaction. Deep eutectic solvents and mixed acids such as 
sulfuric/oxalic acid system have also been utilized to enhance colloidal 
stability in both aqueous and organic solvents like ethanol, DMF by 
addition of extra functional groups (esters, carboxyl) on CNCs surfaces 
[46,50,51]. CNCs colloidal state may contrast several properties such as 
morphology, surface chemistry, aspect ratio, crystal structure, degree of 
crystallinity [122–128]. Aggregated CNCs may also affect biological 
properties such as toxicity to normal cells. 

Classically, suspensions in water with ς >±30 mV are deemed stable 
while those with ±10 < ς < ±30 mV attain partial stability, thus 
dependance on surface charge (ς) [129,130]. However, the hydrolysis 
environment (temperature, concentration, time) also affects the particle 
size and thus influencing the stability [16,122,131]. Poor colloidal sta
bility causes hard to break agglomerations due to the strong interparticle 
forces such as the hydrogen bonds that are induced by high surface area- 
to-volume ratios of the nanoparticles. The agglomeration strengths are 
around 104-109 Pa and therefore, high energetic processes such as 
ultrasonication, which produces an energy density of 106-108 Pa is 
commonly applied. This breaks interparticle bonds of agglomerated or 
dried solid particles to allow homogeneous dispersion of CNCs in a 
medium. Ultrasonication has been applied for small suspensions though 
it normally affects the CNC crystallinity, but high-pressure homoge
nizers have also disclosed efficacy with nanoparticle dispersion 
[132,133]. The efficiency of these applied mechanical methods for ho
mogeneous dispersion of suspensions are affected by time, applied en
ergy, medium description (viscosity, concentration, volume, density, 
temperature), tip diameter of the ultrasonicator, preparation of nano
particles, homogenization process [122,134]. 

While pH has little effect on the colloidal stability of the CNCs, 
presence of salts causes an unstable effect. At low salt concentrations, 
CNCs form stable colloidal suspensions and these become unstable with 
increase in salt concentration, with formation of a sudden transition 
called the critical coagulation concentration (CCC). The addition of salts 
increases the viscosity of the suspension leading to the aggregation of 
the solution. This is due to the alteration of the electrostatic interactions 
that arise from the overlap of the electric double layers around ionic 
particles, with the rapid reduction in the zeta potential of CNCs [135]. 
This increases the ionic strengths to form CNC aggregates that 
morphologically express either sideways lateral associations of CNC 
particles or cross-linkage with each other, with a fractal dimension of 
2.1. 

Correspondingly, CNC aggregation varies with difference in charge 
of salts/ions. For instance, Cao and Elimelech recently showed that 
monovalent and divalent cations show a similar trend in the magnitude 
of electrophoretic mobility and CCC values, as reflected by the direct 
Hofmeister series [135]. Whereby, the magnitudes of CCC values par
allels the reverse order of the sizes of cations and thus exhibit specific 
interaction of these ions with surfaces of CNCs. For trivalent salts 
however, the authors revealed that destabilization of CNC suspension 
was found to be more effective. In the case where monovalent and 
divalent cations show one CCC, trivalent cations show three CCCs in the 
intermediate concentration regions. This behavior in trivalent cations 
was due to the charge reversal and re-stabilization of the electrophoretic 
mobility of CNCs. Additionally, the magnitude of the CCCs of CNCs 
decreased with increase in the salt counterion valences, and this is in 
agreement with the predicted Schulze–Hardy rule ( [135–137] and the 
classical DLVO theory [138,139]. 

As a wrap-up, colloidal stability performs a key role in the applica
tion of CNCs in nanotechnology and material science, for example, it 
affects properties such as catalytic activity, mechanical strength, optical 
properties of the CNCs-reinforced nanocomposites, hydrogels, aerogels, 
since these are greatly influenced by the filler dispersibility to form a 
percolating network [118,140–145]. Thus, percolating networks are 
normally formed by homogeneously dispersed suspensions. In drug 
delivery systems, modified CNCs gene carriers with high colloidal 
dispersion in suspension expressed high efficacy for cancer therapy with 
negligible cytotoxicity [146]. The high stability was achieved by 
controlled replacement of the sulphate groups (hydrothermal treatment) 
via de-esterification. Hydrothermal desulfation is an economical, safe, 
and environmentally-friendly process for controlling the density of the 
sulfate groups. Sulfate groups density can also be controlled using 
traditional chemical procedures such as solvolysis and acid-catalysis by 
addition of solvents and/or acids, complex reaction, with further puri
fication steps. 
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3. Modification of CNCs for cancer therapy 

CNCs have been prepared by various methods and from different 
high cellulose content raw materials [15,39]. The common preparation 
methods include acid hydrolysis [147], enzyme-assisted hydrolysis and 
oxidation. Depending on the formulation and advanced use, several 
techniques ][118] have been adapted to modify CNCs for suitable uti
lization. Depending on the initial chemical reagent used in the prepar
ative phase, different chemical groups can be non/covalently bonded on 
the CNCs surface. For instance, hydrolysis using sulfuric acid yields 
CNCs with sulphate groups unlike hydrochloric acid which yields CNCs 
with free -OH groups. As a result, the active chemical groups and the 
surface charge on the CNCs can be finetuned via esterification, de- 
esterification, oxidation, coordination and nucleophilic substitution re
actions. Example of chemical groups that have been used to modify 
CNCs and its sources like cotton include; alkoxy(ether)-, amido-, car
bamyl-, silyl- among others which can be added by their respective re
actions and polymer grafting [35,73]. Modification of CNCs with 
cationic vectors such as chitosan, Poly(2(dimethylamino)ethyl methac
rylate) (PDMAEMA), polyethylenimine (PEI) derivatives and poly(L- 
lysine) has also been of extensive research to exploit their electro- 
positivity and low immunogenicity properties [148–152] which can be 
suitable for biomedical applications. The bio-functionalization of such 
agents alleviates the self-agglomeration of CNCs during drying, owed to 
the breakdown of the formed inter- and intra-molecular hydrogen 
bonds. Improvement of cell penetration efficiency and inhibiting the 
activity of tumor cells at certain stages of development are also realized 
and thus facilitating cancer therapy. By modifying CNCs with precise 
chemical groups, improved electronic, magnetic, catalytic, acidic, fluo
rescence, thermal, and optical properties can be imparted. In this review 
therefore, we thus discuss the modification of CNCs and their derivatives 
with various agents for cancer therapy (Fig. 4). 

3.1. Alternation of surface functional group 

Natural sources of CNCs such as cotton possess abundant hydroxyl 
groups to a tune of 8.13 × 10− 3 hydroxyl groups per unit surface area 
[35,73]. During the extraction of CNCs, these hydroxyl groups can either 
be maintained or replaced with sulfate, carboxyl, acetyl moieties 

depending on the chemical or any other treatment utilized. In one of the 
versatile controlled acid hydrolysis techniques, average-sized 50 nm 
CNCs with a restored crystallinity and preserved maternal morphology 
were prepared from MCC by using the compositional mixtures of strong 
acids (H2SO4 and HCl) under varying concentrations [153]. Unlike HCl, 
H2SO4 imparts OSO3

- groups on CNCs surface. Varying their concentra
tion and ratio also proved formation of either spherical or rod-shaped 
CNCs. It is much anticipated that these spherical-shape tunable and 
porous CNCs can circulate in the blood by approximately ten-fold longer 
time relative to the filament-shaped CNC nanoparticles, thus become 
potential drug delivery cargo for diseased biological compartments 
[153]. Further tests with murine embryo fibroblasts (NIH3T3 cells lines) 
and colon adenocarcinoma cells (HCT116 cells lines) proved their 
biocompatibility for cancer treatment [154]. Associatively in a modified 
acid hydrolysis technique, the strong acids (H2SO4 and HCl) were 
replaced with citric acid to yield carboxyl CNCs in one step ][117]. The 
resulting needle-like shaped CNCs of diameter range (20-30 nm) and 
length range (250-450 nm) had high colloidal stability, at least one 
carboxyl group, with 32.2% conversion efficiency of the original weight 
of bagasse pulp. Ultrasonication was utilized to overcome the rigidity of 
the cellulose fiber and therefore, catalyzing the carboxylation process by 
the weak edible citric acid. This also caused formation of smaller CNCs 
compared to non-mechanically treated CNCs. The Carboxyl groups were 
added through an esterification reaction between free hydroxyl groups 
of CNCs and carboxyl groups from citric acid, producing up to 0.65 
mmol g-1 of carboxylate content in the CNCs ][117]. This was a high 
carboxyl content reported. However, Abitbol et al. [155] had previously 
explored the application of carboxylate modification by tagging 
carboxyl CNCs obtained from APS oxidized wood pulp with CdSe/ZnS 
semiconductor quantum dots (QDs) via carbodiimide chemistry 
coupling in a one-route water-based covalent modification. This 
approach yielded morphologically controlled, colloidally stable and 
highly fluorescent QD-CNC hybrid nanoparticles for a long time. These 
nanoparticles were utilized for the formation of transparent and 
powerfully fluorescent QD-CNC/CNCs films for bio-imaging, optical/ 
sensing devices, nanoparticle tracking, and anti-counterfeit applica
tions. In a more recent study involving the preparation of a synergistic 
chemo-photothermal therapeutic agent for treatment of colon cancer 
cells, the utilized carboxyl CNCs interacted with aminated nano 

Fig. 4. Summary of the methods for CNCs (green rod-shaped) surface modification and functionalization with anticancer agents for cancer treatment. R=H, 
alkyl, polymer. 
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dextran/reduced graphene oxide complex (AD/MGO) via electrostatic 
bonds to form delivery nanocomposites with characteristic smooth 
surfaces and minor agglomeration [156]. The carboxylated CNCs 
anionic polyelectrolyte were prepared by reaction of CNCs with TEMPO 
to increase the carboxyl group content for an enhanced ionic and 
hydrogen bonding interaction of the cellulose. Curcumin (CUR) was 
thereafter loaded onto the nanocomposite surface at pH 8.0 to a capacity 
of as high as 86.4% via π-π stacking and hydrogen bond interactions to 
form a drug-nanocarrier with a LbL construction appearance. Further
more, Herreros-López et al [157] covalently grafted photosensitive 
amino-fullerene C60 and fluorescent FITC derivatives to carboxyl CNCs 
via amide bonds in a one-route reaction to form delivery hybrids for 
photodynamic cancer therapy. The carboxyl groups were added via 
TEMPO oxidation of some hydroxyl groups on the CNCs surface fol
lowed by HCl acidification. 

Functionalization of CNCs with more complex carboxylic acids has 
also been explored. 2-Propynoic acid (2-PyA), 2-Bromopropanoic acid 
(2-BPA), 3-Mercaptopropionic acid (3-MPA), 4-Pentenoic acid (4-PA) 
were used to hydrolyze Whatman paper-derived cellulose fibers yielding 
their respective modified CNCs (2-PyA-CNC ,2-BPA-CNC, 3-MPA-CNC, 
4-PA-CNC). These functionalized CNCs were found to be thermally 
stable compared to CNCs obtained by hydrolysis with HCl or H2SO4. 2- 
BPA-CNCs were further modified by grafting with Poly(methyl meth
acrylate) (PMMA), yielding PMMA-g-CNCs. In this case, 2-BPA was 
utilized as a surface initiated-Atom transfer radical polymerization (SI- 
ATRP) reagent for the grafting reaction [158]. 3-MPA-CNCs were 
further treated with Elleman’s reagent to obtain thiol-functionalized 
CNCs while PyA-CNCs were modified by azide-functional dispersed 
red 13 via azide–alkyne Huisgen cycloaddition reaction. Thiol groups 
can also be introduced on to CNCs reducing end by oxidation to produce 
carboxyl groups followed by reaction with carbodiimide [159]. 
Recently, highly stable CNCs functionalized with dicarboxylic acid 
groups were synthesized by periodate and then chlorite oxidation of 
bleached birch pulp [160]. Some carboxylic acid groups were then 
functionalized with arginyl-glycyl-aspartic acid tripeptide up to a degree 
of 0.12 mmol of the tripeptide/g of dry content, and others with poly 
(ethylene imine)/pDNA polyplex via carbodiimide coupling and elec
trostatic interactions, respectively, to form a nanofibrillar structure for 
gene therapy. 

Also, CNCs sulfate groups can be replaced with hydroxyl groups by 
the thermally catalyzed reversible ester hydrolysis. The degree of hy
drothermal desulfation can be regulated to control the negative charge 
on CNCs surfaces, for nanoparticle dispersity in solution [146]. 
Furthermore, acetyl groups can also be coupled onto CNCs in a one pot 
approach involving both extraction and modification directly from 
sources like MCC, using acetic acid and acetic anhydride combination 
[161]. These reactions expand the realm into which CNCs can be 
modified and functionalized. 

3.2. Covalent modification of CNCs 

Besides alteration of the chemical group on CNCs surface, materials 
have been covalently grafted onto CNCs to form anticancer delivery 
constructs such as gels, nanocomposite, photosensitizers, fluorescents. 
Specifically, fluorescent moieties such as fluorescein-5‘-isothiocyanate 
(FITC), Alexa Fluor can be covalently bound to CNCs to form fluorescent 
conjugates that can be taken up by the cells/ tissues for fluorescence 
imaging. In one case, FITC was conjugated to CNCs in a sequence of 
reactions including epoxy activation of nanocrystal surfaces using 
epichlorohydrin in an alkaline solution, epoxy ring opening with 
ammonium hydroxide, and then linkage of FITC to the formed primary 
amino groups [37]. In 2013, Huang et al. [162] prepared fluorescent 
rod-shaped 7-hydrazino-4-methylcoumarin-CNC (HMC-CNC) and 7- 
amino-4-methylcoumarin-CNC (AMC-CNC) nanoparticles by conju
gating CNCs with amino-substituted fluorophores, forming hydrazone 
and Schiff-base compounds. To build on this innovation for optical 

imaging application, Colombo et al. [163] functionalized CNCs with a 
fluorophore hydrazine derivative, Alexa Fluor 633 hydrazide bis(trie
thylammonium) under acetic acid catalysis to yield CNCs-Alexa Fluor 
633 hydrazine conjugates, while preserving the rod-like morphology 
and substitution of a third of the reducing end groups on CNCs. These 
conjugates were negatively charged, which enabled their specific elec
trostatic interaction with Ca2+ ions in the bone matrix of treated mice. 
Nevertheless, Grate et al. [164] modified CNCs with Alexa Fluor 546 via 
reductive amination reaction with maleimide, to produce labeling re
agents for pore network microfluidic devices. Another fluorescent dye 5- 
(4, 6-dichlorotriazinyl) aminofluorescein (DTAF) was labelled onto 
CNCs with different sulfur content for studying the uniformity of CNCs 
dispersed in electro-spun PVA fibers [165]. CNCs have also been grafted 
with block copolymers such as (1,4,7,10-tetraazacyclododecane- 
1,4,7,10-tetraacetic acid) (DOTA) and diethylenetriaminepentaacetic 
acid (DTPA), which can bind tightly with lanthanide ions for radio
graphic imaging. Reportedly, PEGylated DTPA block copolymers con
taining different repeating units were prepared and coupled onto amino 
functionalized CNCs via bis-aryl hydrazone conjugation [166]. Tetra
methylrhodamine and Alexa Fluor 488 dyes were then attached onto 
these conjugates via covalent bonds. 

