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Abstract: Cellulose nanoparticles (i.e. cellulose elements having at least one dimension in the 1-100nm range) have re-
ceived increasing attention during the last decade. This is not only evident in academic articles, but it is also manifested
by the increasing number of nanocellulose patents that are published every year. In the current review, nanocellulose pat-
ents are reviewed using specific software which provides valuable information on the annual number of patents that have
been published throughout the years, main patent owners, most prolific inventors, and patents on the field that have re-
ceived more citations. Patent statistics on rod-like cellulose nanoparticles extracted from plants by acid hydrolysis (nanoc-
rystals), mechanical treatment leading to microfibrillated cellulose (MFC), and microbially produced nanofibrils (bacterial
cellulose, BC) are analyzed in detail. The aim of the current review is to provide researchers with patent information
which may help them in visualizing the evolution of nanocellulose technology, both as a whole and also divided among
the different nanosized particles that are currently the subject of outstanding scientific attention. Then, patents are not only
analyzed by their content, but also by global statistics which will reveal the moment at which different cellulose nanopar-
ticles technologies achieved a breakthrough, the relative interest received by different nanocellulose particles throughout
the years, the companies that have been most interested in this technology, the most prolific inventors, and the patents that
have had more influence in further developments. It is expected that the results showing the explosion that nanocellulose
technology is experiencing in current days will still bring more research on the topic and contribute to the expansion of

nanocellulosics applications.
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1. INTRODUCTION

Cellulose is a linear polysaccharide consisting of a chain
of B(1—4) linked D-glucose units. Cellulose is the major
component of wood and most natural fibers such as cotton,
flax, hemp, jute, ramie and sisal. This natural polymer repre-
sents about a third of the plant tissues and can regenerate
through photosynthesis. Cellulose is also produced by a fam-
ily of sea animals called tunicates (sea squirts), by several
species of algae, and by some species of bacteria, amoebae
and fungi. Although as raw material cellulose fibers and
many of their derivatives have been known and used for
more than a hundred and fifty years, in the last decade cellu-
lose has received a revived interest based in the understand-
ing that macrofibers are built up by smaller and mechanical
stronger entities which can be extracted under proper condi-
tions. During biosynthesis of cellulose chains, van der Waals
forces and hydrogen bonding between hydroxyl groups and
oxygen of adjacent molecules promote parallel stacking of
multiple cellulose chains forming elementary fibrils that fur-
ther aggregate into larger microfibrils [1]. Depending on
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their origin, the microfibrils diameters may vary, but in gen-
eral they are within 2-20nm and several microns in length.
Microfibrils contain crystalline and amorphous zones. In
fact, each microfibril can be considered as a string of cellu-
lose crystals linked along the microfibril axis by disordered
amorphous domains, e.g., twists and kinks [2-5].

Extraction of nano-scale cellulosic elements from ligno-
cellulosic fibers is one of the most studied topics in the lit-
erature today. This is due to a number of desirable character-
istics of nanocellulosics which include renewability, abun-
dance and low cost of the raw material (cellulose), as well as
a large surface-to-volume ratio, high strength and stiffness,
very low coefficient of thermal expansion, low weight, low
density, high aspect ratio and biodegradability. Applications
of nanocellulosics include reinforcement of composite mate-
rials, tissue engineering scaffolds, moistening masks for
cosmetic applications, filtration media, thickening agents,
rheology modifiers, adsorbents, paper reinforcement, etc.

Even if a variety of methods have been described and
patented, extraction of cellulose nanoparticles (i.e. elements
having at least on dimension in the 1-100nm range) from
wood and natural fibers has traditionally been performed
mainly by two routes: acid hydrolysis and mechanical treat-
ment. Strong acid hydrolysis promotes transversal cleavage
of non-crystalline fractions of cellulose microfibrils, leading
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to the so-called cellulose nanocrystals or whiskers which are
rod-like particles with diameters in the rage of 2-20nm and
100-600nm in length [6]. Nanocrystals are characterized by
high crystallinity and their aqueous suspensions display a
colloidal behavior. Cellulose nanowhiskers may find appli-
cation as reinforcing components in different polymer matri-
ces [7-8]; in the synthesis of polymers with liquid crystalline
behavior for electronic applications [9]; in the immaobiliza-
tion of enzymes for the preparation of active biocatalysts
[10], in medical imaging to locate tumors or bacterial cells
[11]; in the delivery of drugs [12], etc.

On the other hand, strong mechanical treatment that im-
poses high shear forces to cellulose fibers, allows the extrac-
tion of microfibrils and microfibril aggregates with high as-
pect ratio which form highly entangled networks. This kind
of nanocellulose is called microfibrillated cellulose (MFC),
and it was first produced in 1977 from a 3% slurry of
chopped pulp fibers at the ITT Rayonier Eastern Research
Division (ERD) Lab in Whippany, N.J., USA [13]. Authors
used a homogenizer called Manton Gaulin-type Milk Ho-
mogenizer which produced high shear and impact, by means
of high pressure (up to 8000 psi) and temperature close to
80°C [14, 15]. Although widely used the mechanical process
developed for the production of MFC has an important
drawback which is the high energy input involved (several
passes through high pressure homogenizers which get fre-
quently blocked). In the last years, enzymatic and chemical
pretreatments have been proposed to reduce the energy input
of the process [16-18]. In reference to MFC uses and poten-
tial applications, MFC has been mainly used as reinforcing
phase in polymer nanocomposites [19, 20], in the production
of papers with increased strength [21], in the food and cos-
metic industries as thickener, flavor carries, and suspension
stabilizer.

Finally, in recent years another route for the production
of micro/nanofibers of cellulose has received great attention.
This is the microbial synthesis of cellulose in which specific
bacteria synthesize cellulose microfibrils as a primary me-
tabolite. Cellulose molecules are synthesized in the interior
of the bacterial cell and spun out to form nanofibrils of ca. 2-
4nm in diameter which then aggregate in the form of ribbon-
shaped microfibrils of ca. 80 x 4 nm [22]. The overlapping
and intertwisted cellulose ribbons form a non-woven mat
with very high water content. The Young’s modulus of a
single filament of bacterial cellulose measured by Raman
spectroscopy has been estimated in 114 GPa [23], whereas
Young’s modulus of bacterial cellulose pellicles has been
estimated in 15-40 GPa [24-26]. Applications of bacterial
cellulose include i.e. reinforcement of polymer matrices [27],
preparation of optically transparent films, and biomedical
applications [28].

A number of reviews on academic articles dealing with
nanocellulose have been published in the last years [1-2, 4,
6]. However, reviews on nanocellulose patents are less
common [29]. In the article of Duréan et al. (2012), authors
illustrated the actual impact of nanocellulose-based materials
in different areas based on recent patent databases [29]. In
the current review, published patents on cellulose nanocrys-
tals, microfibrillated cellulose and bacterial cellulose are
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revised and analyzed by use of specific software which al-
lows access to more than 40 databases from different coun-
tries. Parameters analyzed include not only chronological
patent publishing trends, but also most cited patents, top pat-
ent owners (assignees), most prolific inventors, mos cited
documents, and the classification of patents among technol-
ogy areas according to the International Patent Classification
(IPC). Moreover, nanocellulose applications that have been
patented throughout the years are screened. The analysis by
subgroups according to the method of production of nanocel-
lulose, is expected to help in illustrating the differences and
similarities in the trends observed for each of them.

2. METHODOLOGY

The search of patents was performed by use of the
Thomson Innovation Database, which is a web-based IP in-
telligence and collaboration platform for searching and ana-
lyzing global patents, scientific literature and business in-
formation integrated with analytics and workflow tools. For
each particular group of nanocellulosic particles, specific
keywords (descriptors) were selected for performing the
search. Descriptors were chosen based on the synergy of two
approaches: the search of specific keywords and concepts
used in academic publications, and the selection of addi-
tional descriptors from specific patent vocabulary. The pres-
ence of the chosen descriptors was checked in the title, ab-
stract and claims of existing patents, considering documents
published between years 1920 and 2011. More than forty
technology patent and patent application databases were used
for patents search, including the Spanish OEPM, the Ameri-
can USPTO, the worldwide WIPO, the European EPO, the
patent offices of France, Germany, Great Britain and the
Oriental patent offices of Japan, China and South Korea.

Analysis of the recovered documents included the annual
number of published patents, the most prolific inventors in
the area, the top assignees, the identification of the docu-
ments that have received more citations, and the classifica-
tion of patents according to international patent classification
by use of the International Patent Classification (IPC). The
IPC provides for a hierarchical system of language inde-
pendent symbols for the classification of patents into sec-
tions, classes, subclasses and groups, according to the differ-
ent areas of technology to which they pertain. The classifica-
tion system has more than 70000 entries.

It is important to note that a definite patent can be pub-
lished in different countries under different national num-
bers. This is called the family of the patent. In the search
performed in the current contribution care was taken in order
to include just one patent per family. Otherwise, certain vari-
ables such as for example top assignees might get distorted
by owners which can undergo the cost of publishing the
same document in different countries. In the case of patents
with a family, the selection of the document to be considered
in patent trends was the one that was published first. To do
so the parameter considered was their “early priority date”.
In the case of tables with information on patents that have
received more citations throughout the years, all family pat-
ents have been considered since it may occur that the earliest
document is not necessarily the most cited one.
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3. NOMENCLATURE

Nomenclature of nanocellulosic particles has not yet been
standardized and because of that different terminologies have
been and are still used to describe a given set of nanocellu-
lose particles. Actually, TAPPI has recently established a
Nanotechnology Division devoted to the standardization of
cellulose nanomaterial definitions (TAPPI WI 3021: Stan-
dard Terms and their Definition for Cellulose Nanomateri-
als), whose results have not been published yet. As pointed
out in recent nanocellulosics reviews [1, 6, 30] the diversity
of terminology used to describe cellulose nanoparticles leads
to misunderstanding and ambiguities. The previous is par-
ticularly noticeable for the case of cellulose whiskers which
have also been called cellulose monocrystals, cellulose mi-
crocrystals, cellulose crystallites, cellulose microcrystallites,
microcrystalline cellulose, and more recently cellulose
nanowhiskers, cellulose nanocrystals, nanocrystalline cellu-
lose, nanorods, rod-like cellulose microcrystals, rod-like
cellulose crystals, and nanowires (for original cites please
refer to reviews described in references [1, 2, 4, 6, 30-34]).

In reference to microfibrillated cellulose (MFC), the va-
riety of terminology used is somewhat less widespread,
probably because since it was first produced authors gave the
product the current name of microfibrillated cellulose [14,
15]. However, revision of literature shows that microfibrillar
cellulose, microfibrilized cellulose, nanofibrillated cellulose,
nanofibrillar cellulose, nanoscale fibrillated cellulose, and
cellulosic fibrillar fines, have also been used to describe the
web-like structure formed by cellulose microfibrils of high
aspect ratio extracted from cell wall [1, 4, 6, 30-34]. It must
be pointed out that although microfibrillated and nanofibril-
lated cellulose (NFC) are sometimes used as synonyms they
differ from the fibrillation process, which in the case of NFC
produces finer particle diameters [1]. More general terms
have also been used by some authors to refer to MFC, in-
cluding microfibril, microfibril aggregates, nanofiber, nan-
ofibril, and fibril aggregates (see references included in [6]
for details).

When referring to bacterial cellulose (BC) revision of
literature and patents show that not only bacterial cellulose
but also bacteria cellulose, bacterial nanocellulose, bacterium
cellulose, bacterial nanocellulose, bacteria-produced cellu-
lose and microbial cellulose have all been used as descriptors
of BC[1, 4, 6, 22, 31, 33, 35].

