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ABSTRACT

This review summarizes the preparation methods of
cellulose nanofibrils (CNFs) and focuses on the me-
chanical treatment of cellulose, the surface modifica-
tion of fibrillated fibers during pretreatment, the surface
modification of nanocellulose and the modification of
CNFs and their functional application. In the past five
years, research on cellulose nanofibrils has progressed
with developments in nanomaterial’'s research tech-
nology. However, owing to its high energy consump-
tion, high cost and challenging industrial production,
the applications of nanocellulose remain limited. In ad-
dition, although nanofibrils exhibit strong biocompati-
bility and barrier and mechanical properties, their high
hydrophilicity limits their practical application. Cellu-
lose nanofibrils have mainly focused on the industrial
production of CNFs, their pretreatment and functional

INTRODUCTION

Nanotechnology is the science concerned with the study of the
phenomena and functions of matter within the dimensional range
of 0.1-100 nm. A nano-meter abbreviated as nm, is a unit for
length the measures on billionth of a meter (Wang W, et al., 2015)
unusual and unique properties of nano-scale materials arise from
their exhibited profile compared to macro materials. Novel prop-
erties exhibited by these materials investigated from their minute
dimension which converted into unusual mechanical, thermal,
biological, optical, magnetic and electrical properties (Zhang L, et
al., 2015). Nano materials is currently under investigation in dif-
ferent fields such as self-assembly and thin films, quantum dots,
nano-fibers, nanorods, nanotubes, nanowires, nanocrystals and
nanofoams (de Castro DO, et al., 2015).

Nano-fiber technology incorporated in different application area
such as batteries and fuel cells, capacitors, transistors and diodes,
system for energy transfer, composites for aerospace structures,
drug delivery and tissue engineering. Nano-fiber technology is a
branch of nanotechnology whose primary objective is to create
materials in the form of nanoscale fibere in order to achieve su-
perior function. The unique combination of high specific surface
area, flexibility and superior directional strength makes such fiber
a preferred material for much application ranging from clothing
to reinforcements for aerospace structure. The effect of fiber di-
ameter on the performance and process ability of fibrous struc-
tures has long been recognized. Several scientists such as pro-
fessor Parallel Reneker almost a decade ago had popularized the
electro-spinning technology (Deepa B, et al., 2016). Although, the
first patent on electro-spinning technique was published as early
as in 1934 (Ramarajua B, et al., 2015), this technique has not been
well established until recent times (Ma H, et al., 2015). Technical-
ly, electro-spinning is a process that uses a strong electric field to
draw a polymer fluid into the filaments (Xia Y, et al., 2014).

Cellulose nanofibrils (CNFs), which have a diameter of 10-50
nm and a length of several micrometers (Wang W, et al., 2015;
Wang Y, et al., 2014), have been prepared from lignocelluloses
biomass. Due to their exceptional mechanical properties and high
aspect ratio, they have attracted much attention for applications
in films (Zhang L, et al., 2015), composite materials and electron-
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modification and their compatibility with other biomass
materials. In the future, with the rapid development of
modern science and technology, the demand for biode-
gradable biomass materials will continue to increase.
Furthermore, bio-based nanomaterials are expected to
advance in the direction of functionalization and popu-
larization.
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ics (Deepa B, et al., 2016). Although CNFs demonstrate excellent
functionality, they have not yet been industrialized. The indus-
trial production of CNFs has been mainly hindered by two fac-
tors. Firstly, CNFs are primarily manufactured by high-pressure
homogenizers, high-energy ball mills (mechanical chemistry),
micro fluidizers, and ultra-low temperature crushing and other
methods. However, because of the relatively high lengths and di-
ameters of CNFs, their specific surface area is large, the surface
hydroxyl groups easily form hydrogen bonds and the fibers easily
form hard agglomerations and are difficult to disperse. Simply re-
lying on mechanical force to shear and separate the fibers gener-
ates a lot of energy consumption. In addition, the instantaneous
high temperature generated during mechanical grinding affects
the CNFs’ crystal structure, destroys their network structure and
changes the gel behavior of the nanofibrils. Secondly, the fibrilla-
tion of cellulose must be completed in liquid and, after drying, ir-
reversible hydrogen bonding occurs between the CNF fibers, that
is, keratinization (Xia Y, et al., 2014).