For biological targeting applications, CNCs have been modified with 
chemical groups such as receptor peptides, ligands or other precise 
molecules of biological interest. In one case, folic acid (FA), a folate 
receptor (FR) ligand was conjugated to CNCs with carboxyl functions via 
amide bonds to form CNC-folate conjugates [167]. The carboxyl groups 
were formed due to partial oxidation of some hydroxyl groups of CNCs 
during sulfuric acid hydrolysis. 

CNCs have also been modified with photosensitive groups such as 
ICG, PEI-chlorin P6 derivatives for photodynamic therapy. PEI-chlorin 
P6 was prepared by reacting Purpurin-18 (synthesized from chloro
phyll a) with PEI (of 0.6 kDa, 2 kDa and 25 kDa) in chloroform for 60 
min, forming a chlorin P6 moiety that was revealed by a characteristic 
absorbance at 665 nm. PEI-chlorin P6 was conjugated to cotton wool- 
derived CNCs via reductive amination of PEI amino groups using so
dium cyanoborohydride [168]. With a similar aim for phototherapy, 
CNCs modified with poly(2-oxazoline)s were used to mobilize and 
deliver Indocyanine green (ICG) for photothermal therapy. CNCs were 
chemically modified with Poly(2-isopropenyl-2-oxazoline) (PIPOx) in a 
reaction mixture of freeze-dried CNCs and 2-isopropenyl-2-oxazoline in 
N, N-dimethylformamide at room temperature under continuous UV 
light (λmax = 300 nm) irradiation (UV-induced photopolymerization) for 
a period of 12-48 h, yielding PIPOx-g-CNCs. PIPOx-g-CNCs were then 
subjected to living cationic ring-opening polymerization (ROP) reaction 
which was frozen by introduction of piperidinium moieties. These 
moieties capped on the side chains as cations to allow further func
tionalization via ionic interaction. The piperidinium cations were then 
loaded with negatively charged ICG up to an amount of 8 wt.%, ac
cording to the UV standard curve method [169]. Polycationic PEI- 
modified CNCs prepared with a similar method of reductive amination 
by sodium cyanoborohydride, were shown to undergo electrostatic 
interaction and form PEI-CNC-siRNA nanocomplexes which could 
deliver siRNA to cells. PEI conjugation was confirmed by an increase in 
the positive charge (+37.9 mV) of the CNCs colloidal suspension while 
the loading of siRNA caused an increased size of the complex and a 
lowered net-charge (+2.5 mV) [170]. This provided a simple and faster 
method for validation of conjugation in chemical reactions. 

CNCs have also been modified for delivery of potential anticancer 
therapeutic peptides such as chlorotoxin (CTX). Chlorotoxin is a content 
of Leiurus quinquestriatus scorpion venom, with 36 amino acids that can 
bind specifically with MMP-2/ClC3 protein complex, a component of 
brain cancers like Glioblastoma Multiforme. Cellante et al. [171] 
reportedly prepared CTX peptide-modified CNCs by utilizing an ionic 
liquid of Brønsted acid (N-methylpyrrolidinium hydrogen sulfate) as a 
solvent and as well as a catalyst. 12.5 μM drug load content of CTX was 
successfully grafted onto CNCs via the covalent ester bonds between the 
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hydroxyl groups of CNCs and the carboxylic acid groups of CTX. For the 
formation of the fluorescent CNCs-CTX-Cy5, CTX was first conjugated 
with Cyanine 5-NHS ester (Cy5) via amide bonds overnight to form a 
peptide-fluorophore (CTX-Cy5), which was then reacted with CNCs. 

CNC-g-AA gel, as an example of gels has been reportedly prepared by 
co-polymerization of CNCs with acrylamide (AA), mediated by cross- 
linker N,N′-methylene bis(acrylamide) under hydrothermal conditions 
[172]. Hydrothermal treatment over time was thought to be related to 
the increased activity of -OH and -COOH on CNC surface which 
increased the cross-linking capacity to form a three-dimensional honey 
comb network. The resulting aerogel had a high swelling capacity 
(495:1) and exhibited excellent adsorption capacity [172]. Another 
group prepared mucoadhesive hydrogels by covalent attachment of a 
chain of acrylic acid monomers onto CNCs by free radical reaction to 
form hardcore rod-shaped bottle-brush polymers with numerous car
boxylic acid groups. Some of the carboxylic acid moieties complexed 
with an anticancer drug cisplatin via aquation [145]. The aquation 
process involved replacement of chloride moieties in cisplatin with the 
carboxylate moieties in PAA in the presence of sodium bicarbonate. The 
hydroxyl groups of CNCs were also used to displace the chloride ions for 
the direct linkage of the drug. In a related preparation, Gelatin- 
hyaluronic acid-cellulose nanocrystals (GA-HA-CNC) hydrogels were 
produced by cross-linking, followed by free-drying. This preparation 
was intended for wound dressing. GA-HA-CNC combination was due to 
amide and hydrogen bonding, yielding spongy hydrogels with pore 
diameter of about 80-120μm [173]. In other applications, various 
methods including solvent extraction, melt blending and Pickering 
emulsion [174,175] have been used to reinforce polymeric materials 
with CNCs to yield nanocomposites of advanced properties. Reportedly, 
nanocomposites prepared from poly(oxyethylene) (POE) matrix and 
CNC aqueous suspension were found to be thermally stable with melting 
point higher than that of POE [176]. The authors attributed the rigid 
cellulosic network formed within the PEO matrix to have enhanced the 
thermal stability of the nanocomposites. The ability of CNCs to form 
such interactions with other materials has been exploited to produce 
CNC-reinforced nanocomposites such as PVA-CNC reinforced nano
composites, CNC-stabilized polyvinyl alcohol (PVA) hydrogels, CNC- 
stabilized Pickering emulsions [174], CNC-generated silver nano
particles [177,178], CNC-reinforced polyurethane, poly(ε-capro
lactone)-grafted-CNC bio nanocomposites [179]. 

CNC modification can also be tailored to function in particular 
physiological conditions such as altered redox potential of the cells due 
to oxidative stress. Hu et al. [148] functionalized cotton wool-derived 
CNCs with disulfide bond-linked PDMAEMA brushes. Atom transfer 
radical polymerization (ATRP) sites were first introduced on CNC sur
face by reaction with cystamine to yield CNCs (CNC-SS-NH2) with di
sulfide bonds. CNC-SS-NH2 were reacted with α-bromoisobutyric acid to 
covalently attach bromoisobutylryl group on CNCs forming CNC-SS-Br. 
PDMAEMA was then grafted onto CNCs by ATRP at molar reaction ratio 
of 1:2.5:50 ([copper(I) bromide]/[ 2,2′-byridine]/[DMAEMA]) to form 
PDMAEMA-grafted CNC vectors (CNC-SS-PD). CNC-SS-PD were then 
mixed with DNA plasmids (pDNA) to form CNC-SS-PD/pDNA com
plexes. Exposure to reducing conditions led to cleavage of PDMAEMA 
side chains from CNC complexes thus, promoting the release of pDNA 
[148]. This was experimentally confirmed by complexing CNC-SS-PD 
with pCMV-cD (Cytomegalo virus promoter base plasmid carrying 
Cytidine deaminase [cD] cDNA) which induced cytotoxicity in the 
presence of 5-flourocytidine, both in in vitro (reducing conditions) and in 
vivo (in tumor hypoxic areas) [148]. Hence, it was shown that CNC-SS- 
PD/pDNA could be utilized as an efficient vector for suicide gene ther
apy. The same group further fabricated Au NP-conjugated hetero
polymer brush-coated CNCs, through ATRP and reversible 
addition–fragmentation chain transfer (RAFT) polymerization methods 
for an effective and promising model multifunctional therapeutic sys
tem. By first amination of CNCs, bi-functional CNC-based polymeriza
tion initiators were generated. These initiators were then applied for 

alternate grafting Poly(poly(ethylene glycol)ethyl ether methacrylate) 
(PPEGEEMA) and PDMAEMA brushes, before in situ insertion of Au 
Nanoparticles (NPs) as computed tomography (CT) contrast agents 
[180]. Successful synthesis of polymer brushes was indicated by a sub
stantial change of morphologies of CNCs. Under the same team, the 
aminated CNCs were further functionalized with dithiolane rings by 
reaction with lipoic acid [181]. These rings enabled conjugation of 
spherical and rod-like Au NPs via gold-thiolate bonds, and then β-CD- 
PGEA cationic gene carriers were linked directly to the Au NPs via a host- 
guest interaction. The formed gene carrier expressed a decreased size 
which indicated shrinkage of polymer chains, and thus proving effective 
condensing of pDNA within the CNCs complex. In a related study, Li 
et al. [182] attached pre-synthesized cis-aconityl-doxorubicin with car
boxylic groups to aminated CNC nanorods via amide linkages, to form 
rod-like cancer drug nanocarriers. The obtained nanocarriers were sur
prisingly shorter than the parental CNR due to degradation caused by 
the excessive temperatures applied during modification. Respectively, 
0.54 wt.% and 8% of drug loading capacity and efficiency of modified 
DOX were achieved. These low values were due to the limited prepa
ration process via the heterogenous reaction on the CNCs surface. This 
reaction has a very low efficiency which directly affects the loading 
capacity. 

3.3. Non-covalent modification of CNCs 

The utilized noncovalent bonds including hydrogen bonds, van der 
Waals and electrostatic interactions are mostly formed via physical 
adsorption. The surface of non-modified CNCs though bearing polar/ 
ionic chemical groups is largely hydrophobic and therefore may not be 
suitable for hydrophilic environment. For simple non-covalent hydro
philic complexes, CNCs were modified with phenyl, long alkyl, glycidyl, 
and diallyl moieties carried on quaternary ammonium cationic groups. 
CNC complexed quaternary ammonium salts bearing C18 alkyl chains 
had higher water contact angle (71◦) relative to the unmodified form 
(12◦) [183]. The resulting nanocomposites had an increased capacity for 
dispersion in non-polar polymers. In another study, the cationic sur
factant Cetyl trimethylammonium bromide (CTAB) was found to in
crease the zeta potential of CNCs in a concentration dependent manner 
[184]. This was owed to the ionic interaction of CTAB with the CNC 
surface bound anionic sulfate groups. The CTAB modified CNCs (CTAB- 
CNCs) were found to interact with three hydrophobic anticancer drugs; 
paclitaxel (PTX), docetaxel (DTX), and etoposide (ETOP) to form 
respective CNC-drug complexes that released the drugs controllably in a 
period of two hours [184]. The authors also proved direct ionic inter
action of doxorubicin (DOX) and tetracycline onto CNCs surface [184]. 
Therefore, CTAB is a linking surfactant owed to the possession of a 
cationic part of quaternary ammonium ion that interacts with CNCs and 
the hydrophobic end of C16 alkyl chain that interacts with non-polar 
compounds such as drugs. Also, CTAB has antimicrobial properties 
and thus acts as a pharmaceutical drug as well as an excipient. A critical 
micelle concentration for adsorption of CTAB onto CNCs exists, whereby 
below the critical level, CTAB monomers adsorb on the surface. With 
increase in the concentration of surfactant monomers, the adsorbed 
surfactants reorganize and associate to induce hydrophobic interactions 
between C16 alkyl chains to form monomer clusters. However, further 
increase in concentration of surfactants leads to formation of micelles on 
CNCs surfaces, which decreases the hydrophobicity of CTAB-CNCs [61]. 
CTAB modified CNCs were also loaded with hydrophobic and anti- 
tumorigenic luteolin (LUT) and luteoloside (LUS) model drugs to 
amounts of 13 and 57 mg g-1 [185]. The transformation of the positive 
charge of CTAB-CNCs into negative charge confirmed its ionic interac
tion with the negatively charged flavonoids, thus CTAB acting as a cross- 
linker [185]. The weak acidic drugs were sustainably released at a 
higher rate and amount over a day. Another hydrophobic and poly
phenolic compound from Curcuma longa herb, termed CUR, with anti
cancer potential was also loaded onto rod-like though colloidally 
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unstable, CTAB-CNCs. A substantial quantity of CUR in a range of 80 - 
96% binding efficiency was bound onto CTAB-CNCs for up to 100 μg of 
CUR added compared to 27% added onto CTAB-unbound CNCs. This 
was due to the extremely strong hydrophobic interaction between the 
nonpolar benzene rings of CUR and the hydrophobic regions of CTAB- 
CNCs. However, the binding efficiency of CUR decreased at higher 
concentrations of CUR added due to the decrease in the hydrophobicity 
of CTAB-CNCs [61]. 