In reference to general terms that have been applied to
refer to nano-scaled cellulose elements; cellulose nanoparti-
cles, cellulose nanofibers, cellulose nanofibrils, cellulose
microfibrils, cellulose fibrils, nanocellulose, nanoscale cellu-
lose, nanocellulosics and nanosized cellulose fibrils, are just
some of the terms that have been frequently used [6, 30-31,
33]. In the case of the word “fibril” it is important to note
that the word is somehow ambiguous for nanocellulosic
search since the word is also used by papermakers to denote
thin cellulosic strands that remain attached on the outer of
cellulose fibers, especially in the case of refined pulps [36].
Thus the word nanofiber has come into increasing use to
partly avoid ambiguity [4].
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4. NANOCELLULOSE PATENTS

As it was previously discussed, diverse methods of ex-
traction/production of nanocellulosics lead to different struc-
tures and ensuing nomenclature. In the following sections
patent analysis will be sequentially revised covering nanofi-
bers extracted by acid hydrolysis (nanocrystals), mechanical
treatment (microfibrillated cellulose), and microbially pro-
duced nanofibrils (bacterial cellulose). Patents belonging to
other less widespread nanocellulose production methods
such as electrospinning or steam explosion, will not be spe-
cifically covered by this review.

4.1. Cellulose Nanocrystals

As described in the Introduction section, cellulose mi-
crofibrils contain crystalline cellulosic domains as well as
less ordered amorphous domains located at the surface and
along their main axis. Upon contact with strong acid solu-
tions (i.e. H,SO,4 [37, 38], HCI [17, 39], HBr [40]) amor-
phous domains are preferentially cleaved whereas crystalline
regions that have a higher resistance to acid attack (cellulose
nanocrystals) remain essentially intact. De Souza Lima and
Borsali (2004) explained that hydronium ions can penetrate
the cellulosic material in the amorphous domains promoting
the hydrolytic cleavage of the glycosidic bonds releasing
individual crystallites [41].

As previously introduced in the Nomenclature section,
cellulose whiskers have received a wide variety of names
throughout the years, including monocrystals, microcrystals,
crystallites, microcrystallites, nanowhiskers, nanocrystals,
nanocrystalline cellulose, nanorods, rod-like cellulose mi-
crocrystals, rod-like cellulose crystals, and nanowires (for
original cites please refer to reviews referenced in [1, 2, 4, 6,
30-33]). Fig. (1) illustrates the evolution of the number of
annual patents on cellulose whiskers considering all men-
tioned descriptors. The total number of patents found by the
search performed was 187.

Fig. (1) shows the presence of two maxima: the first one
in the mid- sixties, and the second one in recent years. The
previous result implies either that interest in cellulose nanoc-
rystals received attention in two different moments, or oth-
erwise that two different technological profiles are being
considered. Revision of cellulose hydrolysis history will help
in finding the answer.

The pioneers in the cellulose hydrolysis process were
Ranby and Ribi who in the very early fifties produced stable
suspensions of colloidal-sized cellulose crystals by sulfuric
acid hydrolysis of wood and cotton cellulose [42-44]. After
treating wood pulp with boiling 2.5 N sulfuric acid for 12
hours, authors obtained colloidal suspensions of rod-like
particles with lengths between 50 and 60 nm and widths be-
tween 5 and 10 nm [45]. Soon after the report of Ranby and
Ribi, Mukherjee et al. (1951) examined the effect on cotton
and ramie of more concentrated acid at lower temperatures,
and also obtained colloidal suspensions of rod-like particles
[46]. Authors found that by increasing the severity of the
acidic treatment the ultimate product of the dissolution con-
sisted of particles between 50 and 250 nm in length with a
roughly constant cross-section of 5nm and 15-20nm wide;
whereas in the earlier stages of disintegration larger flat ag-
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gregates were obtained [46]. The following works of Muk-
herjee and co-workers demonstrated by transmission electron
microscopy that dried suspensions of cellulose fibers boiled
in acidic solutions led to needle-shaped particle aggregates,
and by X-ray that they had the same crystalline structure as
the original fibers [47, 48].
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Fig. (1). Evolution of the annual number of patents on cellulose
whiskers considering all the descriptors found in academic litera-
ture. Descriptors: cellulose whisker/s, cellulose monocrystal/s, cel-
lulose microcrystal/s, cellulose crystallite/s, cellulose microcrystal-
lite/s, cellulose nanowhisker/s, cellulose nanocrystals, nanocrystal-
line cellulose, cellulose nanorod/s, rod-like cellulose microcrystal/s,
rod-like cellulose crystal/s, and cellulose nanowire/s.

In the meantime, Battista and co-workers were also
working on the acidic hydrolysis of cellulosic substrates. By
HCI hydrolysis of cellulose fibers derived from high-quality
wood pulps followed by sonication, in the early fifties Batti-
sta et al. obtained what they called cellulose crystallite ag-
gregates [49, 50]. The discovery of Battista led to an out-
standing number of patents which were published in the fol-
lowing years dealing with micrometric cellulose crystallite
aggregates obtained by acid hydrolysis. Fig. (2) illustrates
the annual number of patents dealing with cellulose crystal-
lite aggregates that were published in the sixties which had
Battista, FMC Corporation or American Viscose Corporation
(companies which owned Battista inventions), in the role of
patents inventors or assignees. Descriptors used for the
search are included below the figure.

Patents published by Battista and FMC Corpora-
tions/American Viscose Corporation covered the use of cel-
lulose crystallite aggregates and their derivatives in a wide
range of applications, namely separation, purification and
recovery processes; coating of polymer surfaces; adsorbents
in separation processes; pharmaceutical compositions; mold-
ing composition; haemostatic wound covering; chroma-
tographical adsorption; foamable products; molding resin
compositions; cosmetic preparations; pharmaceutical prepa-
rations; food compositions; beverages; coating of sheets or
filaments; production of viscose; radiopaque media; coloring
foods; protection of unstable organic substances; catalyst
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support; cigarette filter; ceramic glaze; and salad dressing
among others. Oxidized, acetylated, etherified, esterified and
partially methylenated derivatives were also proposed. Con-
sidering the IPC classification, patents published by Battista
and FMC/American Viscose Corporation dealt mainly with
codes belonging to fractionation of cellulose, e.g. separation
of cellulose crystallites (C08B15/08), compositions based on
cellulose and modified cellulose (C08L1/02), and the use of
cellulose and their derivatives in preparations for medical,
dental, or toilet purposes such as bringing pharmaceutical
products into particular physical or administering forms,
materials for deodorization of air, disinfection or steriliza-
tion, bandages, dressings, absorbent pads, surgical articles
and soap compositions (A61K47/38).
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Fig. (2). Evolution of the annual number of patents on cellulose
crystallite aggregates produced by Battista and FMC Corpora-
tion/American Viscose Corporation during the sixties. Descriptors:
(cellulose crystallite aggregate/s or cellulose crystallite/s) and (Bat-
tista or FMC Corp or FMC Corporation or American Viscose Cor-
poration or American Viscose Corp).

Comparison of Figs. (1 and 2) evidences that published
patents found in the first wave of Fig. (1) in which all whisk-
ers descriptors recalled by academic reviews were used-, are
mainly those published by Battista and FMC/American Vis-
cose Corporation on cellulose crystallite aggregates during
1960-1970. However, and as implied by the word aggregate,
though the component fibrils may be in the 1-100nm rage of
widths the fibrils present in the cellulose crystallite aggre-
gates have not been completely separated from each other,
leading to particles in the micrometric range. It is worth not-
ing that individual inspection of patents containing the vari-
ety of terms assigned to rod-like cellulose particles, showed
that in the first decades after Ranby and Riby discovery, the
descriptors “cellulose microcrystallite”, “cellulose crystal-
lite” and “cellulose microcrystal” all lead to patents in which
cellulose particles were explicitly reported to have sizes in
the micrometer range.

Patents related to mechanical disintegration published in
the early 60s by Battista and FMC, also refer to cellulose
crystallites with sizes close to a micron. In this context, two
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of the most cited patents published by Battista and co-
workers and/or FMC Corporation are “Level-off d.p. cellu-
lose products” (US2978446A, assignee/applicant: American
Viscose Corporation, inventors: Battista and Smith, earliest
priority year: 1957, publication year: 1961 [51]), and “Crys-
tallite aggregates disintegrated in acid medium”
(US3141875A, assignee/applicant: FMC Corporation, inven-
tors: Battista and Smith, earliest priority year: 1961, publica-
tion year: 1964 [52]). In the first patent cellulose material is
hydrolyzed to remove amorphous cellulosic material and the
cellulosic structure remaining is termed level-off DP, in ref-
erence to a substantially constant molecular weight which is
progressively reached with time during acid hydrolysis. The
recovered cellulose consists essentially of large aggregates or
bundles of so-called crystalline cellulose [51]. It is later
stated that by vigorous mechanical agitation of level-off DP
cellulose, aggregates or bundles of crystals are broken to
form much smaller particles, some of which are one micron
or less in size. Vigorous agitation leads to the formation of
what appears to be a colloidal dispersion, and depending
upon the concentration of the cellulose crystallites with less
than 5 microns, a thixotropic gel when the concentration of
level-off cellulose is as low as about 3% by weight might be
obtained. For example, a 5% dispersion of one sample which
exhibited thixotropic properties was found to contain about
1% of the total cellulose particles whose dimensions were
less than one micron. As stated in the patent, dilution of the
dispersion to about 1% followed by standing, leads to the
separation of two layers, with the upper one containing the
smaller particles of one micron or less. Stable dispersions of
small disintegrated aggregates obtained by adjusting the pH
of the medium between substantially neutral and 11, are
claimed to form very adherent films when dispersed and
dried on glass. On the other hand, the American patent
“Crystallite aggregates disintegrated in acid medium”
(US3141875A), is in fact continuation in part of “Level-off
d.p. cellulose products” patent just described. In this patent a
method for forming small disintegrated aggregates of level-
off DP cellulose crystallites which comprises subjecting the
aggregates to mechanical disintegration in an aqueous acidic
medium is described. Small disintegrated aggregates of cel-
lulose crystallites are reported to be such that at least about
1% of the disintegrated aggregates have a particle size not
exceeding one micron [52]. Application of level-off DP cel-
lulose material in storage and shipping purposes readily con-
vertible into stable suspensions of any desired concentration
is proposed.

The research of Battista soon led to the now well-known
commercial product microcrystalline cellulose (MCC). In
1962, O. A. Battista and P. A. Smith reported the preparation
by the American Viscose Company of microcrystalline cel-
lulose from cellulose, under the name “Avicel® PH” (the
“PH” designation indicates that the product is suitable for
pharmaceutical use) [53]. Avicel® was introduced by FMC in
1964 in selected particle sizes and moisture contents as an
ingredient for direct compression tableting [53]. Because of
its desirable properties such as stability, physiological inert-
ness, excellent moisture absorption and attractive binding
conditions; MCC has found plenty of applications in the
pharmaceutical industry as tablet binder, as texturizing agent,
rheology agent and fat replacer in food applications, additive
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in paper and composites applications, etc. Although derived
from mineral acid treatment of bleached kraft wood fibers —
and as such sometimes used as synonym of cellulose nanoc-
rystals-, the spray-drying process used for obtaining MCC
results in re-agglomeration of smaller nano-sized crystalline
domains, which become strongly attached together through
hydrogen bonding. The resulting product has micrometric
dimensions [6, 53, 54], and thus -as in the case of cellulose
crystallite aggregates and other disintegrated smaller parti-
cles with diameters in the micron range-, will not be specifi-
cally covered by the present review. Fig. (3) shows the evo-
lution of published patents dealing with MCC. More than ten
thousand patents have been published since 1965.
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Fig. (3). Evolution of the annual number of patents on microcrystal-
line cellulose. Descriptors: microcrystalline cellulose.