LITERATURE REVIEW
Chemistry

Its molecular structure is shown in Figure 1. The molecular
backbone of cellulose is a linear rigid chain linked by f-D-glu-
copyranose (AGU) through 1,4-glycosidic bonds in a chair-
shaped conformation (Deepa B, et al., 2016). The presence of
tri-and hydroxyl groups, resulting from the strong hydrogen
bonds composed of polyhydroxyl groups, indicate that the cel-
lulose has a high cohesive microfiber network structure and
the hydrogen bonding effect makes cellulose difficult to dis-
solve in common solvents (Wang W, et al., 2015; Wang S, et al.,
2016; Ramarajua B, et al., 2015). In 1982, Turbak et al. used a
high-pressure homogenizer to extract nanocellulose, namely
cellulose nanofibrils (CNFs), from eucalyptus pulp (de Castro
DO, et al., 2015; Ma H, et al., 2014). With advancing research,
CNFs have exhibited high transparency, excellent mechanical
properties and good biocompatibility. They have been gradual-
ly applied to antibacterial packaging, corrosion inhibitor carri-
ers, gels, transparent conductive films, 3D printing, composite
materials and drug delivery (Xia Y, et al., 2014). At the same
time, compared with other nanocellulose fibers, CNFs have a
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simple preparation process. CNFs were developed earlier and are cur-
rently the main target for the industrial production of nanocellulose.
This review focuses on nanocellulose fibrils (Figure 2).
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Figure 1: Structure of nanocellulose
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Figure 2: Molecular structure of nanocellulose

Advantages of nanofibrils

» Low specific weight results in higher specific strength and stiffness
than glass

« Renewable resources, production requires little energy, low CO>
emissions

« Friendly processing, no wear of tools, and no skin irritation

« Production with low investment at low cost good electrical resistance
good thermal and acoustic insulating properties

« Biodegradable

Disadvantages of nanofibrils

« Lower strength, especially impact strength

« Variable quality, influenced by weather

« Poor moisture resistance, which causes swelling of fibers
Cellulose raw materials and CNFs