A more complex modified CNC carrier was prepared by utilizing the 
cationic interaction of less soluble β-cyclodextrins (β-CD) and negative 
charges on cotton fiber-derived sulfuric acid hydrolyzed CNCs 
[186,187]. β-CD was cationized via reaction with glycidyltrimethyl 
ammonium chloride (GTMAC) and loaded onto the CNCs by electro
static coupling, to form very stable negatively charged β-CD/CNCs 
complexes [188]. β-CD can also be grafted onto CNCs by either carbo
diimide coupling or copper (I) catalyzed click chemistry [189]. The 
hydrophobic drug, CUR was then successfully inserted into the β-CD 
cavities of β-CD/CNC up to 10% loading ratio, forming soluble CUR–CD/ 
CNC nanocomposites. The above innovative loading of CUR onto 
biodegradable CNC nanocarriers provided a solution to their pharma
cokinetic challenges like low solubility in aqueous media, rapid meta
bolism and limited bioavailability, for efficient treatment of various 
conditions such as cancer, peripheral neurological infections 
[61,186,190,191]. Additionally, curcumin is a Curcuma longa rhizome 
polyphenol extract of curcuminoid family with manifold pharmacolog
ical characteristics such as antioxidant, anti-inflammatory and neuro
protective potentials. These have attracted its biomedical applications, 
owed to its oral safety, ability to induce pluripotency, and low-price. 

Delivery of DOX hydrochloride (DOX⋅HCl) and CUR was explored 
using a Layer-by-Layer (LbL) technique. This approach involved 
designing nanofibrous multilayer thin films and microcapsules, by 
alternately depositing positively charged chitosan (CH) and negatively 
charged CNCs to form (CH/CNC)n with complementary electrostatic and 
hydrogen bonding interactions [192]. The water-soluble DOX⋅HCl was 
then post loaded in the nano-assemblies by diffusion and interacted with 
CNCs via hydrogen bonds and electrostatic interactions. While as for the 
hydrophobic CUR, a stable water-dispersion was first prepared via 
noncovalent interaction with CNCs as portrayed by molecular docking 
studies, followed by incorporation into the LbL nano-assembly [192]. 
This approach is thus suitable for delivery of lipophilic drugs that can be 
ably incorporated in the microcapsule walls without interfering the 
ability of the microcapsule aqueous core to further load a hydrophilic 
drug. 

3.4. Covalent and non-covalent modification of CNCs 

More complex conjugates that utilize both covalent and noncovalent 
interactions onto CNCs have been also assembled for cancer therapy. 
These have mostly involved the use of linkers that primarily form co
valent bonds with CNCs by “grafting to” or “grafting from” approaches 
and noncovalent bonds with small molecules, surfactants, hydrophobic 
polymers and anticancer agents/drugs such as DOX, MTX, CUR. For 
instance, a CNC conjugate of PEEP-modified CNCs (CNC-g-PEEP) was 
prepared for the delivery of DOX to cancer cells [193]. 2-ethoxy-2-oxo- 
1,3,2-dioxaphospholane (EOP) monomers were exploited to synthesize 
Propargyl-terminated PEEP (g-PEEP) via ROP reaction. The obtained g- 
PEEP was then subjected to Cu(I)-catalyzed azide–alkyne cycloaddition 
(CuAAC) “click” reaction with the azide-modified-CNC (CNC-N3) to 
graft Poly(ethyl ethylene phosphate) (PEEP) onto CNCs [193]. CNC-N3 
was initially prepared from partially desulfated CNCs and then chlori
nated with p-toluenesulfonyl chloride (TsCl) to form CNC-Cl. CNC-Cl 
was then reacted with sodium azide to yield azide-modified CNCs. DOX 
was then loaded onto negatively charged CNC-g-PEEP forming CNC-g- 
PEEP-DOX by electrostatic interactions owing to DOX protonated 
amine groups. In another study, CNC-Cl operated as a macroinitiator to 
prepare CNC grafted polyacrylamide chains (PA-g-CNC) using 

polyacrylamide via ATRP technique. For the first time, transamidation 
method was used to attach amine pendant groups onto PA-g-CNC 
copolymer to enable further functionalization with anticancer agents 
[194]. FA was attached both directly and indirectly using CD to the 
copolymer. The indirect process involved initial grafting of carbox
ymethyl-β-cyclodextrin (CM-β-CD) onto the copolymer via amide bonds, 
followed by introduction of folic acid (FA) into the CD cavity via the 
host-guest interaction. DOX was loaded into the nanocarrier spheres via 
ionic interaction. However, the mass of drugs loaded on the polymer 
substrate was restricted by the CNCs complexity and its lateral groups. 

Negatively charged CNCs have been modified via charge reversal by 
attachment of positively charged species. This is aimed at carriage of 
negatively charged anticancer NPs that are electrostatically repelled by 
the unmodified CNCs. For instance, CNCs were modified with poly(N-(2- 
aminoethylmethacrylamide)) (poly(AEMA)) and poly(2- 
aminoethylmethacrylate) (poly(AEM)) for charge reversal [195]. Poly 
(AEMA) is a cationic core utilized in the construction of nanogels for 
delivery of proteins and genes such as siRNA and plasmid DNA while 
poly(AEMA) is a linking polymer for delivery of DNA vaccine and genes 
(in vitro) [195]. These cationic CNCs were synthesized by reacting 2-bro
moisobutyryl bromide (BriB) with CNCs, followed by grafting with poly 
(AEMA) and poly(AEM) by the surface-initiated single-electron-transfer 
living radical polymerization (SI-SETLRP) reaction. Negatively charged 
Au NPs were then incubated with the modified CNCs to catalyze the 
electrostatic interaction among the species. The deposition of Au NPs 
onto the cationic CNCs was controlled by Brownian motion and moni
toring the net charge reduction of the aggregated CNCs. CNC-reinforced 
injectable hydrogels were also investigated for DOX delivery. Quater
nized cellulose (QC) obtained through cellulose quaternization in LiOH/ 
urea aqueous solution was reacted with β-glycerophosphate (β-GP) and 
hence forming an in-situ gelling solution (QC/β-GP). Treatment of 
cationic QC/CCNCs with QC/β-GP yielded QC/CCNC/β-GP hydrogel 
complexes. Where β-GP acted as a cross-linker between QC and CCNCs, 
thus increasing the mechanical strength and the dimensional stability of 
the resultant hydrogel [31]. CCNCs was prepared using CHPTAC via 
epoxidation and etherification for CNCs charge reversal. DOX was 
loaded directly into QC/CCNC/β-GP hydrogels and created interactions 
with the sulfonate and hydroxyl groups of CNCs via electrostatic in
teractions and hydrogen bonds, respectively. And then easily released 
when injected to the tumor proximity of mice bearing liver cancer xe
nografts. This indicated successful in vivo anti-cancer therapy with low 
toxicity. 

For advanced studies involving charge reversal, negatively charged 
CNCs were functionalized with 3-amino propyl-3-methoxy silane 
(APTMS) via etheric linkages [6]. The amine groups of the modified 
CNCs were then conjugated with N, N′-Dicyclohexylcarbodiimide 
(DCC)-activated carboxylic acids of the amino acid L-lysine via amide 
bonds. A positively charged system with APTMS as a bridging molecule 
was formed. Also, the addition of the amino acids provided a prolonged 
fluid circulation of the nanocarriers and an effective resistance against 
biological barriers. Via electrostatic interactions, anticancer drugs CUR 
and MTX spread in a suspension were stacked onto the pH-sensitive NPs 
by dispersion in the solution to form nanoparticles for combination 
therapy [6]. Dispersion is a simple co-loading method that has also been 
utilized elsewhere for loading of DOX onto cellulose/MXene hydrogels 
[196]. More specifically, CUR and MTX were loaded onto the NPs sur
faces mostly via hydrophobic interactions and surface adsorption. That 
is, the carboxylic acid groups of MTX and the amine groups of the NPs 
were converted into COO− and NH3

+, respectively, at pH 7.4 to allow 
hydrogen bonding amongst them. While the hydrophobic interactions 
were attributed to the hydrogen bonds formed between the ammonium 
groups of NPs and the enolate groups of CUR [6,197,198]. This led to 
entrapment of 33% MTX and 75% CUR onto the nanocarriers. A group of 
trimethylamine-rich cationic molecules, CHPTAC were covalently 
attached to hydrothermally desulfated CNCs via epoxidation and 
etherification reactions to enhance inversion of surface charge, for 
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preparation of spindle-shaped cationic CNCs [146]. Desulfation of CNCs 
was enabled via reversible ester hydrolysis by detachment and regen
eration of sulfate and hydroxyl groups, respectively, on the CNCs sur
faces. This enabled preparation of highly dispersed CNCs and less turbid 
cationic CNCs. Polymeric siRNAs were then prepared via sequential 
synthetic processes and purified by Mg2+ chelation. By electrostatic 
interaction, the anionic polymeric siRNAs were then complexed with the 
spindle-like cationic CNCs to form branched and spindle-shaped nano
complexes with high colloidal stability. Different weight ratios of 
polymeric siRNAs were used to optimize the formation of nano
complexes and the complexation efficiency was enhanced with increase 
in the weight ratio at particularly beyond 5 wt.% [146]. With carefully 
controlled biocompatibility studies, this charge reversal potential por
trayed ability of wider application of cationic CNCs in treatment of 
cancers like breast cancer. This is owed to its ability to not only enable 
delivery of several negatively charged or hydrophobic anticancer agents 
like drugs, genes, but also combination therapy. Another group prepared 
nanohydrogels (PDA/Fe@CNC and ALA/Fe@CNC) with functional 
polymeric chains of either 5-aminolevulinic acid (ALA) or dopamine 
(DPA), conjugated to carboxylated CNCs via iron ions coordination, 
prior to loading of the hydrophobic anticancer drug PTX [100]. 28% of 
carboxyl groups were created on CNCs via oxidation by DMSO and 
succinic anhydride. The formed system is described as a nanoscale 
metal-organic framework or nanoscale coordination polymer in which 
organic ligand moieties such as the polyphenols derivatives, benzo
thiazole complexes, dihydroartemisinin form coordination bonds with 
metal ions such as Fe3+ [199–202]. The metal ions then act as cross
linking ligands to bridge the system to other supporting polymer sur
faces such as CNCs, disylase for effective drug delivery [203]. 

Exploration of CNCs modification for cancer therapy through oil in 
water emulsion approach has also been undertaken. In a recent study, 
Ngwabebhoh et al. [204] aminated CNCs prepared by H2SO4 acid hy
drolysis of MCC powder before formulation of coumarin (COU) and CUR 
conjugated Pickering Emulsion (PE). The amine groups further acted as 
active sites for loading of CUR or COU through hydrogen bonds [204]. 
Similarly, CUR-encapsulated CNCs stabilized PE for colorectal cancer 
therapy was prepared by using MCNC composites as solid emulsifiers to 
stabilize an oil layer of β-carotene rich red palm olein with dissolved 
CUR [205]. The MCNC nanocomposites were synthesized through an in- 
situ ultrasound-facilitated coprecipitation method by depositing Fe3O4 
magnetic nanoparticles onto CNCs surfaces via covalent bonding. 

4. CNCs as dispensers for cancer theranostic agents 

Much as chemotherapy has been one of the common modes of cancer 
treatment since the first use of a rather successful chemotherapeutic 
agent-Nitrogen mustard in 1940’s [206], several deleterious anti-cancer 
agent-associated toxicities have been reported. The toxicity-associated 
side effects include; neurotoxicity and neuropathy, ototoxicity, hepato
toxicity, anorexia, cachexia, cardiotoxicity, cognitive deficits, nephro
toxicity, fatigue and motivational deficit, neuro-inflammation among 
others [207,208]. The task of medicinal chemists has been therefore to 
modify some of the established drugs into more potent but less toxic 
ones whilst exploring drug delivery agents that decrease off target de
livery without affecting their homing to the target cells/tissues. Gener
ally, an ideal drug delivery agent with probable clinical translation has 
been characteristically described with nano-sizes for easier passage 
across biological barriers and subsequent accumulation in malignant 
cells, potential of binding reversibly to both hydrophilic and hydro
phobic drugs, stability, prolonged blood circulation, body macrophage 
resistance, non-toxicity, biocompatibility, non-invasiveness to normal 
body cells, vessel extravasation, tumor penetration, sensitivity to 
extrinsic (light, magnetic field, radiofrequency) or intrinsic (pH, tem
perature, redox reactions) stimuli or both, degradability in living cells. 
These properties also minimize the side effects from these nanocarriers 
[209]. pH sensitivity is among the most essential stimuli because drug 

delivery in cancer cells is normally enhanced by their acidic environ
ment which arises chiefly from the buildup of metabolic end products 
and the poor edifice of blood vessels in the cells. Among the anti-cancer 
delivery materials [210] that are in research for clinical translation 
today, CNCs have arose wide attention [211]. Despite the reported 
toxicities [212], CNCs have been drug delivery materials under active 
research today. CNCs are under intense research as future nanomaterials 
for targeted delivery of drugs especially for cancer cure, owed to their 
excellent physical properties like the nano size and spindle shaped 
structure that possesses abundant hydroxyl groups on the surface, and 
degradability in living cells [213–218]. In detail, the spindle-like shape 
as compared to the sphere-like provides a high aspect ratio which causes 
a lengthened fluid circulation, improved cellular binding and uptake, 
rapider internalization, and high accumulation in the targeted tumours 
[7,8,182,211,213]. While as the hydroxyl groups on CNCs not only 
favour chemical functionalization with anti-tumour agents, but also 
allow a prolonged blood circulation and low cytotoxicity, owed to their 
hydrophilic surfaces on a favourable elongated shape. 

Depending on the cells/tissues being targeted for delivery of drugs, 
genes, bioimaging agents for cancer treatment via numerous methods 
such as utilization of radiations among others, the utility of CNCs has 
been exploited as simple CNCs or CNC conjugates, as illustrated in Fig. 5 
below.. Both non-conjugated and conjugated CNCs are thought to enter 
the cells by endocytosis just like other polysaccharide-based nano
particles. The endocytic mechanism can be non-specific (micro
pinocytosis or phagocytosis) or facilitated (caveolae or clatharin- 
mediated) [215,217–219]. Both phagocytosis and micropinocytosis 
are actin-dependent processes. While phagocytosis is carried out by 
specialized cells (professional phagocytes), micropinocytosis is depen
dent on actin-driven formation of invaginations on the surface of the 
membrane to take up particulate material [215,219]. Clathrin-mediated 
uptake is a form of receptor mediated uptake of molecules (such as iron- 
loaded transferrin, LDL) at the specialized sites of the membrane known 
as coated pits. These coated pits are sites of assembly and recruitment of 
protein complexes that mediate trafficking of the cargo from the cell 
membrane into other cytosolic compartments [215]. Caveolae-mediated 
endocytosis occurs at specialized areas on the cell membrane ‘lipid rich’ 
sites known as ‘lipid rafts’ mediated by the associated protein caveolin. 
This process involves cellular uptake facilitated by flask-shaped mem
brane invaginations called caveolae (little caves) [220]. All these 
pathways may not be active in cell depending on the cell type, the size 
and nature of the particulate material [219,221]. Confirmation of the 
delivery of the drug into the intracellular compartments is initially 
quantified by tagging the particulate material understudy such as 
nanoparticles with fluorochromes like FITC which can be monitored by 
live imaging. 