As it is shown in Fig. (3), MCC technology has experi-
enced a continuous rise since FMC Corporation introduced
Avicel® in the middle sixties. At that time, the introduction
of Avicel PH was a catalyst for the pharmaceutical indus-
try’s conversion to direct compression tablet technology.
MCC technology is still growing these days. Since 2006,
more than thousand patents on MCC are published every
year, which all together account for 50% of the total patents
published since its invention.

Although discovered in the very early fifties by Ranby
and Ribi [42-44], nanometric cellulose nanocrystals did not
receive much attention until 1992, when their colloidal sus-
pensions unexpectedly showed liquid crystalline properties.
Between 1949 and 1992, revision of nanocrystals history
shows the importance of the work of Mukherjee and Woods
who soon afterwards discovered that more drastic hydrolysis
conditions than those applied by Ranby and Ribi yielded
more satisfactory disintegration of the rod-like particles [46-
48]; as well as the contribution of Marchessault et al. who in
1959 were the first to report the birefringence of colloidal
dispersions of cellulose crystallites [55]. In 1992 the ability
of cellulose nanocrystal suspensions to form stable chiral
nematic liquid-crystalline phases with unusual optical prop-
erties brought a renaissance of interest to the nanosized
rod-like cellulose particles [56]. Following the mentioned
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discovery, the optical and liquid-crystalline properties of
cellulose suspensions were the focus of several studies and
reviews [33]. Interest in cellulose nanocrystals is not only
evident in scientific literature but also in patent statistics.
Some of the authors of the referenced article from 1992 on
stable chiral nematic liquid-crystalline phases formed by
cellulose whiskers, published in 1995 a patent on liquid crys-
tals of cellulose [57]. The patent dealt with solid films with
novel optical properties produced from colloidal suspensions
of cellulose crystallites prepared by acid hydrolysis of crys-
talline cellulose under carefully controlled conditions. The
films reflected left circular polarized light over a spectrum
from UV to near-IR, and they were claimed to be useful for
optical authenticating devices such as paper of value, iden-
tity cards or credit cards, since the articles could not be
printed or photocopied [57].

In the meantime, Favier and co-workers demonstrated for
the first time the reinforcing properties of cellulose nanoc-
rystals [58, 59]. Following this advance, the incorporation of
cellulose nanocrystals from different sources into composite
materials for mechanical properties enhancement was largely
investigated and reviewed [2, 32, 33]. The discovery of
Revol and coworkers on liquid crystal behavior, together
with the improvements in the mechanical properties of nano-
composites containing cellulose nanocrystals demonstrated
by Favier et al. defined in the middle nineties the beginning
of the second technology breakthrough shown in Fig. (1).
Whereas the first wave shown in Fig. (1) can be mainly at-
tributed to the micrometric cellulose crystallite aggregates
developed by Battista and FMC Corporation, the develop-
ments of Revol et al. and Favier et al. in the middle nineties
motorized a renewed interest in truly nanometric cellulose
crystallites. Fig. (4) illustrates the evolution of annual patent
publishing trends on nanosized cellulose nanocrystals since
1995. Descriptors used for the search are the same as those
used in Fig. (1), but manual inspection of retrieved docu-
ments was performed to guarantee that they actually referred
to nano-sized cellulose whiskers (this was necessary mainly
in the nineties were proper “nano” nomenclature had not still
been not developed). The total number of patents found by
the search performed was 70.

Fig. (4) illustrates the increasing interest for cellulose
nanowhiskers technology exhibited during the last decade.
As it is shown, in the last five years the volume of patents
per year exhibits an increasing profile. The increase in
nanocrystals patents after 2009 is especially high with a
100% increase in the annual patents in 2010, and almost a
70% rise in 2011. The profile observed suggests that nanoc-
rystals technology will continue increasing at a high rate in
the next years.

Before going on with the analysis of patents on nanomet-
ric cellulose whiskers published in the last two decades, it is
worth analyzing the evolution of ensuing nomenclature. In-
dividual analysis of patents showed that even if the patent
published in 1995 by Revol and coworkers referred to
nanowhiskers by the descriptor “cellulose crystallites”, later
on the terminology used was substantially concentrated on
cellulose nanocrystals, cellulose whiskers, cellulose
nanowhiskers and nanocrystalline cellulose. In fact, point by
point inspection of patents on nanometric whiskers included
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in Fig. (4) evidenced that the contribution of other terms (i.e.
cellulose crystallites, cellulose crystals and cellulose mi-
crocrystals) was lower than 10%. Other terms used in scien-
tific articles such as cellulose monocrystals, cellulose nano-
rods, rod-like cellulose microcrystals, rod-like cellulose crys-
tals, and cellulose nanowires; are not usually found in patent
vocabulary.

- =y N N
N (=] o S
T T T T

Number of patents

o
T

Publication year

Fig. (4). Evolution of the annual number of patents on cellulose
whiskers since 1995 considering all the descriptors found in aca-
demic literature, followed by manual inspection to confirm
nanometric dimensions of cellulose particles described in early
documents. Descriptors: cellulose whisker/s, cellulose monocrys-
tal/s, cellulose microcrystal/s, cellulose crystallite/s, cellulose mi-
crocrystallite/s, cellulose nanowhisker/s, cellulose nanocrystals,
nanocrystalline cellulose, cellulose nanorod/s, rod-like cellulose
microcrystal/s, rod-like cellulose crystal/s, cellulose nanowire/s.

Fig. (5) illustrates the evolution of the relative use of cel-
lulose whiskers descriptors throughout the years, including
“cellulose nanocrystals”, “cellulose whiskers”, “cellulose
nanowhiskers” and “nanocrystalline cellulose”. It is illus-
trated that in the first years of this century the word of choice
to refer to rod-like nanosized cellulose particles produced by
acid hydrolysis was “cellulose whiskers”. Although “cellu-
lose whiskers” is still used in patent vocabulary, in the last
five years the preferred terms in patents have been “cellulose
nanocrystals” and “nanocrystalline cellulose”, which have
both experienced a noticeable rise mainly in the years 2010
and 2011. The boom of nanotechnology and the interest in
nanoparticles properties experienced in the last years, has
surely played a key role in the definition and further use of
more precise nomenclature, by which specifically refers to
the nanometric dimensions of cellulose particles.

Patents published on nanocrystals cover different appli-
cations which will be herein briefly described. One of the
main applications of nanocrystals is composite materials. As
previously stated, the first report of the use of cellulose
nanowhiskers in composite materials was by Favier et al. in
1995 [58, 59]. They investigated the percolation of nanow-
hiskers extracted from sea animals called tunicates. Since
then much scientific research has been devoted to the
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Fig. (5). Evolution of cellulose nanocrystals nomenclature used in patent literature.

preparation of composites involving cellulose nanocrystals.
The interest in composite materials which include cellulose
nanocrystals is also evidenced in patents. Patents on compos-
ite materials which contain cellulose whiskers include for
example the manufacture of silk fibroin cellulose fine crystal
composite material with high strength [60]; ionic conductor
materials useful in lithium batteries or fuel cells made of a
polymer matrix, ionic species and cellulose whiskers as rein-
forcement [61]; nanocomposites based on cellulose whiskers
and cellulose plastics useful in packaging film, food packag-
ing, electronics, and biomedical applications [62]; composite
building materials comprising cementitious matrix, cellulose
fibers and nanocrystalline cellulose in which cellulose
nanocrystals promote a 10% increase in the modulus of elas-
ticity [63]; cellulose acylate films with enhanced mechanical
properties and optical durability by addition of cellulose
nanocrystals [64]; production of nanocrystalline cellulose
and polylactic acid nanocomposites useful in packaging [65];
synthesis of hydrophobic nanocomposites of nanocrystalline
cellulose and hydrophobic polymerized vinyl monomer for
medical use [66]; and optically transmissive and electrically
conductive nanocomposite films useful in electrostatic dis-
charge coating and liquid crystal device which comprise cel-
lulose nanoparticles coated with a conductive polymer [67].
Other patented applications which involve cellulose nanoc-
rystals include for instance microscale fluid purification de-
vices useful for hemodialysis, hemofiltration and hemoreac-
tion [68]; preparation of tablets used for treating headache
[69] and reducing blood pressure [70]; magnetic nanometer
particles-patterned macromolecular membranes used in in-
formation field [71]; aircraft anti-icing composition useful
for cleaning airplane wings and other aerodynamically sensi-
tive areas in which nanocrystalline cellulose is used as thick-
ener [72]; treatment of neoplasia by administration of
nanoparticles that come in close proximity to neoplastic cells
[73]; synthesis of iridescent solid nanocrystalline cellulose
films containing patterns generated by differential heating of

aqueous suspensions of cellulose nanorods useful for optical
authenticating devices [74]; cellulose aerogels comprising a
plurality of cellulose nanoparticles (at least 50% or 80% by
weight are cellulose nanocrystals) useful as a thermal, sound
or electrical insulator, catalyst support, electronics compo-
nent, and particle filter and storage media for substances
[75]; preparation of compositions useful for coating wooden
elements and improving the surface property of coatings
which comprises wood coating element and nanocrystalline
cellulose or nanocrystalline cellulose modified with organo-
functional silane [76]; synthesis of mesoporous siliceous
materials with chiral nematic order obtained by reaction of
siliceous precursor in an aqueous suspension of nanocrystal-
line cellulose [77]; and a method of bonding compressing of
two surfaces in which nanocrystalline cellulose suspensions
obtained by sulfuric acid hydrolysis are used as adhesive
[78]. Methods for the preparation of nanocrystalline cellu-
lose by dissociating zinc chloride solution [79], and by hy-
drolysis of cellulose in presence of acid in gas phase [80];
for the preparation of dried forms of nanocrystalline cellu-
lose with controllable redispersibility in water [81]; and for
the control of the wavelength of iridescence in a solid nanoc-
rystalline cellulose film [82]; have all been described. In
terms of international patent classification, most nanocrystal
patents pertain to the class of compositions based on polym-
erizable monomers; artificial filaments or fibers (CO8L),
compositions of cellulose, modified cellulos, or cellulose
derivatives (CO8L1/00), and manufacture of films or sheets
(C0O8J5/18).