Plant cellulose mainly exists in the cell walls of plant fibers. According
to the order of the cell wall formation, the chemical composition and
structure varies and can be divided into the intercellular layer cell wall
(M), primary wall (P) and the secondary wall (S). The intercellular layer
is composed of linked cells and acts as a buffer between the cell struc-
tures. It does not contain cellulose and is instead mainly composed of
lignin, hemicellulose and pectic substance formation (Gregorczyk K
and Knez M, 2016). The primary wall is mainly secreted by the cell
protoplast and is composed of cellulose, hemicellulose and pectic
substances, demonstrating good elasticity and plasticity. The second-
ary wall is secreted by the protoplast in the primary wall via deposit
growth. Cells stop growing when the secondary wall is formed. The
secondary wall is approximately 5-10 m thick and generally consists of
three layers: The outer layer of the secondary wall (S1), the middle layer
of the secondary wall (S2) and the inner layer of the secondary wall
(S3). The cellulose raw materials used to extract CNFs can come from
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wood, seed fibers (cotton fiber, cotton lint, kapok, etc.), plant bast fib-
ers (hemp, flax, abaca, etc.) and various herbs (bagasse, straw, bamboo
fiber) (Zhang L, et al., 2015). The average degree of polymerization of
wood cellulose is approximately 10,000, that of cotton fiber is slightly
higher at approximately 15,000 and that of herbal cellulose is slightly
lower. In terms of fiber length, bast fiber has the longest fiber length,
which can reach 120-180 mm and herbaceous straw has the shortest
fiber length at approximately 1-2 mm. The fiber length for wood is ap-
proximately 3-5 mm. For the cellulose content, the cellulose content
of the seed fibers, such as cotton, is the highest, usually above 95%,
while wood fibers originally contain more impurities such as lignin and
ash. The fiber content and fiber length of softwoods are higher than
hardwoods. Generally, cellulose in raw plant materials mainly exists in
mature plant cells (ZhangF, et al., 2015). Owing to the different physio-
logical functions of plant cells, the thick-walled cells (fibers) of plants
are most commonly used in production to reduce fiber fragments in
CNFs products. For example, they can be used to remove parenchy-
ma cells, stone cells, reticular wall cells and other structures. Gener-
ally, the higher the ratio of raw fiber materials used to prepare CNFs,
the slenderer and uniform the single fibers, the lower the content of
miscellaneous cells and the better the strength and fibrillation degree
of the CNFs. Therefore, high-quality nanofibers are mostly made of
pure cotton fibers (Zhang F, et al., 2015). The primary cell wall is ap-
proximately 30-1000 nm thick and contains cellulose microfibrils (MF)
located crosswise. The secondary cell wall consists of three layers (S1,
S2 and S3), which differ in microfibrils angle with respect to the fiber
axis. In these layers the microfibrils are aligned parallel and are packed
densely in a flat helix. The secondary wall contains most of the cellu-
lose mass in the fiber and has a thickness varying from 100 nm (cot-
ton) to 300 nm (spruce wood). The warty layer is a thin layer located
in the inner surface of the cell wall mainly composed of lignin and
hemicellulose. As described above, cellulose is present in the fibers in
form of the microfibrils. For instance, in the spruce wood the microfi-
brils have a diameter of 10-20 nm. These microfibrils in turn are made
of elementary fibrils, which are commonly considered as the smallest
morphological units in the fiber (Zhao J, et al., 2015). However, recent
studies (Khalil HPSA, et al., 2014) showed that it is possible to extract
single cellulose polymer chains or 2 x 2 chain-packing structures dur-
ing CNF production. The diameter of elementary fibrils typically varies
in the range of 3-35 nm depending on cellulose source (Ching YC, et
al., 2016), and is in the range of 2.2-3.6 nm for spruce wood (Wang
Y, et al., 2014). Both cellulose microfibrils and elementary fibrils are
referred to as cellulose nanofibrils. However, it is commonly desired
to obtain individual elementary fibrils with a regular diameter, rather
than their (or microfibril) bundles. Cellulose is a semicrystalline poly-
mer comprising crystalline (ordered) and amorphous (disordered) re-
gions within the microfibril, where the individual cellulose molecule is
considered to pass through several crystalline and amorphous parts ac-
cording to pulp aqueous suspension several times through a high-pres-
sure homogenizer (Ayad MM, et al., 2014). During such treatment,
strongly entangled networks of nanofibrils, having both crystalline and
amorphous domains, are produced due to high shearing forces. They
possess high aspect ratio and form gels in water with shear-thinning
and thixotropic behavior (Zhao R, et al., 2014). Depending on the pro-
cessing conditions, cellulose fibers can be disintegrated to flexible CNF
with lateral dimensions starting from 5 nm, representing elementary
fibrils, to tens of nanometers, which correspond to single microfibrils
and their bundles. Typically, CNF have a diameter of 5-50 nm and a
length of few micrometer (Agarwal S, et al., 2013).