4.1. CNCs for bioimaging 

CNCs have been applied for therapeutic bioimaging of tumors by use 
of acoustic signals from nanoparticles after penetration into the tumors 
or fluorescent agents such as rhodamine B isothiocyanate (RBITC) and 
FITC. These may be non-conjugated onto CNCs and therefore, taken up 
non-specifically by endocytosis. For instance, photoacoustic imaging of 
mouse ovarian cancer models was carried out using non-conjugated 
CNCs, after ex vivo signal quantitative experiments [216]. These 
biodegradable nanoparticles with peak photoacoustic signal at 700 nm 
and ex vivo detection limit of 0.02 mg/mL competently produced pho
toacoustic signals at doses below 1.2 mg/mL when applied to the 
carcinomatous cells. 

For an effective cancer therapy through bioimaging, fluorescent 
agents have been designed to enter the membranous cells passively or to 
trigger cell internalization actively with no or insignificant toxicity. This 
is because large water-soluble biomarkers cannot easily cross the cell 
membranes. Nevertheless, their transportation is controlled by the 
mechanism of cell endocytosis. For instance, Mahmoud et al. evidenced 
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the capability of fluorescent CNCs, FITC and RBITC to penetrate cells. 
Without marked sign of toxicity and no effect of cell membrane integ
rity, the positively charged CNC-RBITCs were internalized by the 
anionic cellular membrane of both Spodoptera frugiperda (Sf9) and 
human embryonic kidney 293 (HEK 293) cells. However, there was no 
uptake of CNC-FITC due to its negative charge, thus confirming the 
relevance of the surface charge of nanocarriers [222]. In another study, 
CNC- Alex flour 633 conjugates were found to transiently migrate into 
the bones and then penetrate cells without eliciting material-related 
cytotoxic effect [163]. This ability of CNCs conjugates to infiltrate 
cancer cells, coupled with rapid excretion and tolerance, can allow the 
conjugates be exploited as theragnostic imaging nanodevices for bone 
tumors. Furthermore, CNCs can be decorated with hydrophilic block 
copolymers such as DOTA and DTPA. These polymers are capable of 
chelating with radioactive lanthanide ions such as Gd3+ for magnetic 
resonance bioimaging and 177Lu3+ for radiotherapy to enable cancer 
diagnostic imaging and radiography. For example, Guo et al [166] 
prepared PEGylated DTPA block copolymers with attached 
fluorochromes-rhodamine and Alexa Fluor 488. These fluorescent- 
labelled polymer-CNCs conjugates were taken up by ovarian cancer 
cells (HEYA8) with non-toxicity limit of up to 0.0035 wt.%. This por
trayed low toxicity was owed to shielding of the poly(ethylene glycol) 
(PEG) corona. Besides diagnosis, biomarkers can also be important in 
monitoring the delivery of other therapeutic agents such as targeting 
agents, drugs, and genes among others. 

4.2. CNCs for cargo delivery 

4.2.1. CNCs for target agent delivery 
In some studies, CNCs have been conjugated to suitable agents either 

to increase the adsorptive capacity, passive endocytosis or receptor- 
mediated endocytosis where targeting of the drug is required to 

specific cells/tissues with minimal toxicity. Specifically, agents such as 
FA (Vitamin B9) are an important cause, given their function in facili
tating proliferation of all living cells by acting as vital vitamins for cell 
division. Proliferation involves rapid division of cells, and cancer cells 
being characteristic, they immensely take up FA passively or actively by 
the numerous folate receptors and thus its overexpression on their 
plasma membranes (Fig. 5). Types of cancer cells such as breast, brain, 
ovarian, kidney, lung, and endometrial cancer, have a high affinity for 
FA, unlike the normal cells [223]. For instance, FA conjugated CNCs 
(FA-CNCs) were reported to be capable of targeted delivery of chemo
therapy to cancer cells (rat brain tumor (C6) cells and human (DBTRG- 
05MG, H4) cells) that are FR-positive, as monitored with a fluorescent 
moiety, FITC (Fig. 6) [224]. The non-neuronal DBTRG-05MG and C6 
cells bound FA-CNC conjugates internalized primarily via caveolae- 
mediated endocytosis while the neuronal human H4 cells internalized 
the conjugates chiefly via clatharin mediated endocytosis. This indicated 
that FA-CNC conjugates could also be loaded with chemotherapeutic 
drugs to increase their uptake in the respective cells given that the 
binding/uptake for C6, H4, and DBTRG-05MG cells was 46, 975, and 
1452 times higher, respectively, as compared to untargeted CNCs [224]. 

The same group further used FA-CNCs conjugates with a fluorescent 
imaging agent (FITC) for targeting human breast (MDA-MB-468) and 
human epithelial carcinoma cell line (KB) cancer cells. These FA-CNCs 
conjugates showed a remarkably high affinity for FR-positive human 
breast (MDA-MB-468) and KB cancer cells with momentously high up
take. As caveolae FR-mediated endocytosis was the only expressive 
cellular internalization mechanism in MDA-MB-468 cells, clathrin FR- 
mediated endocytosis was substantial in both cell types. This was 
attributed to the small size of the internalized NPs and specific cell-type 
dependence, as the major factors for NPs internalization. MDA-MB-468 
and KB cells had substantively greater levels of FR-αmRNA and protein 
expression as compared to the negative control of human aortic 

Fig. 5. Summary of the applications of CNCs (green rod/spherical shaped) modified with anticancer agents (genes, drugs, chlorotoxin), target ligands, fluorescent 
(Hind limb image [163]) Reproduced with permission from ref. [163]. Copyright 2015, Biomacromolecules, and photosensitive elements (acoustic signal [216]) for 
cancer treatment. Reproduced with permission from ref. [216]. Copyright 2014, Photoacoustic. 
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endothelial cells (HAEC) [223]. This research team therefore, demon
strated the attachment of these negatively charged nanoscale delivery 
vehicles to specific membranes for timely discovery and treatment of 
tumors. These FA-conjugated CNCs were also reported to significantly 
potentiate the cytotoxicity of Irreversible Electroporation on the MDA- 
MB-468 and KB cells, with no effect on FR-negative cancer cells 
(A549) realized [167]. Thus, proving that FA selectively binds to FR. In 
brief, these noninvasive, and passive screening strategies are likely to 
enhance early-stage diagnoses of cancer and thus increasing survival 
chances by minimizing the avoidable risks to patients. 

4.2.2. CNCs for drug delivery 
CNCs have also been surveyed as nanocarriers for the delivery of 

cancer drugs singly or in multiple for combined therapy. Specifically, 
combination chemotherapy is a promising strategy involving synchro
nized delivery of more than one anticancer agent to express different 
mechanisms of action during cancer treatment to simultaneously ach
ieve a synergetic effect and asphyxiate the undesirable side effects 
associated with single-drug therapy. The delivery cargos have been 
designed in several forms such as attaching the drug directly onto CNCs 
as a non-conjugated surfactant or conjugated compound, indirect 
attachment via a spacer moiety, or encapsulation. The delivery cargo 
may exist as hydrogels, emulsions, thin films made using LbL approach. 
CNC drug nanocarriers that are non-conjugated tend to enter cells non- 
specifically by endocytosis. For example, surfactant-modified CNCs 
were reported to form complexes with three anticancer drugs such as 
PTX, DTX, and ETOP that were controllably released in a duration of two 
hours. The initial release profile (20-26%) was quite similar for the three 
drugs, only differing on the total period release up to 75% [184]. 
However, since these drugs are hydrophobic, solubilization had to be 
facilitated by coating CNCs with a surfactant CTAB to increase the zeta 
potential of CNCs in accordance to the concentration. The CTAB-coated 
CNC-drug complexes were reported to strongly associate with bladder 

cancer cells (KU-7) [184]. Non-CTAB modified CNCs could easily con
jugate significant amounts of the ionizable water soluble drugs such as 
tetracycline and doxorubicin. Non-conjugated CNCs could also be suit
able for control of the drug release for transdermal patch application 
[225]. In a related study, torispherically shaped and negatively charged 
CNCs were bound with CTAB to enhance the loading efficiency of hy
drophobic anticancer drugs LUT and LUS into the hydrophobic CTAB 
domains [185]. CNCs solutions formed were well-dispersed and 
remained stable with a high zeta potential of 21.5 mv. At pH 7.4, 57% 
and 72% of the drugs were sustainably released in one day from LUT- 
CTAB-NCC and LUS-CTAB-NCC, respectively. This finding underlines a 
CNC-based drug delivery system, capable of modulating loading and 
release of drugs. 

For directly conjugated drug delivery systems of CNC nanocarriers, 
Colacino et al [226] designed various CNC conjugates, such as CNCs 
linked with FITC, without (FITC-CNC) or with FA (FITC-CNC-FA), and 
CNCs linked with DOX and without (DOX-CNC) or with FA (DOX-CNC- 
FA) and investigated using FR-positive MDA-MB-468 and KB cancer 
cells. Expectedly, there was increased cellular internalization of FITC- 
CNC-FA (as indicated by the fluorescence). The uptake was not 
commensurate with cell viability status on treatment with DOX-CNC-FA, 
as compared to free DOX or DOX-CNC treatment [226]. The significantly 
lower cell viability of DOX-CNC-FA treated cancer cells was suggestive 
of increased delivery of DOX to the cells than mere free DOX or DOX- 
CNC treatment. In another study, porous nanofibrous multilayer thin 
films and microcapsules composed of CNCs were fabricated following 
the LbL approach. For drug delivery application, these nanocarriers 
were loaded with DOX⋅HCl and CUR. DOX was successfully released 
sustainably, higher at acidic pH than at physiological conditions since 
diffusion is enhanced by protonation of the amine groups [192]. This 
property is commendable for cancer therapy given the lower extracel
lular pH of tumor cells, as well as delivery of the lipophilic drugs. 

CNC-g-PEEP have been reported to be capable of encapsulating DOX 

Fig. 6. Cellular binding/uptake of FITC-CNC and FITC-CNC-FA in the absence and presence (1 mM) of free folic acid by (a) DBTRG-05MG, (b) H4, and (c) C6 cells. 
(A) Synthesis of the FITC-labeled FA-conjugated CNCs (Sulfo-NHS, N-hydroxysulfosuccinimide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide). Reproduced 
with permission from ref. [224]. Copyright 2014, American Chemical Society. 
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and its subsequent delivery to the tumor micro-environment [193]. 
Polyphosphoesters (PPEs) such as PEEP, just like CNCs are known to be 
biocompatible [15] and therefore show negligible toxicity. The half 
maximal inhibitory concentration (IC50) of DOX-loaded CNC-g-PEEP 
(9.95 mg DOX equiv L-1) was slightly higher than that of free DOX (6.38 
mg DOX equiv L-1) due to slow release of DOX from CNCs [193]. This 
slow release was even more noticeable at pH 7.4 compared to pH 5.0 
which could be advantageous for use at cellular physiological condi
tions. However, over 40 h sustained and high DOX release of up to 80% 
at pH 5.0 was realized when DOX⋅HCl was conjugated onto rod-like 
CNCs [182]. The high DOX release was attributed to a greatly low pH 
which stimulated the carboxylic acid (C-4) catalyzed splitting of cis- 
aconityl amide bonds. The enhanced DOX release was further 
confirmed by the 1.75 times higher efficiency of IC50 of the prodrug 
carrier with no NH4Cl (lysosomotropic weak base) present, against NCI 
H 460 cells. This DOX release was activated by the lysosome in the 
microenvironment, which was highly acidic with pH 5.0 and thus pro
vided a prolonged and gradual drug release. Unlike the DOX⋅HCl, the 
prodrug nanocarriers exhibited enhanced cellular internalization via the 
endocytosis route. The cellular uptake was further proved by incubation 
of the prodrug nanocarrier with Human hepatocyte cell line (HL-7702), 
KB, human large cell lung cancer cell line (NCI H 460) and Michigan 
Cancer Foundation-7 (MCF-7) cell lines, where a visible red fluorescence 
was observed. The authors attributed the fluorescence drug delivery 
potential of the prodrug nanocarriers to its rod-like shape, appropriate 
aspect ratio, preferential NPs uptake, and acidic pH-activated drug 
release potential. The above findings suggest that pH sensitivity poten
tially controls, prolongs and enhances release of anticancer drugs in low 
pH-characterized tumor sites while hindering their untimely release in 
physiological environments with normal pH values. 