Table 1 shows the most cited patents on cellulose nanoc-
rystals. It is worth noting that for the preparation of tables
enumerating the most cited patents of a topic, patent families
have been considered. This was done aiming to consider that
the patent of a family that has been published first is not al-
ways the one that has received most citations throughout the
years. By including the patents families the total number of
patents considered raised from 70 to 128.
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Table 1. Most Cited Patents on Cellulose Nanocrystals. Descriptors Used are the same as those Used in Figure 4.
Publication Reference Title Assignee Inventors Publication Citations Ref.
Number Year
Solidified liquid crystals of Revol Jean-Francois, Godbout

US5629055A cellulose with optically varia- (P:‘;'[faj;':aper ResInst | 1oseph Donat Louis, Gray 1997 148 [83]
ble properties Derek Geoffrey
Solidified liquid crystals of Revol Jean-Francois, Godbout

WO1995021901A1 | cellulose with optically varia- (P:‘;'[faj;':aper ResInst | joseph Donat Louis, Gray 1995 19 [57]
ble properties Derek Geoffrey
Composite fiber reformin 222: EZ: §2§2 gg: o Poulin Philippe, Vigolo Brigit-

US20040177451A1 P 9 . N te, Launois Pascale, Bernier 2004 9 [84]
method and uses Bernier P, Launois P, -

- - Patrick
Poulin P, Vigolo B
Procede de reformage de 822: E:: 2231 gz: cnrs Poulin Philippe, Vigolo Brigit-
FR2828500A1 fibers composites et . - te, Launois Pascale, Bernier 2003 9 [85]
applications Bernier P, Launois P, Patrick
pp Poulin P, Vigolo B
Alloin F, AziziSM A
Materiau a conduction ioni- S, Cavaille J, Dufresne Cavaille Jean Yves, Dufresne

FR2841255A1 que renforce, son utilization A, Inst Nat Polytech Alain, Palllet M!chel, .My A-. 2003 8 [61]
dans les electrodes et les Grenoble, Inst Nat hmed Said Azizi Samir, Alloin
electrolytes Polytechnique Grenoble, | Fannie, Sanchez Jean Yves

Paillet M, Sanchez J
Macrocyclic polyester oligo- Bahr Steven R, Doyle, Nathan,
US20070173630A1 | mers as flow modifier additi- Cyclics Corp Wang Jing, Winckler Steven, 2007 4 [86]
ves for thermoplastics Takekoshi Tohru
822: E:: §2§2 gz: cnrs Bernier Patrick, Vigolo
JP2005526186A n.a. . N Brigitte, Launois Pascale, 2005 4 [87]
Bernier P, Launois P, poulin Philiooe
Poulin P, Vigolo B PP
Microfluidic welded devices paul Brian Kevin. Jovanovic

US20070125489A1 | or components thereof and Univ Oregon State Goran ' 2007 3 [88]
method for their manufacture
Macrocyclic polyester oligo- Bahr Steven R, Doyle Nathan,
mers as carriers and/or flow . Wang Jing, Winckler Steven,

US20070216067A1 Cyclics Cor 2007 2 89
modifier additives for ther- y P Takekoshi Tohru, Wang Yi [89]
moplastics Feng
ﬁgg?oTjg?isqiispgéﬁi‘érsup Bahr Steven, Doyle Nathan,

WO02007011684A2 | ports et/ou additifs de modifi- | Cyclics Corp Wang ng’ Winckler Steve.n, 2007 2 [90]

. - Takekoshi Tohru, Wang Yi
cation de flux pour matieres Fen
thermoplastiques g
Composite fibre reformin 222: EZ: 2231 gg: o Poulin Philippe, Vigolo Brigit-
US7288317B2 P 9 ' te, Launois Pascale, Bernier 2007 2 [91]

method and uses

Bernier P, Launois P,
Poulin P, Vigolo B

Patrick

When patents are written, national patent officers require
applicants to describe the state of art of their invention, and
thus relevant previous patents and academic articles on the
topic need to be cited. Besides, patent examiners also include
additional relevant cites during the revision process. The
analysis of patent citations allows the identification of pat-
ents which have been most useful for later researchers and

for the development of new technologies. Even if patents

that have received most citations are not always the most
relevant ones, -as well as most relevant are not always the
most cited ones-; a number of empirical studies demonstrate
a strong correlation between those variables [92]. The analy-
sis of citations received and made by a definite patent may
illustrate the diffusion of technical knowledge and its differ-
ent concrete applications throughout the years.
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Table 1 evidences the importance of the works of Revol
et al. (1995) previously described. Their American [83] and
WIPO [57] patents on solidified liquid crystals of cellulose
with optically variable properties are the most cited ones on
the topic of cellulose whiskers with 148 and 19 citations,
respectively. The following most cited patents included in
Table 1 were published in the first years of this century [61,
84, 85]. Table 1 suggests that it was between the middle
nineties and the first years of the following decade that the
technical bases of many of the current cellulose nanocrystals
technologies were settled up. Newer most cited patents [86-
91] have in general not received a significant number of cita-
tions yet, which implies that their influence in later techno-
logical developments is still moderate. Finally, it is interest-
ing to note that most cited patents are owned by public insti-
tutions and not by companies (see discussion on nanocrystal
patents assignees later on).

In Fig. (6) the main assignees of nanocrystals patents are
shown in terms of the total number of patents owned by each
of them. The analysis was performed considering all patents
included in Fig. (4) (irrespectively of their number of cita-
tions), and it is aimed at providing a general picture of the
main competitors in the area throughout the years.
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Fig. (6). Main nanocrystals patent owners/applicants. Descriptors
used are the same as those used in Fig. (4).

Fig. (6) evidences the technological leadership of FPIn-
novations, which is a Canadian non-profit member organiza-
tion that carries out scientific research and technology trans-
fer for the forest industry. The company develops forestry
and transportation processes, wood products and living-with-
wood solutions, pulps and papers, nanoproducts and applica-
tions, and energy and chemical products derived from forest
biomass. The second most important applicant among cellu-
lose nanocrystals patents is the French Centre National de la
Recherche Scientifique (CNRS - National Center for Scien-
tific Research), which is a government-funded research or-
ganization. Besides, a high number of assignees which own
one or two patents on cellulose nanocrystals were found (all
data could not be included in Fig. (6)). It is worth noting the
high percentage of public institutions among nanocrystals
patents assignees, which account for nearly 50%. The previ-
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ous implies that most of the technology has not still been
transferred to the private sector.

In reference to main nanocrystals inventors, search re-
sults show that the most prolific ones have by far been Rich-
ard Berry, Jean Bouchard and Stephanie Beck, who together
with FPinnovations have developed nearly 10 patents on
cellulose whiskers.

4.2. Microfibrillated Cellulose

Strong mechanical treatment that imposes high shear
forces to cellulose fibers, allows the extraction of microfi-
brils and microfibrils aggregates with high aspect ratio (lat-
eral dimensions in the 10-100 nm range and length generally
in the micrometer scale) which form highly entangled net-
works. Constituting elements typically have a wide size dis-
tribution down to nanoscale, and usually low degree of crys-
tallinity since most non-crystalline domains remain essen-
tially intact [16]. This kind of cellulosic material was first
obtained in 1977, when researchers at the ITT Rayonier
Eastern Research Division Lab in Whippany, USA used a
high-pressure Manton Gaulin Milk Homogenizer to fibrillate
a 3% slurry of chopped pulp fibers [13]. The product ob-
tained was a translucent firm “gel” that they called “microfi-
brillated cellulose”. The first articles on the topic were pre-
sented at the Ninth Cellulose Conference in 1981, and later
published in the conference proceedings in 1983 [14, 15]. In
the meantime several patents were issued by the Rayonier
Division covering the preparation and a number of uses of
MFC, i.e. inclusion of microfibrillated cellulose in suspen-
sion of finely comminuted materials such as foodstuffs,
cosmetics, pharmaceutical products, and industrial products
such as paints and boron sludge for improved homogeneity
and stability; use of MFC suspensions in medicine, in drill-
ing muds; and for the improvement of the strength of paper
and nonwoven products [93-103]. Table 2 details the Ameri-
can patents published by the Rayonier Division. Assignees
were not included since in all cases the assignee was the In-
ternational Telephone and Telegraph Corporation, New
York, NY, US.

Patents included in Table 2 are the American versions of
Rayonier Division patents. Besides, the works of Turbak and
co-workers and those of Herrick on MFC were also patented
in several other countries such as Great Britain, Japan, Ger-
many and France. This family of patents contributed to a
very high exposition of their discovery. To illustrate the in-
ternational exposition achieved, Table 3 summarizes the ten
most cited patents considering those belonging to all coun-
tries. As it is shown in Table 3, US patents played an out-
standing role in the exposition of MFC technology and ap-
plications. Most cited patents include those related to the
production of MFC by passing a liquid suspension of cellu-
lose through a small diameter orifice in which the suspension
is subjected to a high pressure drop and a high velocity
shearing action followed by a high velocity decelerating im-
pact [94]; manufacture of suspensions with improved homo-
geneity and stability in which the suspending medium con-
tains swollen MFC, and which are useful in a variety of end
use products including foods, cosmetics, pharmaceuticals,
paints and drilling muds [103]; and treatment of MFC fibers
to aid redispersion after drying by addition of compounds able
to prevent hydrogen bond formation between fibrils [100].



Nanocellulose Patent Trends

Recent Patents on Nanotechnology, 2013, Vol. 7, No. 1

65

Table 2. American patents of the ITT Rayonier Eastern Research Division Lab on microfrillated cellulose. Assignee: International
Telephone and Telegraph Corporation, New York, NY, US.
Publication Reference Title Inventors Publication Citations Ref.
Number Date
US4341807A Food products containing microfibrillated cellu- Turbak Albin F, Snyder Fred W, 27/07/1982 3 [93]
lose Sandberg Karen R.
US4374702A Microfibrillated cellulose Turbak Albin F, Snyder Fred W, 22/02/1983 78 [94]
Sandberg Karen R.
US4378381A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 29/03/1983 30 [95]
Sandberg Karen R.
US4452722A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 05/06/1984 12 [96]
Sandberg Karen R.
US4452721A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 05/06/1984 8 [97]
Sandberg Karen R.
US4464287A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 07/08/1984 4 [98]
Sandberg Karen R.
US4481077A Process for preparing microfibrillated cellulose Herrick Franklin W. 06/11/1984 37 [99]
US4481076A Redispersible microfibrillated cellulose Herrick Franklin W. 06/11/1984 50 [100]
US4483743A Microfibrillated cellulose Turbak Albin F, Snyder Fred W, 20/11/1984 32 [101]
Sandberg Karen R.
US4487634A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 11/12/1984 13 [102]
Sandberg Karen R.
US4500546A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 19/02/1985 59 [103]
Sandberg Karen R.
Table3. Most Cited Patents of the ITT Rayonier Eastern Research Division Lab on Microfrillated Cellulose. Assignee:
International Telephone and Telegraph Corporation
Publication Reference Title Inventors Publication Citations Ref.
Number Year
US4374702A Microfibrillated cellulose Turbak Albin F, Snyder Fred W, 1983 78 [94]
Sandberg Karen R
US4500546A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 1985 59 [103]
Sandberg Karen R
US4481076A Redispersible microfibrillated cellulose Herrick Franklin W 1984 50 [100]
US4481077A Process for preparing microfibrillated cellulose Herrick Franklin W 1984 37 [99]
Taabaku Arubin F, Sunaidaa Furetsudo
JP56100801A Microfibrous cellulose and its manufacture U, Sandobaagu Karen R / Sandberg 1981 36 [104]
Karen R, Snyder Fred W, Turbak Albin F
US4341807A Food products containing microfibrillated Turbak Albin F, Snyder Fred W, 1982 3 [93]
cellulose Sandberg Karen R
US4483743A Microfibrillated cellulose Turbak Albin F, Snyder Fred W, 1984 32 [101]
Sandberg Karen R
US4378381A Suspensions containing microfibrillated cellulose Turbak Albin F, Snyder Fred W, 1983 30 [95]
Sandberg Karen R
EP120471A2 Redispersable microfibrillated cellulose Herrick, Franklin W 1984 25 [105]
GB2066145A Microfibrillated cellulose Sandberg Karen R, Synder Fred W, 1981 24 [106]
Turbak Albin F
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The discovery of Turbak and co-workers received much
attention in the following years, and both scientific articles
and published patents evidenced a huge rise. MFC is now a
commercial product available from various companies such
as Daicel (Japan), Rettenmaier (Germany), Innventia AB
(Sweden), UPM Kymmene and VTT (Finland), Borregaard
(Norway) [6, 13]. Fig. (7) illustrates the evolution of the
number of annual patents published on microfibrillated cel-
lulose since it was first produced. The total number of pat-
ents found by the search performed was 252 (without their
families). Descriptors used were chosen from specialized
academic reviews and articles on the topic and by inspection
of specific patent vocabulary, and are included below the
figure.