Nanocrystalline cellulose usually refers to tiny fibers with a diameter
of less than 100 nm, which is the smallest physical structural unit in
cellulose. Nanocrystalline cellulose can be divided into three types ac-
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cording to the different raw materials and processing methods: CNFs,
Crystalline Nano Cellulose (CNC) and Bacterial Nano Cellulose
(BNC). CNFs are cellulose prepared by mechanical methods or mild
pretreatments for cellulose fibrillation (Persano L, et al., 2015). CNC
makes use of the strong physical and chemical properties resulting
from the removal of the cellulose amorphous area. Generally, the prod-
uct CI of CNC is high its diameter is 5-70 nm, its length is 100-250 nm
and its aspect ratio is low (Jiang T, et al., 2014). BNC is a kind of high-
purity ribbon, like nanocellulose, which is synthesized by bacteria and
other microorganisms, with a diameter of 20-100 nm and a length of
several microns. Generally, CNFs is a cellulose structure with a high-
er aspect ratio of 5-50 nm in diameter and several microns in length;
moreover, owing to the effect of high shear force in the production
process, the fibers are entangled with each other to form a microfiber
network structure, which easily forms a gel in aqueous solution (Huang
ZM, et al., 2004). Cellulose fiber is a kind of highly cohesive, multi-level
structure, composed of a beta-1,4 glycosidic bond of a macromolecu-
lar, polysaccharide, rigid chain that, through intermolecular hydrogen
bonding, intertwines to form a nanofiber by combining with a larger
hemicellulose microfiber structure shows the fibrillation process from
lignocellulose to cellulose nanofibrils and the crystal structure inside
the cellulose nanofibrils. The primary cell wall is approximately 30-
1000 nm thick and contains cellulose microfibrils (MF) located cross-
wise (Zhang Y, et al., 2005). The secondary cell wall consists of three
layers (S1, S2 and S3), which differ in microfibrils angle with respect
to the fiber axis. In these layers the microfibrils are aligned parallel and
are packed densely in a flat helix. The secondary wall contains most of
the cellulose mass in the fiber and has a thickness varying from 100
nm (cotton) to 300 nm (spruce wood). The warty layer is a thin layer
located in the inner surface of the cell wall mainly composed of lignin
and hemicellulose (Li D and Xia Y, 2004). As described above, cellu-
lose is present in the fibers in form of the microfibrils. For instance, in
the spruce wood the microfibrils have a diameter of 10-20 nm. These
microfibrils in turn are made of elementary fibrils, which are common-
ly considered as the smallest morphological units in the fiber (Greiner
A, et al., 2007). However, recent studies (Murat S, et al., 2016) showed
that it is possible to extract single cellulose polymer chains or 2 x 2
chain-packing structures during CNF production. The diameter of ele-
mentary fibrils typically varies in the range of 3-35 nm depending on
cellulose source (Jiang G and Qin X, 2014), and is in the range 0f 2.2-3.6
nm for spruce wood (Koo BR, et al., 2014). Both cellulose microfibrils
and elementary fibrils are referred to as cellulose nanofibrils. However,
it is commonly desired to obtain individual elementary fibrils with a
regular diameter, rather than their (or microfibril) bundles. Cellulose is
a semicrystalline polymer comprising crystalline (ordered) and amor-
phous (disordered) regions within the microfibril, where the individual
cellulose molecule is considered to pass through several crystalline and
amorphous parts according to pulp aqueous suspension several times
through a high-pressure homogenizer (Starr JD and Andrew JS, 2013).
During such treatment, strongly entangled networks of nanofibrils,
having both crystalline and amorphous domains, are produced due to
high shearing forces. They possess high aspect ratio and form gels in
water with shear-thinning and thixotropic behavior (Kayaci E, et al.,
2014). Depending on the processing conditions, cellulose fibers can be
disintegrated to flexible CNF with lateral dimensions starting from 5
nm, representing elementary fibrils, to tens of nanometers, which cor-
respond to single microfibrils and their bundles. Typically, CNF have a
diameter of 5-50 nm and a length of few micrometer.

DISCUSSION

Structure and chemistry
Cellulose can be found in some algae, fungi, tunicates etc. However,
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commercial cellulose production concentrates on harvested sources
such as wood, annual plants or agricultural residues (Figure 3). Besides
cellulose, they contain hemicelluloses, lignin, and a comparably small
amount of extractives. In such products, cellulose is represented as a
well-organized architecture of febrile elements composing cells. Cellu-
lose is the primary structural component responsible for their mech-
anical strength. Each cell represents a fiber with a width of 10-50 pm
(depending on the source), consisting of cell wall layers, which have
the total thickness of 1-5 um. These layers differ from each other with
regard to their structure and chemical composition. The cell wall is
composed of several layers the Middle Lamella (ML), the primary wall
(P), the outer (S1), middle (S2) and inner (S3) layers of secondary wall
and the warty layer (W). The middle lamella binds the neighboring
cells because of the presence of high amount of lignin. The primary and
secondary walls contains three main components: cellulose, hemicellu-
lose, and a matrix, typically, composed of pectin in the primary wall
and lignin in the secondary wall (Zhao J, et al., 2015).