More complex CNC conjugates have also been explored. For 
example, CNCs were functionalized with cationic β-CD to form β-CD/ 
CNCs complexes that encapsulated CUR [186]. This CUR–CD/CNCs 
complex inhibited proliferation of cancer cells of prostatic and colorectal 
origin, though with lower IC50 compared to that of free CUR [186]. The 
enhanced effect could be attributed to higher solubility of CUR–CD/ 
CNCs, its internalization into the cell by endocytosis before spontaneous 
release of CUR into the intracellular membrane compartments such as 
lysosomes. Antimitotic anticancer chalcone drugs, 3-hydroxy-3′,4,4′,5′- 
tetramethoxychalcone and 3′,4,4′,5′-tetramethoxychalcone were also 
encapsulated into β-CD/CNCs complexes [227]. The obtained β-CD/ 
CNCs/chalcone complexes presented high solubility and invitro anti
proliferative effect against prostate (PC3 and DU145) and colon (HT29 
and HCT-116) cancer cells. The authors attributed these results to suc
cessful encapsulation of the hydrophobic chalcones by the β-CD/CNCs, 
which led to their increased internalization into the malignant cells. 
Therefore, improved water solubility and bioavailability of hydrophobic 
anticancer agents is likely to enhance specificity to malignant cells 
which will deter toxicity to healthy cells. Ehsanimehr et al [194] pre
pared a complex CNC (FA-CM-β-CD/aminated (PA-g-CNC)) copolymer 
system with nanospheres for loading and release of DOX. The system had 
a high loading capacity and encapsulation efficiency of about 8.08% and 
88%, respectively. This was attributed to the high chain length of the 
polymeric shell and the effective interaction between the electronega
tive atoms in the polymeric system and the carbonyl, amine, and car
boxylic acid groups of DOX. Though the CNC complexity limited the 
loading process. A high DOX release of about 89% was also identified 
especially in a low pH media [194]. The authors attributed it to the 
decreased ionic interaction between the drug and carrier due to pro
tonation of the electronegative groups in the nanocarrier system, as well 
as breakdown of the hydrogen bonds attached to DOX. The high DOX 
release caused a low IC50 of 0.216 μgmL-1 when exposed to MCF-7 
cancer cells thus, portraying a high tumor control compared to the 
free drug. The conjugated FA portrayed a high internalization rate with 
a complete cellular uptake in 3 h. In yet another CNC conjugate system, a 
colon-target drug release nanocarrier was designed by linking the model 

drug (tosufloxacintosilate, TFLX) with maleic anhydride CNC using a 
spacer moiety of L-leucine. This drug nanocarrier exhibited a high 
encapsulation efficiency of 99.84% and could release about 72.55% of 
the drug satisfactorily loaded to a maximum of approximately 29.14% to 
avoid leakage. The enhanced drug release potential of the nanocarrier 
was credited to the breakdown of CNCs and cleavage of the CNCs-drug 
amide bond by the protein enzyme, lysozyme. This releasing efficiency 
could be close to in vivo value since the experiment was conducted in a 
colon fluid containing lysozyme for 30 hours, in which no drug was 
detected when simulated with pepsin and hence indicating selective 
drug release in the colon [228]. This could be a potential chemothera
peutic delivery agent for colon cancer if TFLX, an antibiotic, would be 
replaced with an anti-cancer agent that would otherwise be activated in 
the gastric fluids. In a finding involving combination chemotherapy, a 
biocompatible nano-system comprising of CNCs and amino acid L-lysine 
was constructed for high loading and co-delivery of model anticancer 
drugs, MTX and CUR to MCF-7 and MDA-MB-231 breast cancer cells [6]. 
The non-drug loaded nano-systems expressed ideality for intravenous 
injection by maintaining the normal discocyte form of erythrocytes and 
cancer cells, thus portraying a negligible hemolytic and cytocompati
bility effect, moreover at various concentrations. The enhanced 
biocompatibility of the NPs was mainly due to the decorated amino acid 
L-lysine [6,229]. In the acidic tumor environment, the pH-sensitive 
nanocarriers released the drugs sustainably, which lessened the chan
ces of untimely drug release and adverse side effects during blood 
transit, while allowing high penetration into the tumor for enhanced 
toxicity. The pH enhanced release of CUR and MTX was due to the 
protonation of the enolate and methotrexate carboxylate groups of CUR 
and MTX, respectively. This eliminated their electrostatic interactions 
with the protonated ammine groups of the nanocarriers by reduction of 
the surface charge. However, the strong hydrophobic interactions of 
CUR with the nanocarriers enabled a sustained release of the anticancer 
drugs. The duple-drug cargo nanocarriers presented a superior anti- 
cancer efficiency against human breast tumors, in which the adjuvant 
drug CUR synergized the therapeutic efficiency of MTX by cell growth 
inhibition and induction of apoptotic cell deaths of the malignant tu
mors. This synergy arises from activation of the dissimilar signal path
ways in which MTX prevents the conversion of dihydrofolate (DHF) to 
tetrahydrofolate (THF) by outcompeting DHFR to inhibit dihydrofolate 
reductase (DHFR) enzyme, and thus causing cell apoptosis. The affinity 
of MTX to DHFR is higher than that of folate, which is important for DNA 
synthesis. While CUR induced apoptosis through numerous signaling 
pathway. The MTX/CUR combination therapy also lowered the proper 
dosage of MTX, and thus preventing the severe toxicity of chemother
apeutic MTX to systemic parts [6,230]. Thus, an effective performance 
compared to free-drug or single-drug loaded NPs in liquidating tumors. 
Also, CUR selectively killed human HCT-116 cells when 89.0% of the 
drug was released in 2 days, owed to the presence of an acidic envi
ronment (pH 5.5) that enabled the breakdown of the drug-nanocarrier 
[156]. This was eased by the decrease of the static interaction be
tween CUR and the nanocarrier (CNCs-AD/MGO), as well as decrease of 
the negative charge deposit with protonation of the carboxyl and amino 
groups of CNCs and AD respectively. These led to electrostatic repulsons 
in the drug-nanocarrier and thus their breakdown to release CUR. The 
drug-nanocarriers also expressed antibacterial and biocompatibility 
potential [156]. 

Pickering emulsion kind of suspension stabilization by solid particles 
at oil-water interfaces, has as well drawn attention in pharmaceuticals 
and nanomedicine for drug delivery in the blood and gastro-intestinal 
systems. The plan of emulsion properties enables irreversible binding 
of particles at the interface, which provides a prolonged colloidal sta
bility and drug protection against macrophages and enzymes and thus, 
empower controlled release of bioactive encapsulations [175,205,231]. 
For instance, CNCs were designed to form aminated nanocellulose 
(ANC) particles to act as stabilizers of COU and CUR loaded PEs with 
different compositions of Tween 80 and medium chain triglyceride 
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(MCT) oil phases [204]. Above 90% encapsulation efficiencies of both 
COU and CUR were obtained due to strong molecular interactions of 
hydrogen bonds between ANC polar groups and bioactive CUR and COU. 
Both encapsulated systems displayed elevated stability and sustained 
release, higher with CUR than COU due to the high solubility of the 
latter, thus easy diffusion of the bioactive compounds. Besides, half-life 
estimates of CUR presented results similar to the reported encapsula
tions by chitosan-tripolyphosphate nanoparticles (half-life of 5 days) 
and silica nanoparticles (half-life of 5.2 days) stabilized PEs. Demon
stration with human cell lines (MCF-7 and L929) showed that these 
uniform, regular and spherically shaped PEs are promising candidates 
for selective targeting of tumor cells to normal ones [204]. In a related 
study, magnetically-triggered Fe3O4-CNC stabilized PEs containing oil 
soluble CUR were recently prepared for controlled drug release and in- 
vitro therapy of colon cancer. Exposure of the micron-sized (≈ 7 μm) 
Fe3O4-CNC PEs to external non-invasive oscillating magnetic field (EMF) 
of 0.7 T induced in-vitro release of the highly stable encapsulated CUR as 
experimented in a buffered solution (pH 7.5). The release was as high as 
53.30 ± 5.08% in 4-days, out of the initial 99.35% loading efficiency. 
The drug release was facilitated by the EMF magnetization of the 
adsorbed Fe3O4-CNC NPs, where they get attracted towards the direc
tion of the magnetic field. This disorders the emulsions by induction of 
dilatational deformation of the fluid interface to facilitate the escape of 
the NPs into the water phase, while exposing the CUR-loaded oil to 
amplify their release. This mode of cargo delivery not only lowered over- 
dosage induced side effects, but also effectively caused the human 
colorectal cancer cell (HCT116) deaths of up to 82 ± 2% after 96 hours 
of treatment, as mediated by apoptosis. This validated the effective 
cellular uptake and magnetically-induced hyperthermia cell cytotoxicity 
of the emulsions. In a 3-D culture model, the same nanoparticle 
formulation reduced the volume of the multicellular spheroids of 
HCT116 by two-folds as compared to the control sample, and yet non- 
toxic to brine shrimp [205]. Though the palm-based Fe3O4-CNC PEs 
still require improvement on the drug protection ability, they are 
however promising and could be an effective biocompatible stimuli- 
responsive colloidal drug delivery system for intracellular release of 
bioactive materials and therapeutics. Furthermore, a mixture of CNCs 
and an equal amount of CNF were employed for physical stabilization of 
Astaxanthin - α-tocopherol nano emulsions via hydrogen bonds, for skin 
cancer treatment [232]. With no cytotoxicity, the synthesized sample 
disclosed enhanced cell proliferation and viability by producing more 
amounts of singlet aerobic oxygen and antioxidant species [232–234]. 
The 24 h LDH exposure also caused damage of plasma membrane 
integrity, given that bioactive molecules and time are major factors for 
cell viability. The samples also confirmed that intracellular signaling 
pathways in NIH3T3 (mouse embryonic) and L929 (mouse fibroblast) 
cell lines were regulated during the combined treatment. This occurred 
with high levels of protein expression, owed to stimulation by precise 
molecules for cell proliferation, migration, and differentiation in cancer 
cells. The researchers therefore portrayed photocytotoxicity by laser 
irradiation for enhancement of cell proliferation of malignant cells 
[232,235–237]. CNCs can also act as co-stabilizers for polymeric ex
cipients of butyl methacrylate, ethyl acrylate and methyl methacrylate 
as pharmaceutical acrylic beads synthesized by suspension co- 
polymerization reactions [238]. The resulting cellulose nano-whisker 
beads (CNWBs) were shown to be nontoxic and could be used to pre
pare tablets by compression with propranolol hydrochloride. Further 
analysis indicated that CNWBs could be useful in matrix tablets as po
tential excipients for control of drug release [238], which could be of 
great utility in cancer therapy. 

CNCs have been utilized to reinforce mechanical properties of 
cellulose-based hydrogels for improved biomedical use including anti- 
tumor therapy [3,239]. Hydrogels are multicomponent systems with 
organo-polymeric three-dimensional networks and water, as the basic 
physical constituent. Hydrogels possess a hydrophilic and insoluble 
cross-linked structure, for absorption of immense water amounts or 

other biological fluids without affecting their structural integrity. The 
ability to accommodate high water amounts provide hydrogels a 
swelling response and high biocompatibility potential and thus pos
sessing numerous excellent choices for application [38,74,240–243]. 
For instance, QC and rigid rod-shaped cationic CNCs (CCNCs) were 
cross-linked with β-GP to form nanocomposite hydrogels. These nano
composites displayed enhanced mechanical strength, extended degra
dation time (higher half-life) and sustained release time. The 
biocompatible QC/β-GP/CCNCs hydrogels did not cause cytotoxicity 
and inflammation. When DOX-encapsulated QC/β-GP/CCNC hydrogels 
were injected besides tumors of mice having liver cancer xenografts, 
depots for subcutaneous and sustained release of anti-cancer drugs for 
anti-tumor therapy were displayed [31]. Like et al. [101] utilized slender 
carboxylated CNCs and long chains of hexadecyl amine, as the network 
to assemble a pH sensitive CNCs-nanohydrogel for controlled PTX de
livery. With the created solvophobic area, the reticular hydrogel could 
effortlessly load the hydrophobic drug, PTX to a capacity of 13.7% with 
an efficacy of 59%. The nanohydrogel expressed high stability at pH 7.4 
but the structure was altered/destroyed at the acidic pH 5.5, which 
enabled a sustained release of PTX. In vitro studies expressed high 
cytotoxicity of PTX loaded nanohydrogel towards A549 and HepG2 
tumor cells with an inhibitory effect of 30% and 34%, respectively, 
compared to free PTX. A549 in particular expressed an apoptosis rate of 
90.5% after 12 h. Intracellular PTX uptake was also greatly improved as 
expressed by the red influorescence of ICG loaded nanohydrogels in the 
nucleus and cytoplasm of the malignant cells after 1.5 h. This proved a 
lowered drug resistance [101]. The same group further prepared a 
multifunctional nanohydrogel of ALA/PDA/Fe@CNC loaded with PTX 
to obtain PTX-PDA/ALA/Fe@CNC, for pH-responsive antitumor therapy 
via a combined chemotherapy and ROS-mediated oxidative damage 
[100]. PTX-PDA/ALA/Fe@CNC exhibited a greatly high cytotoxic effect 
against MCF-7 cells of only 2.7% cell viability and 33.05% apoptosis 
rate, after 24 h incubation. The very high antitumor cytotoxicity was due 
to the high cellular uptake of over 2-folds, given the great adhesion ef
fect of the nanogel-attached PDA molecules to living cells. The authors 
also attributed the anticancer oxidative effect to the highly toxic O•H 
ions from the greatly effective ROS production of over 8.0-folds, due to 
incorporation of photosensitizer protoporphyrin IX ALA precursor, and 
Fe3+catalysis of intracellular hydrogen peroxide, after their release from 
the CNC nanohydrogel. The Fe3+ions also caused the pH-triggered 
release of antitumor drugs as a result of the destruction of the Fe3+- 
ligand coordination structure by the low pH environment. The high 
decrease of the mitochondrial membrane potential also caused an 
increased ROS production. The loading of the anticancer drug PTX 
greatly added the chemotherapeutic antitumor effect of the nano
hydrogels thus, efficiently killing the tumor cells. An excellent 
biocompatibility was also portrayed by the antitumor nanohydrogels. 
Additionally, the nanohydrogel exhibited a much reduced cytotoxic ef
fect on normal cells, thus portraying a reduced side effect of PTX [100]. 
This represented an enhanced antitumor efficacy of pH targeting 
nanogels to construct hydrogels with a mucoadhesive and localized 
delivery potential, PAA and platinum antitumor drugs, cisplatin were 
conjugated with CNCs for therapy against human HCT-116 colorectal 
cancer cells [145]. The hydrogel expressed a superior muco-rheological 
behavior thus demonstrating relevant mucoadhesive properties. 
Hydrogel viscosity has generally been utilized for determination of the 
mucoadhesive property of nanocellulose [145,244]. The authors 
attributed this observation to the presence of carboxylic acid groups that 
allowed interaction between hydrogel and mucin. The anticancer 
hydrogel exhibited a slow release of ~ 10% of cisplatin after 6 h, causing 
> 3-fold increase in IC50 of the drugs against HCT116 cells. This was 
attributed to the spacious cavity provided by PAA branches for loading 
of enough cisplatin via relatively strong cross-linkages. The hydrogel 
also showed negligible intrinsic cytotoxicity, thus proving biocompati
bility. Much as more examination for cancer diagnoses and treatment 
using CNC based hydrogels is still demanding, the use of other delivery 
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podiums such as aerogels should be worthy exploring. This is attributed 
to their returns over hydrogels for instance, remarkable weightier de
gree of swelling, rapider stacking of bioactive molecules, more effective 
interaction with the matrix of polymers, and easy entry into the inner 
matrix regions [245]. These hydrogels are thus described as potential 
localized and non-invasive depot materials for sustained drug delivery in 
chemotherapy. 