50
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Fig. (7). Evolution of the annual number of patents on microfibril-
lated cellulose since 1981. Descriptors: microfibrillated cellulose,
microfibrillar cellulose, microfibrilized cellulose, nanofibrillated
cellulose, nanofibrillar cellulose, micro-fibrillated cellulose, mi-
cro:fibrillated cellulose.

As it happened in Fig. (1) (when all descriptors used
throughout the years to refer to particles produced by acid
hydrolysis of cellulose were included in the search), Fig. (7)
also shows the presence of two maxima: one in the early
eighties, and the second one in recent years. While in Fig. (1)
the analysis carried out in the previous section demonstrated
that the profile observed was the result of two different tech-
nologies dealing with acid hydrolysis of cellulose substrates;
in the case of microfibrillated cellulose the profile shown in
Fig. (7) can be attributed to two different moments of history
in which MFC technology received much attention. The first
one took place in the middle eighties, when Turbak and co-
workers published a huge number of patents in only a few
years. The Japanese company Daicel became also very active
in patent publishing during the early eighties, when they pat-
ented a number MFC applications, such as water absorptive
sheet usable in houses and buildings which comprises a sur-
face layer of MFC on base sheet [107]; a fertilizer granula-
tion in which MFC provides improved moisture absorbabil-
ity, good drying and granulating operabilities [108]; a solid
fuel composition with excellent ignitability and combustibil-
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ity and evolving no odor during combustion (claimed) by
addition an aqueous MFC suspension to a raw carbon pow-
der [109]; composition for multilayer coating with decora-
tive pattern purpose in which MFC addition to base coating
enhances sprayability [110]; water-color paints with short-
ened tack-free time capable of giving a uniformly colored
surface without shading by incorporation of MFC to conven-
tional water-color paint [111]; fluid retorted food (e.g. soup)
with addition of MFC to maintain stable viscosity during
pasteurization [112]; seasonings comprising MFC to provide
thixotropy and dispersion stability [113]; sweet bean jam
comprising MFC for improved texture [114]; paper with
increased strength by addition of MFC to pulp slurry [115]; a
method for measuring cellulase activity easily with a high
sensitivity by using MFC as substrate [116]; preparation of a
highly active immobilized biocatalyst by using MFC having
a large surface area as a carrier [117]; shape-retaining denti-
frice including cellulose microfibrils [118], etc.

The second rise in patents publication shown in Fig. (7)
starts in the second half of last decade, triggered by the
worldwide interest in nanotechnology and also probably be-
cause protection set by most patents of the eighties had fin-
ished. In the last five years the number of patents published
accumulated nearly 45% of the total number of patents pub-
lished on the topic, with 2010 and 2011 being the most pro-
lific years. The profile observed suggests that MFC technol-
ogy will continue increasing in the next years.

Patents on MFC published during the last two decades
include clinical examination and filter papers in which po-
rous calcium phosphate-based material is bonded with mi-
crofibrillated cellulose [119], acoustic diaphragm comprising
a web of MFC [120], burn control wrappers for smoking
articles e.g. cigarettes comprising conventional paper wrap-
pers with region(s) of MFC bonded on [121], polyester paper
having excellent strength and water-resistance and free from
strike-through of ink useful as integer material for houses
and cars prepared from polyester fiber, polyester binder and
MFC [122], separator for alkaline secondary cells that com-
prises polyolefin fiber unwoven cloth containing MFC which
imparts improved hydrophilic properties [123], manufacture
of absorbent sheet for use as nappy for adults and children
[124], supplement materials for compost production contain-
ing specific amounts of MFC with controlled particle size
which are claimed to provide excellent air permeability and
shape retention [125], sheet-like absorber for female sanitary
products comprising an absorption layer with a preset
amount of fibrillated cellulose and water absorbing resin
[126], pack agent for cosmetics which contains polyvinyl
alcohol and MFC as essential component and is claimed to
have excellent film forming-ability and appropriate rate of
drying and to be easily peel-able [127], composite material
for resin composition used for motor vehicle component ob-
tained by coating polylactic acid on the surface of MFC
[128], diagnostic test device for e.g. pregnancy test or for
diagnosing gluose meters for diabetics, which has different
zones with respective reagents which react with the sample
[129], optical components such as lens and prism which have
a reflective surface with metal thin film and nanocomposite
obtained by impregnating synthetic resin into MFC [130],
resin composite materials used for forming molded products
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in which surface-treated MFC is used as reinforcement base
material [131], polyphenol-containing composition useful in
food and beverages for suppressing hypertension prepared
by contacting a polyphenol containing solution with MFC
[132], layered mechano-active material for packaging appli-
cations which comprises a layer MFC and whose extension
is anisotropically controllable by heat and/or moisture [133],
separator for electrochemical element which is claimed to be
superior in heat resistance, favorable in handling, and small
in pore diameter, obtained by filling the interspaces of a fiber
matrix with aluminium oxides and MFC [134], film substrate
used for flexible display apparatus comprising gas barrier
layer provided on film support body which contains MFC
[135], reflective mirror for solar thermal power generation
system which made of microfibrillated cellulose resin pro-
vided on metal film for reflecting sunlight [136], fiber cord
used as reinforcing cord of pneumatic radial tire obtained by
coating fiber cord with adhesive agent, latex rubber and
MFC [137], barrier layer useful for packaging a container
[138], carbon-fiber-reinforced composite material useful in
brake material and motor vehicle which contains carbonized
MFC [139], cement mixture containing MFC useful for the
production of a cementitious composition such as concrete,
self compacting concrete, mortar, grout or injection grout,
used as construction element, rheology modifier or segrega-
tion control [140], strong nanopapers with good thermal sta-
bility, high storage modulus, high oxygen gas-barrier proper-
ties, high strength and cracking resistance (claimed) useful
as e.g. filter paper which comprise MFC nanofibers, a water
soluble crosslinker and layered clay [141], paper or paper-
board substrate having barrier properties for producing pack-
age used as food or liquid package, which comprises a first
fiber based layer, a second layer comprising MFC, and a
third layer comprising a polymer [142], rheology modifying
agent and sealing agent which comprises nanofibrillar cellu-
lose useful for oilfield applications [143], wound dressing
useful for wound healing at hemorrhaging wound site which
comprises MFC having defined particle size with elevated
free radical level [144], composition useful for providing a
barrier to a permeable substrate which comprises MFC, par-
tially hydrolyzed vinyl acetate polymer and at least one ani-
onic polymer [145], vehicle panel useful as e.g. automotive
panel and door panel which comprises a naturally-sourced
composite with MFC as strengthening agent[146], etc. Di-
verse methods for the preparation of microfibrillated cellu-
lose have been patented including e.g. the obtention of ultra
microfibrillated cellulose for coated and dyed paper by pass-
ing pulp slurry through whetstone plate fitting apparatus and
ultra-micronising using high pressure homogenizer [147],
method of producing MFC which involves treating a slurry
containing pulp with a disc refiner to obtain MFC having
preset average fiber length [148], preparation of unbleached
microfibrillar cellulose by treating polysaccharide in aqueous
suspension comprising an oxidant such as hydrogen peroxide
and transition metal such as iron and mechanically delamina-
ting the polysaccharide [149], treatment of chemical pulp for
manufacture of MFC for use in e.g. food or cosmetic prod-
ucts, involves treating refined hemicellulose containing pulp
with wood degrading enzyme(s) and homogenizing [150],
production of MFC by passing a suspension of cellulose and
a solvent through an orifice such that the said suspension is
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subjected to a pressure drop which has a maximum value of
100 MPa [151], treating cellulosic fibers of kraft pulp to
produce MFC by mechanically pre-treating fibers of kraft
pulp by shredding or refining, and treating fibers with en-
zyme such as cellulose [152], and production of MFC by
providing a slurry comprising fibers, adding the slurry to
extruder and treating the slurry in the extruder so that the
fibers are defibrillated [153]. Methods on the drying of MFC
have also been patented including e.g. the partially freezing
of MFC followed by drying by use of a cold moving gas
stream, which is claimed to enhance product quality and ca-
pacity in a cost effective manner [154]: and the atomization
of an aqueous suspension of cellulose nanofibrils which is
later introduced into a drying chamber [155]. According to
IPC classification the technological areas to which most
MFC patents pertain are production of cellulose by removing
non-cellulose substances/after-treatment of cellulose pulp,
e.g. of wood pulp, or cotton linters (D21C9/00A); impreg-
nating or coating of paper and treatment of finished pa-
per/pulp or paper comprising cellulose or lignocellulose fi-
bers of natural origin (D21H11/00); compositions of cellu-
lose, modified cellulose, or cellulose derivatives (C08L1/00);
and absorbent pads, e.g. sanitary towels, swabs or tampons
for external or internal application to the body (A61F13/15).
Table 4 summarizes the ten most cited patents found for the
search performed for MFC. By including the patents families
the total number of patents covered by the raised from 252 to
701 documents.

Table 4 illustrates the relatively high number of citations
received by some documents, which implies that they have
had a significant influence on several later developments.
The importance of the documents patented during the eight-
ies by the International Telephone and Telegraph Corpora-
tion (ITT) with Turbak, Snyder and Sandberg or Herrick, is
illustrated. The mentioned Japanese company Daicel also
appears with a highly referenced patent of the middle eight-
ies. It is worth noting the relatively high number of citations
of the patent from Hercules Inc published in the year 2000,
considering that this document appeared nearly twenty years
later than documents by Turbak et al.