= Microfibril & clementary fibells

Figure 3: Hierarchical structure of wood, showing: The middle
lamella (ML), the primary wall (P), the outer (S1), middle (S2) and
inner (S3) layers of secondary wall, the warty layer (W), cellulose
(C), hemicellulose (H), lignin (L), microfibril (MF), elementary fi-
bril (EF), crystalline domain (Cr) and amorphous domain (Am).
Some elements of the figure were adapted from Pérez et al. with
kind permissions from springer science and business media and the
authors

The primary cell wall is approximately 30-1000 nm thick and contains
cellulose microfibrils (MF) located crosswise. The secondary cell wall
consists of three layers (S1, S2 and S3), which differ in microfibrils an-
gle with respect to the fiber axis. In these layers the microfibrils are
aligned parallel and are packed densely in a flat helix. The secondary
wall contains most of the cellulose mass in the fiber and has a thickness
varying from 100 nm (cotton) to 300 nm (spruce wood). The warty
layer is a thin layer located in the inner surface of the cell wall main-
ly composed of lignin and hemicellulose (Tran C and Kalra V, 2013).
As described above, cellulose is present in the fibers in form of the
microfibrils. For instance, in the spruce wood the microfibrils have a
diameter of 10-20 nm. These microfibrils in turn are made of elemen-
tary fibrils, which are commonly considered as the smallest morph-
ological units in the fibre (Li F, et al., 2014). However, recent studies
showed that it is possible to extract single cellulose polymer chains or
2 x 2 chain-packing structures during CNF production. The diameter
of elementary fibrils typically varies in the range of 3-35 nm depending
on cellulose source, and is in the range of 2.2-3.6 nm for spruce wood
(Khalil HPSA, et al., 2014).

Both cellulose microfibrils and elementary fibrils are referred to as
cellulose nanofibrils. However, it is commonly desired to obtain indi-
vidual elementary fibrils with a regular diameter, rather than their (or
microfibril) bundles. Cellulose is a semicrystalline polymer compris-
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ing crystalline (ordered) and amorphous (disordered) regions within
the microfibril, where the individual cellulose molecule is considered
to pass through several crystalline and amorphous parts according
to fringe micelle theory. The native degree of crystallinity is usually
in the range of 40%-70% and depends on the origin of cellulose and
the isolation method. The building blocks of cellulose polymer chain
are D-glucopyranose (glucose) molecules. When linked together by
B-1,4-glucosidic bonds they turn into anhydroglucose units. Two an-
hydroglucose units compose anhydrocellobiose, which is the repeating
unit of cellulose polymer. Nevertheless, cellulose degree of polymeriz-
ation (DP) is usually expressed as a number of anhydroglucose units
(Figure 4). Each anhydroglucose unit has six carbon atoms with three
hydroxyl (viz., alcohol) groups (at C2, C3, and C6 atoms), giving a high
degree of functionality to cellulose molecule.

OH OH
OH §, OH
H \ 0
H H =
¢ « OH ¢ OH
OH oH n

Figure 4: Molecular structure of cellulose, degree of polymerization

There are three types of anhydroglucose units: (i) a reducing end with
free hemiacetal or aldehyde group at C1 atom, (ii) a non-reducing end
with free alcohol group at C4 atom, and (iii) internal rings. Due to the
molecular structure, cellulose bears such properties as hydrophilicity,
insolubility in water and most organic solvents, degradability and chi-
rality. The DP of cellulose varies depending on the cellulose source
(e.g., 10,000 in native wood; 20,000 in cotton; 44,000 in Valonia) and
the isolation/purification method (e.g., 200-500 in regenerated cellu-
lose, 1000 in bleached kraft pulps (Ching YC, et al., 2016).

CONCLUSIONS

This review discusses the most recent key developments of using CNFs
in the fields of pharmaceutical science. The advantages of the CNs over
other nanomaterials are remarkable, that they are friendly to environ-
ment and human beings; the vast abundance and recyclability make
them easily available and unexpendable. In addition, the large amount
of hydroxyl groups on the surface make the CNs modifiable and tun-
able, which are extremely important for the processing in the pharma-
ceutical science and pharmacology. The applications of CNs have been
found in a variety of fields. As CNs experience an aggressive explor-
ation, prospective and challenges co-exist, while we foresee another
round of trends of nanomaterials going greener and more applicable.
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