CNC-peptide conjugates have also been explored for delivery of 
Chlorotoxin to cancer cells. Chlorotoxin-CNC (CNC-CTX) conjugate 
prepared using an ionic liquid was reported to be internalized selectively 
by U87 MG, a glioblastoma cell line [171]. Analysis showed stable and 
sustained internalization of CNC-CTX by U87MG cell line due to higher 
expression of Matrix metalloprotease-2 (MMP-2), a CTX target, as 
compared to MMP-2 negative MCF-7 breast cancer cell line. The inter
nalization was sustained by the high affinity of CTX towards MMP-2. 
CTX reduce MMP-2 expression and increase sensitivity to radio
therapy. CTX are also delivered to cells via cationic vector-modified NPs 
[246]. 

4.2.3. CNCs for gene delivery 
CNCs have been applied for the delivery of suicidal genes to various 

tumors. In a novel innovation but for a less complex conjugate, CNCs 
were utilized for transfection of Small interfering RNAs (siRNAs). siR
NAs are future anticancer agents with the ability of silencing undrug
gable target genes in a specific and sequential manner [247,248]. 
siRNAs exist as either monomeric or the highly stable polymeric with 
enhanced therapeutic efficiency. They face restrictions like efficient 
carriage into the tumor cell cytoplasm with negligible toxicity, degra
dation by blood stream enzymes such as RNase A, erosion via the kidney 
or liver. siRNAs mute genes of malignant cells by apoptosis via activa
tion of internal and external stimuli by triggering Caspase 9 and Caspase 
8 gene code signals, respectively. PEI was covalently bound to CNCs by 
reductive amination producing CNC-PEI conjugates that were later 
loaded with siRNA forming strongly stabilized CNC-PEI-siRNA particles 
[170]. These particles showed no toxicity but instead protected siRNA 
from degradation, thus PEI form a good gene linker. However, siRNA 
release was pH-dependent since it was highly enhanced at low pH. The 
conjugates increased delivery of siRNA killer resulting into significant 
cell cycle arrest and apoptosis. The apoptotic pathway was typically 
intrinsic, given that siRNA was delivered into the cytoplasm, as 
expressed by signaling of caspase 9. CNC-PEI-siRNA particles could be a 
future alternative for non-viral siRNA delivery vehicles for tumor ther
apy [170]. Nanocomplex delivery vehicles (siRNAs-CNCs) of polymeric 
siRNA (Ps) and cationic CNCs were also prepared for cancer therapy 
[146]. For high drug loading, controlled release and efficient biological 
functioning in the cytoplasmic environment, the complexation effi
ciency of these nano-vehicles was optimized by choosing the most 
suitable physicochemical property of CNCs. siRNAs-CNCs were enor
mously well-protected compared to the free polymeric siRNAs, whereby 
at least a weight ratio of 5 siRNAs-CNCs portrayed 6-fold higher resis
tance to nuclease mediated degradation by RNase A than monomeric 
siRNAs [249]. This was due to the condensed structure of siRNAs-CNCs 
that efficiently entrapped polymeric siRNAs and thus lessened their 
exposure to RNase A. These gene vehicles showed 84.4% successful 
internalization efficiency into SKOV3 cancer cells at 40 nM, significantly 
improved enzymatic stability against RNase degradation, 72.7% target 
regulation of luciferase gene expression, and in vitro therapeutic effect 
of apoptosis-induced cancer cell proliferation [146]. This release rate 
proved that RNA interference was efficaciously enabled by the trans
ported polymeric siRNAs in a dose-dependent mode, and thus proficient 
silencing of the target genes. These nanocarriers exhibited a promising 
approach for satisfactorily inducing anticancer potential without cyto
toxicity. Significantly, the nanocarrier properties disclosed possibility of 
combined therapy via delivery of multiple biologically active cargos, 
which should be timely manipulated for faster clinical translation. In 
another study for nanoparticle-mediated gene delivery, CNCs were 

functionalized with polycationic PDMAEMA via disulfide linkage to 
form CNC-PDMAEMA (CNC-SS-PDs) brushes (Fig. 7a) [148]. Since di
sulfide linkages can be reduced by cellular glutathione (GSH), several 
redox responsive bio-cleavable nanocomposites (CNC-SS-PD) were 
designed for the study [148]. Anti-tumor evaluation of CNC-SS-PD by 
using suicide gene systems for in vitro and in vivo experiments showed 
increased suppression growth of cancer cells (HePG-2) and tumors in 
mice [148]. Thus, such redox responsive nanocomposites could be uti
lized as future novel smart prodrug/gene delivery systems. In a similar 
study of DNA delivery system, Au NP-conjugated heteropolymer brush- 
coated CNCs were designed via alternate grafting of PPEGEEMA and 
PDMAEMA brushes (Fig. 7b) [180]. For not only reduction and pro
tection of Au, the cationic PDMAEMA chains also effectively complexed 
the plasmid DNAs, whereas the outward neutral and biocompatible 
PPEGEEMA brushes induced the shielding effect and significantly 
reduced cytotoxicity. All the gene carriers presented high transfection 
efficacies and internalization rates of up to 75.8%. The polymer brushes 
also portrayed better CT imaging ability with treated HepG2 cancer 
cells. 

4.3. CNCs for photo-therapy 

Photodynamic therapy (PDT) is an advanced method that involves 
initiation of photochemical reactions using photosensitisers, light and 
oxygen for treatment of a number of conditions including cancer, 
arthritis, and skin disorders. The presence of activators such as oxygen 
and light stimulate the photosensitizer agents to generate reactive ox
ygen species (ROS), which are directly or indirectly released for easy 
killing/destruction of cancer cells. Therefore, combination of photo
sensitizers with nanocarriers enable their efficient delivery thus 
enhanced efficacy in cancer healing. For instance, CNC-PEI based nano- 
conjugates have been modified further for application in anti-tumor 
resistance by photodynamic therapy. Soluble and stable photosensi
tizer nanoconjugates (PS-CNCs) constituting of CNCs covalently asso
ciated with polyaminated chlorin p6 [168] were reported to have a 
nanomolar range IC50 when tested with HaCat cell line under exposure 
of 570-670 nm wavelength light. These Chlorin-PEI-labelled CNCs also 
showed minimal cytotoxicity to HaCat (human keratinocyte) cell line in 
the dark. In another related study, poly(2-oxazoline) modified CNCs 
were utilized to immobilize ICG via electrostatic interactions, forming 
nanorods that exhibited low toxicity in dark [169]. These nanorods 
however unveiled competent photothermal therapeutic efficacy when 
internalized by HeLa cells and irradiated with 808 nm wavelength near 
infrared laser [169]. HeLa cells treated with ICG-loaded nanorods under 
radiation were more obliterated than free ICG after internalization, thus 
proving the photothermal-induced cytotoxicity. The enhanced cell 
lethality was due to the high photostability expressed by the amphiphilic 
poly(2-oxazoline) polymer strings that effectively stabilized ICG via 
electrostatic interactions. Also, the irreversible degradation of ICG af
fects its photocytotoxicity. The poly(2-n-propyl-2-oxazoline) amphi
philic arms on these CNCs are known to be efficient in stabilizing ICG 
compared to the hydrophilic poly(2-methyl-2-oxazoline), which makes 
such CNCs suitable for designing related CNC-based drug nanocarrier 
systems. Additionally, these nanocarriers have potential of delivery of 
multiple antitumor prodrugs. Hu et al [181] synthesized multifunctional 
hetero-nanocomposites of CNC-gold nanorod and nanospherical hybrid 
particles, enveloped with less-toxic hydroxyl-enriched polycationic gene 
carriers, β-CD-PGEA (composed of β-CD cores and EA-functionalized 
PGMA arms) for tumor photocytotoxicity (Fig. 8a). The subsequent 
CNC-Au-PGEA hetero-nanocomposites displayed excellent gene trans
fection efficiency of 35 ± 1% due to high cell internalization rates of 
~74±1%. The high rates of cell internalization were facilitated by the 
rod-shaped structure of the nanocarriers. The enhanced gene trans
fection was enabled by the PGEA supported polycations, which were 
shipped into the lysosomes to provide a buffering environment for 
efficient mediating of acid-triggered escape of pDNA. Via interexchange 
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with counter polyanions, the complexes were swiftly decondensed to 
induce release of pDNA. Furthermore, the nanorod hetero-structures 
expressed satisfactory optical absorption characteristics which led to 
excellent photothermal (PT) (Fig. 8b, d-f) and photoacoustic (PA) im
aging properties (Fig. 8g-i) with low cytotoxicity. Thanks to the perfect 
conjugation of Au NPs that are excellently characteristic of both pho
toacoustic imaging and photothermal therapy, in addition to the faster 
delivery of CNCs nanocarriers. The authors also realized that both 
photothermal and photoacoustic imaging were enhanced with increase 
in the concentration of the nanorod hetero-structures (Fig. 8c). For 
combined gene/photothermal therapy of the nanorod hetero-structures, 
reduction of the viability of C6 cells to 20% during in-vitro studies and 
total suppression of tumor in mice using plasmid p53 under irradiation, 
confirmed the high antitumor efficacy of these nanorod hetero- 
structures. 

5. Biocompatibility and nanotoxicity of CNCs and their 
derivatives 

CNCs are external agents to the body and therefore, their ‘foreign
ness’ should be examined before any biomedical application that would 
require their direct contact with the body cells. The foreignness is 
evaluated based on the nature of host response when the CNCs come into 
contact with human tissues. For CNCs to be biocompatible, they should 
be chemically and biologically inert to elicit minimal/tolerable or no 
response at all from the host. Biocompatibility loosely refers to the 
ability of a biomaterial to perform as expected while eliciting a proper 
host response in a specified condition(s) [250]. Generally, the bioma
terial has to perform the envisioned function without merely being 
passively available in cells. The elicited reaction to its presence and the 
nature of the reaction should be appropriate to the specified application 
and thus, making its suitability different from one context to another 
[251]. Although biocompatibility has been defined based on the bio
materials in question such as implantable devices, scaffolds and matrices 

[250], the principle factor of biocompatibility is the host response. The 
biomaterial molecular, physical and topological characteristics influ
ence the nature of the host response. Host responses can be diverse 
depending on factors such as sex, age, general health, lifestyle features, 
physical mobility and pharmacological status. They however include 
protein adsorption and desorption properties, neutrophil and macro
phage activation, general cytotoxic effects, fibrosis, microvascular 
changes, activation of the clotting process and platelet adhesion, mal
adaptive cell-specific responses, complement activation and immune 
responses, hypersensitivity, genotoxicity, reproductive toxicity and 
carcinogenesis [250]. Generally, high biocompatibility is achievable 
when biomaterials interact with host tissues/cells to induce tolerable or 
nontoxic, thrombogenic, immunogenic, and carcinogenic responses. 
Smaller biomaterials such as nanoparticles including CNCs, usually 
bind/adsorb proteins forming nanoparticle-protein complexes. The na
ture of such complexes depends on the surface chemical properties of the 
NPs. The extent of binding/adsorption of proteins significantly de
termines the biocompatibility and biodistribution of the NPs [252]. 
Basing on biocompatibility considerations, biodegradable NPs or CNC 
coated with biodegradable materials are preferred for biomedical 
(including drug delivery) applications. PLGA, PLA, PCL, Chitosan and 
Gelatin are some of the materials that can be used to prepare biode
gradable NPs [253], unlike non-biodegradable NPs which can be 
phagocytosed and accumulated by polymorphonuclear leukocytes 
[251]. Although some of these materials may stimulate inflammatory 
responses involving release of free radicals [254], there are no signifi
cant clinical outcomes since the NPs are eventually eliminated by the 
system. For instance, in mouse and human macrophages, a mild in
flammatory response characterized by interleukin-1β (IL-1β) secretion 
and surge in mitochondrial free radicals was evoked by cationic CNC 
derivative (CNCs grafted with poly(AEMA) [255]. Most CNCs conju
gated to these biodegradable materials have been found to be biocom
patible [256]. Some of the conjugates such as PEG and PAMAM 
dendrimer-glucosamine induce immunosuppression [251] leading to 

Fig. 7. (a) Schematic diagram illustrating the preparation of CNC-graft-PDMAEMA (CNC-SS-PD) via ATRP and the resultant gene delivery process. Reproduced with 
permission from ref. [148]. Copyright 2015, ACS Applied Materials & Interfaces. (b) Preparation and schematic illustration of pDNA delivery via CNC-g-PPEG/ 
PDMA@Au nanoparticles. Reproduced with permission from ref. [180]. Copyright 2016, Polymer Chemistry. 
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blunting of the immune response to the CNCs thus, rendering them 
biocompatible. Though the fate of unmodified CNCs is not known in the 
cells and human system [257], CNCs have been reported to be signifi
cantly environmentally biodegradable as deduced from their theoretical 
oxygen demand [258]. In spite the fact that CNCs are generally known to 
have low toxicity and low environmental risk [259], they can interact 
with the host cells/tissues to elicit an exacerbated response resulting 
into CNC toxicity. Although most of the CNCs toxicity studies in context 
of drug delivery have mainly evaluated cytotoxicity [41,54,256], with 
most indicating no or non-significant toxicity, some reports have pro
filed CNC-induced toxicities in various cells/tissues and organs 
[212,260,261]. For instance, carboxylated CNCs prepared from soft
wood pulp via sodium periodate oxidation, exerted cytotoxicity stress to 
various cells at 3.8 mmol g− 1 threshold [262]. This was caused due to 
the high charge density of the NPs. 