Fig. (8) shows the most prolific assignees of microfibril-
lated cellulose patents in terms of the total number of patents
they own. The analysis was performed considering all pat-
ents included in Fig. (7) (irrespectively of their number of
citations). Fig. (8) illustrates the importance of the Japanese
company Daicel Chemical Industries which is engaged in the
manufacture of cellulose and organic synthesis products,
including acetate tow for cigarette filters, carboxymethyl
cellulose, cellulose acetate, hydroxyethyl cellulose and mi-
crofibrillated. The analysis of annual patent applications of
Daicel evidence the permanent interest of the company on
MFC since the early eighties until these days (data not
shown). Other prolific assignees are Stora Enso Oyg which
is an integrated paper, packaging and forest products com-
pany headquartered in Helsinki (Finland) which in the year
2011 published seven new patents; Akzo Nobel which is
engaged in the production of paints, coatings, and specialty
chemicals; and UPM-Kymmene Corporation which is one of
the leading European manufacturers of integrated paper and
forest based products, also headquartered in Helsinki.
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Table4. Most Cited Patents on MFC
Publication Reference Title Assignee Inventors Publication Citations Ref.
Number Year
US4374702A Microfibrillated cellulose Int Telephone & Telegraph | Turbak Albin F, Snyder 1983 78 [94]
Corp Fred W, Sandberg Karen R
USA500546A Stfspen.su?ns containing Deut ITT Ind Gmbh, Itt Ind Turbak Albin F, Snyder 1985 59 [103]
microfibrillated cellulose Inc Fred W, Sandberg Karen R
US4481076A Redispersible microfibril- Deut ITTInd Gmbh Herrick Franklin W 1984 50 [100]
lated cellulose
Smoking article wrapper for Baldwin Sheryl D, Gautam
US5417228A controlling burn rate and Philip Morris Inc, Philip Navin, Houghton Kenneth S, 1995 41 [156]
. Morris Prod Inc Rogers Robert M, Ryder
method for making same 8
Judith L
Smoking article wrapper for Baldwin Sheryl D, Gautam
US5263999A controlling burn rate and Philip Morris Inc, Philip Navin, Houghton Kenneth S, 1993 40 [157]
. Morris Prod Inc Rogers Robert M, Ryder
method for making same 8
Judith L
US4481077A Proc.es§ for preparing mi- Int Telephone & Telegraph Herrick Franklin W 1984 37 [99]
crofibrillated cellulose Corp
Microfibrillated cellulose Gen Sucriere Sa, Saint-Louis zleﬁ?dVEi“;zﬂelt:i’cf\Z?gy
US5964983A and method for preparing a ' V19 R 1999 37 [158]
. - Sucre Sa Maureaux Alain, Vincent
microfibrillated cellulose
Isabelle
Taabaku Arubin F, Sunaidaa
L Furetsudo U, Sandobaagu
JP56100801A :\:'S'T\;I(::E;ngu;e””'ose and 1 ind nc Karen R / Sandberg Karen R, 1981 36 [104]
Snyder Fred W, Turbak
Albin F
US4659388A Additive composition for Daicel Chem Ind Lid Innami Satoshi, Fukui Yoshi- 1987 36 [159]
foods or drugs taka
US4341807A qud p.roc.iucts containing Deut ITT Ind Gmbh, ITTInd | Turbak Albin F, Snyder Fred 1982 31 [93]
microfibrillated cellulose Inc W, Sandberg Karen R
Cash Mary Jean, Chan Anita
N, Conner Herbert Thomp-
- S son, Cowan Patrick Joseph,
02000047628 Derivatized Mlcroflbrlllar Hercules Inc Gelman Robert Alan, 2000 33 [160]
A2 Polysaccharide . .
Lusvardi Kate Marritt,
Thompson Samuel Anthony,
Tise Frank Peine

Contrarily to cellulose nanocrystals patents, MFC patents
are mainly owned by companies and not by universities or
public institutions, which correlates with the higher extent of
application of the technology and the market development of
MFC. The presence of individual applicants or universities
in the field of MFC is scarce. It is worth noting that there are
a number of other competitors with own one, two or three
patents, which have not been included in Fig. (8). In refer-
ence to MFC patent inventors, the main contributor has been
Isto Heiskanen from Stora Enso.

The manufacture of MFC is now generally performed by
refining plus high pressure homogenization [6]. However,
production of MFC solely by shear forces requires multiple

passes through the homogenizer and thus high energy input.
Moreover, the process is prohibitively unstable as the con-
strictions chambers of the homogenizer quickly become
blocked [16]. Then, in the last years an important topic in
MFC research has been the development of pretreatments
capable of reducing the energy demand of the later mechani-
cal fibrillation process. In this context, in 2006 Saito and co-
workers reported a novel way of introducing charged car-
boxylate groups into cellulosic materials which facilitated
disintegration into microfibrils with smaller widths, and by
using a much lower energy input than traditional pure me-
chanical treatment [18]. The approach involved oxidation of
never-dried native celluloses (bleached sulfite wood pulp,
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cotton, tunicin, and bacterial cellulose) mediated by the
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical, fol-
lowed by a homogenizing mechanical treatment. The result-
ing product consisted in long individual microfibrils which
yielded transparent and highly viscous suspensions [18].
Upon TEMPO oxidation the accessible primary hydroxyls
on the surface of the microfibrils become modified with ani-
onic carboxylate groups, which resulted in repulsion between
nanofibers that eased fibrillation.
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Fig. (8). Main MFC patent owners. Descriptors used are the same
as those used in Figure 7.
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Meanwhile, Padkko et al. (2007) and Henriksson et al.,
(2007) proposed a novel method for the production of MFC
which combines enzymatic hydrolysis and mechanical shear-
ing [16, 17]. Authors demonstrated that a combination of
high pressure shear forces and mild enzymatic hydrolysis is
an efficient method to prepare MFC with well-controlled
nanosized diameters. The enzymes used are monocomponent
endoglucanases, which are a class of cellulases which prefer-
entially hydrolyze unordered regions of cellulose. Enzyme-
treatment was found to facilitate disintegration, and the MFC
nanofibers produced also showed higher average molar mass
and larger aspect ratio than nanofibers pretreated with HCI
(even at what the authors called mild conditions) [17]. Fur-
thermore, it was demonstrated that small additions of the
monocomponent endoglucanase prevented the blocking of
the homogenizer [16]. The process is considered environmen-
tally friendly since no solvent or harsh chemical reactants are
used, and important energy input reductions are achieved.

Figs (9a and 9b) illustrate the patent publishing trends of
the described oxidation and enzymatic pretreatments, respec-
tively. The total number of patents retrieved by the search
performed for oxidation was 30, whereas 17 patents dealing
with cellulose-degrading enzyme pretreatment were found.
Descriptors used to perform the search were chosen based on
scientific articles on the topic and are included below the
figure.

Fig. (9a) illustrates the evolution of the n-oxyl oxidation
technology, which since its introduction in the year 2008 has
experienced an exponential increase in new patent applica-
tions. From the profile shown in Fig. (9a), the oxidation
technology appears as an emergent one which will continue
growing in the next years.
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Fig. (9). Evolution of the annual number of patents on pretreatments devoted to ease fibrillation of MFC. (a) Oxidation technology patents;
(b) Enzymatic pretreatment patents. Descriptors used for oxidation search: (cellulose microfibril/s, cellulose nanofiber/s, cellulose nanofi-
bril/s, nanocellulose/s, microfibrillated cellulose, microfibrillar cellulose, nanofibrillated cellulose, nanofibrillar cellulose, microfibrilized
cellulose, micro-fibrillated cellulose, micro:fibrillated cellulose) and (TEMPO, n-oxyl, 2,2,6,6-tetramethylpiperidine-1-oxyl). Descriptors
used for enzymatic search: (cellulose microfibril/s, cellulose nanofiber/s, cellulose nanofibril/s, nanocellulose/s, microfibrillated cellulose,
microfibrillar cellulose, nanofibrillated cellulose, nanofibrillar cellulose, microfibrilized cellulose, micro-fibrillated cellulose, mi-
cro:fibrillated cellulose) and (cellulase/s, enzyme/s, enzymatic, endoglucanase/s) followed by manual refining.
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Table 5 shows the ten patents on oxidation-mediated cel-
lulose microfibrils that have received more citations. By in-
cluding the patents families the total number of patents cov-
ered by the search raised from 30 to 73. The Japanese patent
JP2008001728A “Fine cellulose fiber” invented by lIsogai
and co-workers and owned by Asahi Kasei Corp, is by far
the most cited document [161]. In the mentioned patent
(whose inventors are the authors of the first article on the
topic [18]), fine cellulose fibers are obtained by utilizing a
surface oxidization reaction of the cellulose by an N-oxyl
compound. The N-oxy compound is 2,2,6,6-tetramethyl-1-
piperidine N-oxyl; and the co-oxidation agent is hypohalous
acid or its salt, halous acid or its salt, perhalogen acid or its
salt, hydrogen peroxide and/or per-organic acid. The fine
cellulose fiber has a maximum fiber diameter of at most
1000 nm and a number-average fiber diameter of 2-150 nm,
has a part of hydroxy groups of the cellulose oxidized into at
least one functional group selected from the group consisting
of a carboxyl group and an aldehyde group, and has a cellu-
lose | type crystal structure. The dispersion of fine cellulose
fiber is obtained by dispersion processing, homomixer proc-
essing under high speed rotation, high voltage homogenizer
processing, super-high-voltage homogenizer processing,
ultrasonic distributed processing, beater processing, disc type
refiner processing, conical type refiner processing, double
disc type refiner processing and/or grinder processing [161].

Main assignees of the oxidation technology are shown in
Fig. (10). Only assignees with more than one patent have
been included. Data shown evidences the clear leadership of
the Nippon Seishi KK and Nippon Paper Industries Co. Ltd.,
both leaders of the Japanese pulp and paper business. Most
oxidation patents are owned by companies, which correlates
with the extent of technology application. In terms of patents
inventors, the most prolific belong to the Nippon Paper In-
dustries Co. Ltd., such as Shoichi Miyawaki, Shiho Katsu-
kawa and Yuko Iljima.

In reference to the action of cellulose-degrading enzymes
aimed at easing fibrillation of cellulose, Fig. (9b) evidences
the interest that this technology has received since it was
introduced in 2007. Although with a lower rate than oxida-
tion technology, the number of patents which use cellulases
to ease fibrillation evidences an important rise in the last 5
years. Most prolific years have been 2010 and 2011. As in
the case of oxidation, enzymatic pretreatments appear as an
emergent technology which will continue growing in the
next years. Table 6 shows the most cited patents on the topic
including all families.

Table 6 shows that patents on enzymatic pretreatments
applied to production of MFC have still only a few citations.
Most cited patents include “Method for the manufacturing of
microfibrillated cellulose” by Lindstrom et al. [171], and
“Method of producing and the use of microfibrillated paper”
by Henriksson et al. [172]. The first patent provides a
method for treatment of chemical pulp for the manufacturing
of microfibrillated cellulose comprising a) providing a hemi-
cellulose containing pulp, b) refining said pulp in at least one
step and treating said pulp with one or more wood degrading
enzymes at a relatively low enzyme dosage, and c) homoge-
nizing said pulp thus providing MFC [171]. The document
from Henriksson et al. deals with a method of producing a
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cellulose based paper that exhibits enhanced mechanical
properties. The method involves providing a suspension of
well dispersed modified cellulose at a low concentration.
The nanofibrils have been treated with enzymes and/or by
mechanical beating. The properties and the chemical struc-
ture of the paper make it suitable for in vivo applications
such as implant material [172].

Assignees of patents on enzymatic-mediated MFC are
shown in Fig. (11). As it is shown, the technology is still
concentrated in a scarce number of competitors (only ten
were found). The most prolific one is the Finnish pulp and
paper manufacturer Stora Enso Oyj, one of the world's larg-
est pulp and paper manufacturer in terms of production ca-
pacity. Another important competitor is the Swedish STFI-
Packforsk which in 2009 changed its name for INNVEN-
TIA, a customer oriented research company in pulp and pa-
permaking which started as a collective research institute.
Other main patent owners are the Japanese Nippon Paper
Industries Co. Ltd.; as well as the Swedish plant and forest
biotechnology company SweTree Technologies. Most pat-
ents are owned by companies, which correlates with the ex-
tent of technology application. In terms of patents inventors,
the most prolific ones have been Isto Heiskanen and Kaj
Backfolk from Stora Enso, and Lars Berglund (Sweden).

4.3. Bacterial Cellulose

Although cellulose source is generally associated with
plant biomass, it is now well-known that cellulose is also
produced by tunicates (sea squirts), some algae, amoebae,
fungi and bacteria. The bacteria-derived cellulose is of par-
ticular interest due to its light weight, high mechanical prop-
erties, non-toxicity, renewability, biodegradability, and high
chemical purity which avoids chemical treatments used in
plant-derived celluloses for the removal of hemicellulose and
lignin [178, 179]. Most important, microbial production of
cellulose represents a very attractive source of cellulose nan-
ofibers based on a variety of cheap carbon sources such as
agroindustrial residues and wastewaters.