Due to increasing use of CNCs, there has been rise of their inhalation 
exposure to humans during CNC commercial production, commercial 
CNCs applications, mixing CNCs with other products and incidental 
contact [263]. Much as inhalation of CNCs would be the major occu
pational exposure relative to consumption of CNC-made products and 
contact (skin, eye), the minimum dose required to elicit a biological 
response at a given time (chronic or acute) is not known [263]. Most of 
the current CNCs toxicity studies have been carried out using varied 
models such as mice, aquatic organisms such as zebra fish, cell lines 
(kidney, breast cancer, fibroblast, insect, macrophage) to evaluate pul
monary outcomes, genotoxicity, reproductive fitness, inflammatory 
response, cytotoxicity (apoptosis and necrosis) and growth [260]. By the 
virtue of CNCs being in the range of fine/ultrafine particulate matter of 
less than 2.5 μm/0.1 μm (PM2.5/0.1), they present a great health risk of 
cardiovascular and pulmonary irritation if inhaled [264] and therefore 
pulmonary CNC toxicity has been one of the important focus of in
vestigations. Pulmonary toxicity occurs due to adverse effects of foreign 
materials in the respiratory tract. 

Available reports indicate that CNCs can induce a proinflammatory 
phenotype associated with oxidative stress and tissue damage [261]. 
Yanamala et al. exposed the NPs to adult female C57BL/6 mice in form of 
CNC suspension (10%w/v) and powder by pharyngeal aspiration in 
doses of 0.05, 0.1, or 0.2 mg in about 0.04 mL. Both CNC suspension and 
powder showed dose dependent increase in oxidative stress and tissue 
damage. Oxidative stress markers such as protein carbonyl and 4- 
hydroxynonenal were approximately twice that of control at 0.2 mg 
dose. These findings were in agreement with in-vitro observations from 
the human epithelial airway barrier designed in a three-dimensional 
triple cell co-culture model [265], in which CNCs elicited a signifi
cantly lower cytotoxicity and (pro-)inflammatory reaction as compared 
to multiwalled carbon nanotubes and crocidolite asbestos fibers. 
Although CNCs modified with different ligands, regardless of the 
chemical modification induced relatively low incidences of develop
mental impairment and mortality at concentrations below 1000 mg/L 
[266], CNC suspension and powder seem to induce differential pulmo
nary toxicity. CNC powder induced higher extent of tissue damage in 
mice while CNC suspension upregulated higher levels of proin
flammatory cytokines and oxidatively modified proteins [261]. Addi
tionally, though both induce a common plethora of pro-inflammatory 
cytokines, CNC suspension uniquely elevated IL-4, 10, 12p70 and IFNγ 
as compared to RANTES and 1L-13 for CNC powder [261]. This em
phasizes the influence of physical state on the activity of CNCs. 

Despite noted respiratory tract CNC toxicity, studies conducted so far 

in rats show no significant orogastrointestinal toxicity. No toxicity was 
found for aerosolized CNCs in Sprague-Dawley stock-derived albino rats 
subjected to CNCs inhalation to a maximum concentration of 0.26 mg/L 
for 4 hrs [212]. This is a suitable property for CNC application in drug 
delivery via the oral route of administration. No significant CNC dermal 
toxicity has been reported yet. In the past review, Roman [212] reported 
that CNCs were neither found to be skin sensitizers nor dermal irritators 
and corrosives. When 1.1 mg/mL CNC suspension was intradermally 
injected into Crl:(HA) BR guinea pigs followed by 103 mg/mL CNC 
topical application, it did not cause lymphocyte recruitment as a sign of 
sensitization at the site of application, even after more than two weeks. 
In a murine model, consecutive topical application of 25 μL of CNC 
suspension (ranging from 2.5 to 10.7%) on the ear dorsa of CBA/J mice 
did not indicate that CNCs could be dermal sensitizers at the tested 
concentrations. In a related study, CNC gel with 0.5 g of dried CNC was 
topically applied with a gauge patch for 4 h on Crl:KBL(NZW)BR albino 
rabbits and monitored for 14 days for erythema and oedema. The scores 
(scale of 0-4) for the skin response obtained at different time points; 60 
min, 24 h, 48 h, and 72 h suggested that CNCs may not induce corrosive 
effects on the skin [212]. However, CNCs may influence the activity of 
myeloid cells when conjugated to some chemical agents. According to 
Sunasee et al., CNCs-β-CD do not elicit a strong immunological response 
(elevated secretion of IL-1β and TNFα) to human monocytes (THP-1 cell 
line) and mouse macrophage-shaped cells (J774A.1), although in high 
concentrations, they enhance the production of mitochondrial ROS, 
without affecting antioxidant defense [267]. 

CNC cytotoxicity investigations have been done more extensively in 
vitro than available in vivo animal model studies, most of which show no 
cytotoxicity effects (as per ISO standard 10993-5, i.e., reduction of not 
more than 30% cell viability). For instance, Table 1 shows the toxicities 
of CNCs and its derivatives in various cancer cells, where they show low 
or no toxicity at different concentrations, thus proving their biocom
patibility during cancer therapy. One notable finding reports that CNCs 
were not cytotoxic to nine dissimilar cell lines (PC-3 and C6, KB, 
HBMEC, MCF-10A, bEnd.3, RAW 264.7, MDA-MB-468, MDA-MB-231) 
as evaluated by MTT and LDH assays at the concentration ranges of 0-50 
μg/mL for exposure duration of 48 h [268]. 

There are however other studies that report dose dependent cyto
toxicity of CNCs with most notable effects at higher concentrations in 
some cell lines [41,212,263]. The conflicting results of cytotoxicity have 
been attributed to variable conditions such as the source of CNCs, 
preparation technique, aggregation of CNCs in culture medium, pres
ence of toxins and variable responses from different cell lines. Some CNC 
treatment conditions may also influence their cytotoxicity; for instance 
autoclaving of sulfuric acid-hydrolyzed CNCs could lead to loss of CNC 
sulfate groups releasing sulfuric acid which lowers their pH, causing 
decreased viability [212]. In another scenario, FITC-labelled CNCs (0.1 
mg/mL) elicited cytotoxicity in insect ovary cells (Sf9) and human 
embryonic kidney cells (HEK 293) while no measurable cytotoxicity was 
induced by a comparable concentration (0.01–0.05 mg/mL) of FITC- 
labelled CNCs in diverse barrier and immune cell types for in vitro 
studies [263]. Similarly, CNCs obtained from hemp and flax caused less 
inhibition on Sf9 cells when pre-treated with enzymes such as pectate 
lyase than if hemp and flax were not enzymatically treated [272]. 
Despite these inconsistences and conflicting observations, it is sugges
tive that CNCs may cause cytotoxicity at higher doses to some cell lines. 
In another study, Mahmoud et al. investigated the uptake and toxicity of 
two fluorescent CNCs; CNC-RBITC and CNC-FITC. Unlike the positively 

Fig. 8. (a) Schematic illustration of the preparation of CNC-Au NP-PGEA and CNC-Au NR-PGEA and the resultant PA imaging and combined gene/PT therapy. (b) 
Vis-NIR absorption spectra of Au NR and CNC-Au NR-PGEA2. (c) Temperature elevation of water and CNC-Au NR-PGEA2 solutions with different concentrations as a 
function of irradiation time. (d) Fluorescence images of FDA-PI stained C6 cells with and without CNC-Au NR-PGEA2 after irradiation at 808 nm (2 W/cm2). (e) 
Temperature variation, (f) infrared thermal images of C6 tumor-bearing mice exposed to 808 nm laser (2 W/cm2) after injection with PBS or CNC-Au NR-PGEA2. (g) 
PA intensity and images (inset) of CNC-Au NR-PGEA2 solutions at different concentrations. PA images of mice (h) before and (i) after intratumoral injection with 
CNC-Au NR-PGEA (tumor regions were highlighted by black circles). NR-nanorod. Reproduced with permission from ref. [181]. Copyright 2017, Journal of 
Controlled Release. 
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Table 1 
Summary of the toxicities of CNCs and its derivatives for cancer treatment.  

Modified CNCs Chemical 
modifier(s) 
group 

Nanoparticle 
shape/length 
(nm) 

Theranostic 
Application 

Cell line Biocompatibility/ 
Cytotoxicity 

Examination 
method 

Ref. 

CNC – rod-like 
181 ± 9          

Nanomedicine 

HBMEC, RAW264.7, 
bEnd.3, MCF-10A (not 
tumor), MDA-MB-231, KB, 
MDA-MB-468, PC-3 and C6 

No cytotoxicity ≤ 50 μgmL-1 MTT and LDH 
Assay 

[268] 

CNCs-poly(AEMA) 
CNCs-poly(AEM) 

poly(AEMA) 
poly(AEM) 

rod-like 
100− 200 

J774A1 
MCF-7 
Nine Mammalian cells 

Negligible cytotoxicity25- 
100 μgmL-1 

MTT Assay [195] 

CNC – rod-shaped 
100-1200 

Biotechnology NIH3T3 
HCT116 

Low cytotoxicity ≤ 250 
μgmL-1 

WST-1 assay [154] 

CNCs – spherical shape 
63 ± 16 

Diagnotherapy A549 cells Low cytotoxicity ≤ 62.5 
μgmL-1 

MTT assay [269] 

CNPs – amorphous and 
anisotropic 160 - 
200 

Photoacoustic 
imaging 

OV2008 Low cytotoxicity ≤ 0.31 
mgmL-1 

Presto Blue 
assay 

[216] 

CNC – Rod-like 
10-100      

Fluorescent 
imaging 

human brain microvascular 
endothelial cells (HBMECs) 

Non-toxicity 10-50 μgmL-1 MTT assay [270] 

CNC-Alexa Fluor 633 Alexa Fluor 633 rod-like 
200− 300 

HeLa cells. No cytotoxicity 14-140 
μgmL-1 

MTS assay [163] 

Rho-CNCs or AF488- 
CNCs    

Alexa Fluor 488 
(AF488) 
rhodamine (Rho) 

rod-like shape 
170 ± 30 

HEYA8 cells No cytotoxicity ≤ 0.0035 wt. 
% 

Acid 
phosphatase 
(APH) assay 

[166] 

CNC-RBITC CNC- 
FITC 

RBITC 
FITC 

rod-like 
120-300nm (for 
CNC-RBITC) 

HEK-293 Sf9 Noncytotoxic (CNC-RBITC) 
Cytotoxicity (CNC-FITC) ≤
100 μgmL-1 

Trypan blue 
exclusion assay 
MTT assay 

[222] 

CNC 
CNC-g-PEEP 

PEEP nanorod-like 
200− 300                 

Drug delivery 

HeLa cells L929 cells No significant 
cytotoxicity≤1mgmL-1 

MTT assay [193] 

MGO-AND/CNC 
MGO-AND/CNC- 
CUR    

CUR 
MGO 
AND 

MGO-AND/CNC 
Irregular ( 
158) 
MGO-AND/CNC- 
CUR 
regular 

RBCs Little hemolytic activity 
12.5-100 μgmL-1 

In vitro 
hemolysis assay 

[156] 

MGO-AND/CNC HCT-116 Nontoxicity 6.25-25 μgmL-1 MTT assay 

Fe3O4@cellulose 
nanocrystal 
(MCNC) 

Fe3O4 (≈9 nm) rod-like 
150-200 

Brine shrimp Artemia Non-toxic 1.5-100 μgmL-1 Brine shrimp 
lethality assay 

[205] 

CNC/CNF/AS-AT 
(Emulsion) 

Astaxanthin (AS) 
- α-tocopherol 
(AT) 

spherical 
200-210 

L929 NIH3T3 No photocytotoxicity and 
chemotoxicity 100 μgmL-1 

MTT and LDH 
assay 

[232] 

QC/CCNC/β-GP 
(Hydrogel) 

β-GP 
QC 

rod-like shape for 
only CCNC 
427 

COS-7 cells Low in vitro  
cytotoxicity ≤ 5 mgmL− 1 

MTT assay [31] 

CNC-APTMS-Lysine APTMS Lysine rod-like 
240.68 ± 124.58 

RBCs Negligible hemolysis 1000 
μgmL− 1 

In vitro 
hemolysis assay 

[6] 

CNC-g-PAA 
(Hydrogel) 

Poly(acrylic 
acid) 

rod shape215 for 
CNCs 

HCT-116 Negligible toxicity 7-450 
μgmL-1 

MTT Assay [145] 

CNR – rod-like 
188 

NCI H 460 Low cytotoxicity 
300 mgL− 1 

MTT Assay [182] 

CNC FITC-CNC FITC spherical 
39 ± 9  Drug delivery, 

Fluorescent 
imaging 

C6 
NIH3T3 

Low cytotoxicity 1.56-25 
μgmL-1 for all ≤50 μgmL-1 

for C6 

MTT assay [271] 

PA-g-CNC PA irregular human red blood cells Negligible hemolysis 10- 
1600 μgmL-1 

in vitro 
hemolysis assay 

[194] 

CNCs–CTX Chlorotoxin rod-like 
8000–10,000 

Targeted drug 
delivery 

U87MG 
MCF7 

Non-cytotoxic 6-200 μgmL-1 MTS assay [171] 

CNC-SS-PD/pDNA PD (PDMAEMA) 
pDNA 

needle-shape 
200− 250             

COS7 HepG2 cells Low toxicity 88.1-203.6 mg 
of PD 

MTT assay [148] 

CNC-based cationic 
vectors/pDNA 
complexes 

PPEGEEMA 
PDMAEMA 
pDNA 

rod-like 
150–200 

HepG2 
HEK293 

Lower toxicity dependent on 
N/P ratio (5-15) and 
PDMAEMA Mn 

MTT assay [180] 

CNC-Au-PGEAs/ 
pDNA complexes 

Au 
PGEA 
pDNA 

rod-shaped 
<200 

HEK293 C6 Low cytotoxicity 10-30 W/W 
ratios 

MTT assay [181] 

CNCs CationicCNCs CHPTAC 
polymeric siRNA 
(Ps) 

spindle- 
like CNCs 215- 
360 

SKOV3 negligible 
cytotoxicity 
40 nM 

CCK [146] 

PsCNCs 

(continued on next page) 
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charged CNC-RBITC (ζ-potential 8.7 mV) which was taken up by Spo
doptera frugiperda (Sf9) and human embryonic kidney 293 (HEK 293) 
cells without a significant toxic effect on the cell membrane integrity, 
negatively charged CNC-FITC (0.1 mg/mL, ζ-potential -46.4 mV) were 
not observed to be internalized at physiological pH. Instead, CNC-FITC 
surrounded the cells eventually leading to membrane rapture [222]. It 
is however important to note that very high concentrations of CNCs 
(0.25-5 mg/mL) with respect to mammalian cell culture were used and 
for such levels of CNCs, similar toxicities have been observed, some with 
even impaired metabolic activity and reduced cell proliferation as 
reviewed [263]. Hanifah et al. [154] reported a portion of variable size 
of CNCs that caused substantial cytotoxicity at much higher concen
trations of 500 g/mL and 1000 g/mL to HCT116 colon carcinoma and 
NIH3T3 fibroblast cell lines as evaluated by WST-1 assay. However, 
none of the CNCs of varying size showed any significant cytotoxicity to 
either cell line at lower concentrations in the range of 10 g/mL to 250 g/ 
mL (and even 500 g/mL). Similarly, CNCs had low cytotoxicity to L929 
cells at 0.01-0.2% concentration, the cytotoxic tendency increased with 
increased concentration as evaluated by MTT assay and cell morphology 
[273]. In the same line, porphyrin conjugated CNCs (CNC-TSPP(Zn)) in 
the concentration range of 5-50 μM lowered the metabolic activity of 
MCF-7 human breast cancer cells to approximately 55% of the untreated 
cells, while up to 20 μM concentrations of NCC-LC-C60 slightly reduced 
the metabolic activity of the same cells to 70% of control cells [157]. For 
both dose-dependent phototoxicity tests, irradiation of light at the flu
ence of 7.2 J/cm2 was applied. 