Bacterial cellulose (BC) is produced as an extracellular
primary metabolite by bacteria belonging to the genera Ace-
tobacter, Agrobacterium, Alcaligenes, Pseudomonas, Rhizo-
bium, Aerobacter, Achromobacter, Azotobacter, Salmonella
or Sarcina [180, 181]. Its most efficient producers are gram-
negative acetic acid bacteria Acetobacter xylinum which has
been reclassified and included within the novel genus Glu-
conacetobcater, as G. xylinus [182, 183]. Culture is normally
carried out in static conditions at temperatures around 28-
30°C. The system initially becomes turbid and later on a
white pellicle appears on the surface of the fermentation ves-
sel. Since bacteria used are aerobic, cellulose pellicle is
formed only in the vicinity of the oxygen-rich air-liquid sur-
face, and it adopts its shape. Several reasons for the forma-
tion of the cellulose pellicle by bacteria have been proposed,
such as a mean of maintaining their position close to the sur-
face of culture solution [184], and also as a protective coat-
ing to guard bacteria from ultraviolet radiation [185], or from
enemies and heavy-metal ions whereas nutrients diffuse
easily along the pellicle [22]. It is believed that cellulose
molecules are synthesized in the interior of the cell and
spun out to form protofibrils of ca. 2-4 nm diameter, which
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Table5. Most Cited Patents on TEMPO Oxidation of Cellulose
Publication Reference Title Assignee Inventors Publication Citations Ref.
Number Year
Isogai Akira, Saito Tsugu-
JP2008001728A | Fine cellulose fiber Asahi Kasei KK yuki, Nishiyama Yoshiharu, 2008 24 [161]
Pataux Jean-Luc, Vignon
Michel.
Cellulose nanofiber and
i Sharp KK, Univ Tokyo, | i Akira,
WO2009069641A1 | Process for production arp. .n|v okyo sqgal ira . 2009 5 [162]
thereof, and cellulose nan- Isogai A, Saito T Saito Tsuguyuki
ofiber dispersion
Jujo Paper Co Ltd, Nippon Kawasaki Kentaro, Higata
Paper Ind Co Ltd, Nippon Tomohiro, Miyawaki
JP2009263850A Printing paper - Print sheet Seishi Kk , Abe H, lijima 'Y, | Shoichi, Katsukawa Shiho, 2009 3 [163]
Isogai A, Katsukawa S, Abe Yutaka, lijima Yuko,
Miyawaki S Isogai Akira
Process for production of Jujo Paper Co Ltd, Nippon
cellulose nanofiber, catalyst | Paper Ind Co Ltd, Nippon Miyawaki Shoichi, Katsu-
WO2009084566A1 | for oxidation of cellulose, Seishi Kk, Abe H, lijima Y, kawa Shiho, Abe Hiroshi, 2009 2 [164]
and method for oxidation of | Isogai A, Katsukawa S, lijima Yuko, Isogai Akira
cellulose Miyawaki S
Jujo Paper Co Ltd, Nippon
Additive for papermaking Paper Ind Co Ltd, Nippon Miyawaki Shoichi, Katsu-
W02009122982A1 | and paper containing the Seishi KK, Abe H, lijima Y, | kawa Shiho, Abe Hiroshi, 2009 2 [165]
same Isogai A, Katsukawa S, lijima Yuko, Isogai Akira
Miyawaki S
Method for oxidizing cellu- Jujo Paper Co Ltd, Nippon
lose, oxidation catalyst for Paper Ind Co Ltd, Nippon Miyawaki Shoichi, Katsu-
JP2009161613A cellulose, and method for Seishi KK, Abe H, lijima Y, | kawa Shiho, Abe Yutaka, 2009 1 [166]
producing cellulose nano- Isogai A, Katsukawa S, lijima Yuko, Isogai Akira
fiber Miyawaki S
Jujo Paper Co Ltd, Nippon
Additive for papermaking Paper Ind Co Ltd, Nippon Miyawaki Shoichi, Katsu-
JP2009263848A and paper containing the Seishi KK, Abe H, lijimaY, | kawa Shiho, Abe Yutaka, 2009 1 [167]
same Isogai A, Katsukawa S, lijima Yuko, Isogai Akira
Miyawaki S
Jujo Paper Co Ltd, Nippon Yamada Yoshitake, Oka-
Paper Ind Co Ltd, Nippon moto Tadashi, Miyawaki
Coated paper for gravure o - -
JP2009263854A rintin Seishi KK, Abe H, lijimaY, | Shoichi, Katsukawa Shiho, 2009 1 [168]
P 9 Isogai A, Katsukawa S, Abe Yutaka, lijima Yuko,
Miyawaki S Isogai Akira
Mi ki Shoichi, Katsu-
Method for manufacturing Nippon Paper Ind Co Ltd, |yawa.| otchi, Hatsu
JP2010235679A ) . . kawa Shiho, Abe Yutaka, 2010 1 [169]
cellulose nano-fiber Nippon Seishi KK o
lijima Yuko, Isogai Akira
Cellul fib -
efiuiose nanatiber com Endo Ryokei, Oishi Kimiko,
JP2010242063A pound polyvinyl alcohol- Kuraray Co Ltd 2010 1 [170]

based polymer composition

Yasushiro Hideki
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Table 6. Most Cited Patents on Enzymatic Pretreatments of MFC
Publication Reference Title Assignee Inventors Publication Citations Ref.
Number Year
Method for the manufactur- | Stfi-Packforsk Ab, Lind- . R
. P . . Lindstrdm Tom, Ankerfors
W02007091942A1 | ing of microfibrillated cellu- | strém Tom, Ankerfors Mi- . . 2007 3 [171]
. Mikael, Henriksson Gunnar
lose kael, Henriksson Gunnar
Method of producing and Henriksson Marielle,
US20100065236A1 | the use of microfibrillated n.a. Berglund Lars, Zhou Qi, 2010 3 [172]
paper Bulone Vincent
Cellulose nano-fiber and
- Forestry & Forest Products Shibuya Hajime, Hayashi
JP2008150719A | method for producing the y & o ! fouya FHayt yashi 2008 1 [173]
Research Institute Noriko
same
EP2196579A1 Methoq for producing mi- Borregaard Industries Lim- Wichmanr? J.ens-Uwe, 2010 1 [174]
crofibrillated cellulose ited Norge Haugen @ivind
Nippon Paper Industries Co.
Process for producing cellu Ltd., Miyawaki Shoichi, Miyawaki Shoichi, Katsu-
WO02010116826A1 lose nanofibF:ers 9 Katsukawa Shiho, Abe kawa Shiho, Abe Hiroshi, 2010 1 [175]
Hiroshi, lijima Yuko, Isogai | lijima Yuko, Isogai Akira
Akira
. - . Miyawaki Shoichi, Katsu-
P2010235679 | Method for manufacturing | Nippon Paper Industries Co | . - qing Ape Hiroshi, 2010 1 [176]
cellulose nano-fiber Ltd S
lijima Yuko, Isogai Akira
Aalto-Korkeakouluséatio Fi
. AL LA h g " | Jin Hua, Paakko Marjo,
WO02011001036AL | Liquid-repellent material Jin Hua, Paakko Marjo, IILkaI: ol R Robijn y 2011 1 [177]
Ikkala Olli, Ras Robin H. A. '

are crystallized into microfibrils, these into bundles and the
latter into ribbons [22, 35]. BC ribbons have been reported to
have a thickness of approximately 3-4nm, 70-100nm in
width, and 1-9um in length [22, 35]. Produced BC ribbons
form a dense reticulated structure stabilized by extensive
hydrogen bonding whose solid portion is less than 1%, and
the rest is water.

Besides the current interest in bacterial cellulose as bio-
material, BC obtained from coconut water has long been
known as the raw material of an indigenous dessert food of
South-East Asia called nata-de-coco. In 1886, A.J. Brown
reported for the first time the synthesis of an extracellular
gelatinous mat whose chemical composition and reactivity
was the same as cell-wall cellulose [186, 187]. In the second
half of the following century, Hestrin et al. and Colvin
(1957) made important advances in terms of cellulose pro-
duction by lyophilized cells and cell-free extracts of A.
xylinum using glucose as carbon source [188-190]. In the
mid- 1980s the remarkable mechanical properties of BC pel-
licles were reported by Iguchi and co-workers [24, 25], and
interest in microbial cellulose grew rapidly thereafter. In the
mid-1990s the use of BC for composite materials was re-
ported by several authors [26, 191]. In the following decade
the possibility of obtaining cellulose nanofibrils of high pu-
rity without high energy input as required for traditional
MFC preparation, brought a resurgence in this research area.

Fig. (12) illustrates the evolution of the number of annual
patents published on the field of bacterial cellulose during

the last thirty years. The total number of patents found by the
search performed was 815. Descriptors used were chosen
from specialized academic reviews and articles on the topic
and by inspection of specific patent vocabulary, and are in-
cluded below the figure.

The search performed showed that a patent on bacterial
cellulose was published as early as in the early fifties, when
bacterial cellulose was one of the substrates assayed in the
esterification of hydroxy-compounds by reacting with a
carboxylic acid in the presence of trifluoracetic anhydride
[192]. During the seventies, applications on membranes for
filtration and other separation processes such as dialysis and
ion exchange based on bacterially grown cellulose skins
were made; and pulp-based electrical insulation containing
bacterial cellulose for higher breakdown strength and lower
loss factor was patented [193]. Evolution of bacterial cellu-
lose technology since 1980 is shown in Fig. (12), in which
two maxima were found. The first one took place in the
years 1997-1998 and the second one in recent years. The
first noticeable rise in annual patents was surely triggered by
the discovery of the high mechanical properties of BC pelli-
cles [24, 25], and their subsequent use as reinforcement of
composite materials. Most patents of those years include BC
applications in paper reinforcement and acoustic membranes;
as well as optimization of cellulose cultivating conditions
(see next paragraph). The annual patents on bacterial cellu-
lose experienced an abrupt decrease in the following years; a
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tendency that was reverted by the year 2002 when interest in
BC technology experienced the beginning of a second rise,
which by the end of the decade accumulated nearly 50 % of
the total number of documents on microbial cellulose tech-
nology in only 5 years. Similarly to cellulose nanocrystals
and microfibrillated cellulose, the years 2010 and 2011 have
been the most prolifics in terms of patent applications, a
phenomenon which finds correlation with the increasing
worldwide interest on new outstanding properties shown by
nanoparticles. From the profile found, it can be inferred that
in next years the field will go on rising at a high rate.
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Published patents on microbial cellulose applications
include e.g. medicinal pads for topical application made of a
pellicle of microbially produced cellulose impregnated with
a physiologically acceptable liquid [194]; molded materials
of high dynamic strength formed from bacteria-produced
cellulose comprising ribbon-like microfibrils [195]; use of
bacterial cellulose as carrier for immobilizing biological ma-
terial such as cells, enzymes or biological active molecules
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[196]; microbially produced reticulated cellulose useful for
production of novel sheet materials [197]; glass fiber sheets
of high strength manufactured by forming an aqueous slurry
of glass fiber and BC [198]; oral plasters for treatment sto-
matitis or gingivitis comprising a supporting base made of
bacterial cellulose on which dermal absorption medicine are
set [199]; membrane filter for reverse osmosis comprising
bacterial cellulose which imparts high dynamic strength
[200]; speaker diaphragm having waterproof ability mainly
composed of esterified bacterial cellulose fiber [201]; use of
bacterial cellulose for binding cholesterol, e.g. in the diges-
tive tract and for providing a source of dietary fiber [202];
microcapsules with stable water retaining function for photo-
sensitive material containing in their core BC as water hold-
ing agent [203]; hydraulic fracturing fluids for recovery of
hydrocarbons containing proppant, gelling agent and bacte-
rial cellulose, in which the addition of relatively small quan-
tities of BC improve fracturing fluids rheological properties
and thus reduce pumping energy requirements [204]; hollow
microbial cellulose useful in novel artificial blood vessels
and in other medical material [205]; rubber compounded
composition with light weight and good strength by addition
of BC [206]; artificial soil composition that retains seeds and
holds water comprising bacterial cellulose and fertilizers
[207]; paper for wrapping prepared from pulp containing
bacterial cellulose which imparts high sheet denseness,
transparency, strength and barrier property [208]; edible ma-
terial comprising bacterial cellulose which improves viscos-
ity, fluidity and water-retentivity and texture of products
[209]; photocatalyst sheets used as filter member of air-
cleaner consisting of photocatalyst, absorbent, BC and co-
agulating agent [210]; high absorption composites such as
nappies and sanitary products for children and women [211];
preparation of shaped articles of microbial cellulose useful in
microsurgery by culturing microorganism between shape-
defining walls [212]; coagulant for water treatment such as
city water, sewage water and industrial waste liquid, based
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Fig. (12). Evolution of the annual number of patents on bacterial
cellulose. Descriptors: bacterial cellulose, bacteria cellulose, bacte-
rium cellulose, microbial cellulose, bacteria-produced cellulose,
bacterial nanocellulose.
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Table 7. Most Cited Patents on Bacterial Cellulose
Publication Reference Title Assignee Inventors Publication C_|ta- Ref.
Number Year tions
- . Johnson & Johnson Prod- . .
US4588400A Liquid loaded pad for medi- | ic'\yc “New Brunswick, | Rind David F, Nashed, 1986 123 [223]
cal applications NJ. US Wilson, Dow Thurman
: : Baldwin Sheryl D, Gautam
Smoking article wrapper for - . - ’
US5417228A controlling burn rate and E';'V'\'IpY'\(fr‘:("ﬁ\'(”cl‘J’gporated' g‘a;;”'et's"g%';?r? ,t;e';”eézr 1995 41 [224]
method for making same R + ROg Ry
Judith L.
Bacterial cellulose- Iguchi Masatoshi, Mihashi
containing molding material Agency of Ind Science & Shigenobu, Ichimura Kuni-
JP62036467A havin high mechz?nical Technol - Ajinomoto Co Inc | hiro, Yamanaka Shigeru, 1987 40 [224]
siren %h 9 - Sony Corp Watabe Otohiko, Nishi
Y Mio, Uryu Masaru
: : Baldwin Sheryl D, Gautam
Smoking article wrapper for - . - ’
US5263999A controlling burn rate and E';'V'\'IpY'\(fr‘:("ﬁ\'(”cl‘J’gporated' g‘a;e’;”'et's"g%';?r? ,t;e';”eé';r 1093 40 [225]
method for making same B 1 R0g 1Y
Judith L.
Sheeted products formed Johnson Donald C. Neogi
US4863565A from reticulated microbial Weyerhaeuser Company Amar N ' 9 1989 38 [226]
cellulose )
US5198399A Polymerization catalyst and Qu_antum Chemical Corpo- Hoff Raymond E, Cribbs 1993 38 [227]
method ration Leonard V.
" Iguchi Masatoshi, Mitsu-
Bacterial cellulose- ﬁjln?;notso Cognc., TOT hashi Shigenobu, Ichimura
containing molding material yo,JP - Sony Corporation, Kunihiro, Nishi Yoshio
US4742164A : - - Tokyo, JP - Agency of : ' 1988 31 [228]
having high dynamic Industrial Sci d Uryu Masaru, Yamanaka
strength ndustrial Science an Shigeru , Watanabe Kuni-
Technology, Tokyo, JP hiko '
Westland John A, Stephens
Bacterial cellulose binding Weyerhaeuser Company, R Scott, Johnston Jr. Wil-
US5207826A agent Tacoma, WA, US liam C, Rosenkrans Harold 1993 2 [229]
J.
Liquid loaded pad for medi- | Johnson & Johnson Prod- Ring David Francis, Nashed
GB2131701A cal applications ucts Inc(US-NEW),US Wilson, Dow Thurman 1984 28 [230]
Microbial polysaccharide Johnson & Johnson Prod- Ring David Erancis. Nashed
US4655758A articles and methods of ucts Inc., New Brunswick, ng ' 1987 28 [231]
. Wilson, Dow Thurman
production NJ, US
Microbial cellulose modi- Board of Regents the Uni-
US4942128A - . - versity of Texas System, Brown Jr. R. Malcolm 1990 28 [232]
fied during synthesis Austin. TX. US

on BC fiber and aluminum/iron hydroxide [213]; fuel cell
electrode comprising BC as support structure on which tran-
sition metal catalyst is disposed on [214]; scaffold useful for
inducing in vivo or ex vivo tissue formation [215]; thermally
low expandable optical-waveguide film for compact disks
[216]; honeycomb porous component used as support of cell
cultivation substrate comprising BC [217]; edible food pack-
aging films made of BC for e.g. processing, refreshing and
facilitating fruits and vegetables, meats and aquatic products
[218]; etc. Biomedical uses of BC have contributed at a high
extent to patents on BC, including e.g. transparent polymeric
composite material for use in osseous tissue support mate-
rial, blood vessel prosthesis, and artificial skin biomedical
material, made of BC membrane and poly(beta-hydroxyethyl
methacrylic acid) [219]; cartilage-like biomaterial designed
for reconstructive surgery comprising purified and modeled
BC [220]; implantable support material used for culturing
cells, maintaining and transporting viable cell sheets, in im-

plants for e.g. cornea repair, cartilage repair, connective tis-
sue repair and ligament repair [221]; bone cement useful in
tool for fixing bone for preventing infectious diseases and
infected fractures obtained by mixing bacterial cellulose
powder carrying a medicinal agent [222]; etc. According to
the IPC classification most BC patents correspond to fermen-
tation or enzyme-using processes to synthesize a desired
chemical compound or composition: polysaccharides
(C12P19/04); as well as to indexing scheme relating to mi-
croorganisms/Acetobacter (C12R1/02). Table 7 summarizes
the ten most cited patents on BC. By including the patents
families the total number of patents covered by the search
achieved 1762 documents.

Table 7 evidences the relevance of the American patent
US4588400A on "Liquid loaded pad for medical applica-
tions” invented by Ring and coworkers in the mid- eighties.
In the mentioned patent a medicinal pad for topical applica-
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Fig. (13). Main bacterial cellulose patent owners. Descriptors used are the same as those used in Fig. (12).

tion consisting of a pellicle of microbially produced cellulose
impregnated with a physiologically acceptable liquid is
claimed [223]. Other documents included in Table 7 also
have had a high number of citations, which implies that they
had a significant influence on several later developments.
Most of those technologies originated in the second half of
the nineties, when composite materials had their break-
through, and also when bacterial cellulose cultivation proc-
esses under different conditions and by use of a number of
different strains were developed.

Fig. (13) summarizes the most prolific owners in the field
of bacterial cellulose in terms of the total number of pat-
ents they own. The analysis was performed considering
all patents included in Fig. (12). It is illustrated that a great
part of bacterial cellulose technology is concentrated in three
main competitors, namely the Japanese Biopolymer Res: KK
-whose participation in the field of BC patents finished in
1999 (data not shown)-, the Chinese public University of
Donghua which was originally a single-discipline textile
institute; and Mitsubishi Paper Mills Ltd., a Japanese com-
pany involved in the production, processing, and sale of
pulp, paper, and photosensitive materials. Many prolific
competitors in the field are companies, which implies a high
extent of technology application. Public institutions are also
present in microbial cellulose field as it is the case of
Donghua University, followed by the University of Kyoto
(Japan), and the University of Hainan (China).

The analysis of the annual patents published by top as-
signees (data not shown) yields a profile with two maxima
that resembles the one shown in Fig. (12) for total annual
patents published on BC. Since the late eighties and till the
last years of last century, the technology developed by Aji-
nomoto KK, Mitsubishi Paper Mills Ltd Mitsubishi, and
Biopolymer Res: KK led to a high and continuously increas-
ing number of patents, which had its maximum (close to 20
patents per year) in the years 1997-1998. The annual patents
published by those companies experienced an abrupt de-

crease in the year 1999; and in the following years their par-
ticipation on BC technology development was only mar-
ginal. By 2006 no patents by those once huge competitors
were published, and the University of Donghua appeared as
the main competitor in the field with more than fifty patents
published in the last 6 years.

In terms of inventors, the most prolific one has been Ku-
nihiko Watanabe (China), most of whose patents are owned
by Bio Polymers: KK or Ajinomoto Co. Inc. Ajinomoto Co.
Inc. is a Japanese company which makes foodstuffs, bever-
ages, aspartame, amino and nucleic acids used in sweeteners,
and cosmetics.

CURRENT & FUTURE DEVELOPMENTS

Although discovered several decades ago, interest in
nanocellulose particles has experienced an outstanding rise
during the last decade [29, 33]. The previous is based in the
very attractive properties of nanocellulosics such as i.e. re-
newability, biodegradability, low density, high strength and
stiffness, low thermal expansion, and high aspect ratio.
Moreover, worldwide interest in nanotechnology and in the
new properties that nanomaterials may have, has also played
a role in the revived interest on nanocellulosic particles
[233]. In the current review cellulose nanocrystals, microfi-
brillated cellulose, and bacterial cellulose have all shown to
be technologies in which public institutions and companies
are focused on. Patent trends analyzed in terms of the num-
ber of documents published every year, demonstrate that the
years 2010 and 2011 have been the most prolific, and that
figures are expected to go on rising in the next years.

In terms of patents transfer, cellulose nanocrystals show
the lowest number of patents and their owners are mainly
universities and public institutions. The previous suggests
that nanowhiskers technology has not still been transferred to
the private sector. Contrarily, a number of well-known huge
companies are found among the assignees of microfibrillated
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cellulose and bacterial cellulose patents. Companies in-
volved in nanocellulose field come mainly from the pulp and
paper industry; and Japan, China, Canada, Finland, and
Sweden appear as the countries which are pushing the ad-
vance of nanocellulose technology.

There are still a number of challenges to be addressed in
nanocellulose technology which include e.g. reducing the
amount of harsh acids used in nanocrystals preparation and
finding easier recovery methods; and reducing the energy
input and clogging problems in MFC production [6, 236]. In
the case of MFC, oxidation and enzymatic pretreatments
appear as emerging technologies which will make mechani-
cal fibrillation a less demanding process. Microbially-
produced cellulose is shown as a very promising route for
the production nanocellulose, since fibers with nanosized
diameters and with no need of hemicellulose/lignin removal,
are relatively easily obtained. A challenge to address in bac-
terial cellulose technology is to find suitable carbon sources
that are cheap and that do not compete with food production.
In this context, agricultural residues may provide an interest-
ing opportunity for introducing high-added-value nanocellu-
lose technology in developing countries [178, 234, 235].
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