Unlike the nanorod, nano-disk, and nano-cube particles, spherically 
shaped nanoparticles manifest enhanced cellular uptake [274]. This is 
attributed to their geometry described by a high length normalized 
curve, thus enabling cellular internalization. Their small sizes also allow 
protection from opsonization by immune host cells, which enhances 
their bioavailabity. On this note, Liebert et al. attempted to prepare 
spherically shaped CNC nanoparticles directly from commercial trime
thylsilylcellulose, and conjugated with FITC [275]. Investigation of the 
cytotoxicity of these nanocarriers during untargeted drug delivery, 
expressed a rapid cellular uptake via adsorptive endocytosis. This 
showed their unsuitability to development of safe targeted nanocarriers 
because the targeted property is only attained after functionalization of 
surfaces with precise ligands. As a remedy, Shazali et al. [271] impro
vised a preparation technique of negatively charged CNC from CNF of oil 
palm fruit by using acid-hydrolysis, before conjugation with FITC. The 
spherically shaped FITC-CNC manifested low cytotoxicity and poor 
untargeted cell internalization into C6 rat glioma and NIH3T3 normal 
fibroblasts cells thus, can be potentially applied as nanocarriers of 
anticancer drugs, DNA, or other macromolecules. The authors attributed 
these observations to the negative surface charge and hydrophobicity of 
the nanocarriers, in addition to their spherical shape. 

Some studies have reported CNCs to be genotoxic agents [41,263] 
based on the observed DNA double strand breaks (DNA DSB), micro
nuclei formation and mutagenicity potential. Farcas et al. [276] reported 
that pulmonary exposure resulted into significant decrease in 

spermatozoa count (40%), reduction in sperm motility (50%) and higher 
abnormality score compared to the controls. Apart from increased DNA 
fragmentation index (from 2.61-3.32%) in the exposed mice, there were 
increased sperm anatomical abnormalities including club-shaped head 
(1.5-fold), thin and elongated head (2.67-fold), bent mid-piece (2.37- 
fold), and looping midpiece (1.57-fold). They also reported increased 
oxidative stress, about 20% increase myeloperoxidase activity and a 
significant increase in the levels of proinflammatory cytokines [276]. 
The increased oxidative stress could be responsible for exacerbation of 
DNA damage by free radicals. These findings indicate the potential role 
of CNCs in reproductive toxicity. However, CNCs are simply taken po
tential genotoxic agents due to mixed results from different studies with 
both significant positive and negative results [263]. According to the 
current reports of available literature, it can be strongly noted that CNC- 
induced toxicity is likely at high concentrations and it could be roughly 
consistent to conclude that such toxicity may manifest as an inflam
matory response characterized by elevated secretions of pro- 
inflammatory cytokines. This may exacerbate further damage due to 
oxidative stress leading to cytotoxicity, genotoxicity, immunotoxicity 
among others. More investigations are therefore required in this direc
tion to resolve the inconsistencies and conflicting conclusions that have 
been reported in literature. This is very paramount given the importance 
of CNCs in drug delivery and other biomedical applications. 

6. Current challenges and future perspectives 

The large scale production of CNCs for marketing is facile, however 
its commercial application in cancer diagnoses and treatment still suf
fers some drawbacks. These range primarily from their sources to 
application systems. Noticeably, CNCs sources and processing tech
niques influence their properties such as elastic moduli, colloidal sta
bility, which determine modification easiness and feasibility, 
appropriate routes for preparation of nanocarriers, storage and incu
bation time. Though some research works [61] have made survey, a 
weighty examination of the impact of origin and isolation techniques to 
CNCs properties will improve interaction with anticancer agents and 
malignant cells, and stability during delivery. Also, the use of cationic 
agents for charge reversal has eased attachment of negatively charged 
functional moieties onto CNCs. However, positively charged NPs 
degrade slowly and also catalyze interaction with the negatively charged 
albumin in the plasma hence causing cytotoxic effects. Nevertheless, 
enhanced biocompatibility and degradability studies, and effectively 
green preparation techniques will provide safer nanocarriers. 

Several anticancer agents are liable to normal cell side effects during 
delivery. For instance, platinum-based chemotherapeutics are charac
teristic of healthy organ toxicities such as ototoxicity, nephrotoxicity 
and myelosuppression [207], DOX expresses severe systemic toxicities 
[182]. Also, siRNA agents possess restrictions to clinical trials like 
influencing gene mutations, stimulation of immunological reactions, 
undesirable tissue deposition, instability in the bloodstream, and inef
ficient intracellular delivery [146,277]. But delivery of stimuli- 

Table 1 (continued ) 

Modified CNCs Chemical 
modifier(s) 
group 

Nanoparticle 
shape/length 
(nm) 

Theranostic 
Application 

Cell line Biocompatibility/ 
Cytotoxicity 

Examination 
method 

Ref.   

Gene delivery 

spindle-like and 
branched 293 
±28 

ICG-PIPOx-g-CNCs ICG 
PIPOx 

rod-like 
100–140 

Photothermal 
therapy 

HeLa cells Above 80% viability in dark 
≤ 25 μgmL-1 

MTT assay [169] 

CNC-PEI-chlorin P6 PEI chlorin 
P6600 Da 

rod-shape 
100–200 

Photodynamic 
therapy 

HaCat Low cytotoxicity (dark)1.95 
nM - 2 μM 

MTT assay [168] 

NCC-LC- C60 and 
NCC-SC- C60 

C60 whisker-like 
150-200 

Photodynamic 
cancer therapy    

MCF-7 

No (dark) andlow (light) 
cytotoxicity ≤ 20 μM    

Resazurin assay 

[157] 

NCC- TSPP(Zn) TSPP(Zn) whisker-like 
132 ± 52 

Drug delivery Cytotoxicity (light) ≤ 20 μM  
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responsive NPs for either one or more preferably both internal stimu
lants such as pH, temperature, redox potential, enzymes, and external 
stimulants such as ultrasound, radiofrequency, infra-red irradiation, 
light, magnetic field [6,205,278] and application of combination ther
apy will minimize toxicities with retention of a high nanocarrier effi
cacy. For instance, Tao et al. [214] utilized both pH and near infra-red 
(NIR) irradiation as intrinsic and extrinsic stimuli, respectively, for the 
delivery of DOX in malignant cells. They recorded high biocompatibility 
and degradability of the nanocarriers with deep tumour penetration of 
sufficiently high drug amounts at a controlled rate, owed to the excellent 
stimuli response. Henceforth, the application of various stimuli, photo
sensitizers including 2D inorganic nanosheets (antimonene, borophene, 
silicene [214]), target ligands and biomarkers (nucleic acids, proteins, 
and circulating tumor cells [279]) onto CNC nanocarriers will enable 
targeting tumor cells for a timely pharmacokinetics feedback, effective 
dosaging, provide enhanced sensitivity, monitoring of the tumor pro
gression, therapeutic invasions, drug treatment, and surgical predictions 
[280]. 

Drug resistance by tumor cells develops in different ways including 
metabolizing specific anticancer target drugs, tolerating unusually high 
drug toxicities, dormancy, and active extrusion of multiple drugs. For 
example, breast tumors form lumps of mixed malignant cell populations 
in which only drug-sensitive cells respond to therapy while resilient 
cancer cells repopulate. The approach to counter drug resistance in most 
protocols is combination treatment by precise co-administration of 
several anti-cancer agents such as PTX and DOX/DSF (disulfiram)/ 
marimastat [10,281], docetaxel (DTX) and gemcitabine (GEM) [9], CUR 
and methotrexate [282], or combination with physical therapies such as 
phototherapy, magnetic therapy. This novel therapy may promote syn
ergistic cytotoxicity to drug resistant tumors at various growth stages via 
distinct mechanisms of action. Besides, combination therapy can sub
ordinate the cruel side effects due to high doses of single drugs, given 
that dose reduction is prospective [281]. For efficient delivery, CNCs can 
be exploited as suitable biocompatible platform. Similarly, high IC50 are 
executed with slow or controlled drug release process for efficient 
cytotoxicity of tumors, while minimizing evolution of drug evasive/ 
resistant clones that can arise in a short and stochastic bout of drug 
exposure. CNCs-mediated controlled drug release can be tuned by 
altering the potency of interaction of drugs with CNCs nanocarriers, 
incorporation of stimuli-receptive elements, controlling the nanocarrier 
morphology, manipulation of biocompatible and strong adhesive agents 
such as poly(acrylic acid) (PAA), and coalescence of erodible and 
swellable skeletal parts for hydrogel-based nanocarriers. This will alle
viate drug dilution effect by cell division and erosion by tissue fluids and 
hence increasing half-life and localization in/on cellular and tissue 
surfaces. 

FDA approved some anticancer chemoagents and materials for 
clinical use, while others are still under clinical phases [219,283]. A few 
of them such as gold nanorods, DOX, PTX, CUR have been successfully 
studied for delivery by CNCs. To fast-track translation of the clinical use 
of CNCs for delivery, more FDA anticancer acceptable agents should be 
characterized. Furthermore, enhancement effect with use of precise in 
vivo diagnostic methodologies should be critically analyzed to realize 
their translation with the reasonably set criteria. Market potential such 
as drug affordability to realize a reliable clinical validity in accordance 
to the throughput systems by the regulatory authorities is also obliga
tory. This will allow lawful investigation of the drug performance by 
appropriate monitoring authorities for licensing. 

In brief, the earlier knowledge acquired about the synthetic and 
functionalization potential of CNCs allowed the birth of novel modifi
cations for delivery of anticancer agents. This is coupled to their 
remarkable mechanical features for drug cargo. Hence, exploration of 
alternative therapies such as targeted therapy, photodynamic and hy
perthermia therapies have been realized at the nano-level. Therefore, 
intensifying devotion to exertions of controlling the clinical translation 
of antitumor CNCs nanocarriers by timely unravelling the associated 

challenges, will further exploit the new systems for assembly of thera
peutics that highly fulfil forecasts. Especially that CNCs drug-payloads 
seem ready for transformation into injectable formulations, ointments, 
given the great necessity of a novel anticancer therapy for clinical 
translation. 

7. Conclusion 

Recently, CNCs have gained popularity from industrial and scientific 
communities mostly due to their appealing physico-chemical charac
teristics that confer them low cost extraction from renewable sources, 
low biotoxicity, biodegradability and desirable mechanical properties. 
They can also be subjected to a wide range of chemical modification to 
facilitate conjugation with therapeutic drugs for diverse applications. 
Though there has been a significant rise in the number of CNC-related 
publications in the last years according to the Web of Science®, it can 
eminently be noticed that CNCs application in the biomedical field is 
still precocial. 

As per the discourse presented herein and in other literature, CNCs 
can be magnificently modified and conjugated to other nanomaterials 
and chemical moieties such as dyes, therapeutic drugs, toxins, genes 
among others, yielding new nanocomposites for oncological drug and 
gene delivery, bioimaging and biosensing applications among others. 
Though some scientific and technological progress has been achieved, 
bottlenecks for clinical translation of CNCs still exist. Therefore, it 
should be of considerable value to innovate controllable chemical or 
physical modification methods for CNCs surfaces, preferably by 
exploiting mild or green chemistry conditions. To follow suite, methods 
for ultrastructural detail characterization of such CNCs are necessary to 
allow investigations of all their chemical characteristics which are useful 
for full-scale application. 

Currently, nanotoxicity/ biocompatibility of CNC-based materials is 
not fully defined, some publications that have considered in-vitro 
studies have described it to be very low/non-existent under their 
respective experimental conditions. Such data is clearly inadequate for 
clinical translational studies given their inordinate potential for 
biomedical applications of CNCs in oncology. As one of the ultimate 
goals in the field of nanomedicine, more studies on cellular-to- 
organismal toxicity, biodistribution, epi-and intracellular interactions 
and ecotoxicity of CNCs are still required to explore their size, 
morphological and surface chemistry determinants of biotoxicity. On 
contrary, ineffective delivery, genotoxicity, inflammation, oxidative 
stress, lack of dosage and other hazardous profiles as discussed above, 
are also major blockades for clinical translation of CNCs. Thus, a ne
cessity of special scientific investigations of CNC-based nano-agents for 
cancer therapy. 

Finally, there are numerous CNCs-based patents and innovations, 
highlighting significant scientific and technological impacts of this 
natural-based material with attributes that may revolutionize cancer 
diagnosis and treatment. We would like to believe that this article will 
intensify the attention of research community towards advanced inno
vative preparation, modification, characterization, biocompatibility and 
nanotoxicological evaluation of CNCs for cancer diagnosis and 
treatment. 
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