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ABSTRACT: Topochemical engineering is a method of designing the fractionation
(disassembly) and fabrication (assembly) of highly engineered functional materials using a
combination of molecular and supramolecular techniques. Cellulose is one of the naturally
occurring biopolymers, currently considered to be an important raw material for the design
and development of sustainable products and processes. This feature article deals with new
insights into how cellulose can be processed and functionalized using topochemical
engineering in order to create functional fibers, enhance biopolymer dissolution in water-
based solvents, and control the shaping of porous materials. Subsequently, topochemical
engineering of cellulose offers a variety of morphological structures such as highly
engineered fibers, functional cellulose beads, and reactive powders that find relevant
applications in pulp bleaching, enzyme and antimicrobial drug carriers, ion exchange resins,
photoluminescent materials, waterproof materials, fluorescent materials, flame retardants,

and template materials for inorganic synthesis. The topochemical engineering of

biopolymers and biohybrids is an exciting and emerging area of research that can boost
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the design of new bioproducts with novel functionalities and technological advancements for biobased industries.

B INTRODUCTION

Wood, one of the most abundant natural materials in this
world, has been used as a thermal energy resource, construction
material, and raw material for pulp fibers for the large-scale
production of paper. Recently, electronic materials revolu-
tionized the medium of communication and caused a reduced
usage of printing paper. However, new applications of pulp
fiber in personal care and packaging keep increasing with the
growing population and demands for a high-quality life. The
annual production of pulp exceeds 160 million tonnes, and
emerging trends in utilizing biomass in refineries for trans-
portation fuels and chemicals have caused forest industries to
expand their focus on pulp and biomass valorization.

Pulp is a lignocellulosic material containing cellulose fibers,
hemicelluloses, and lignin. Pulp fibers are extracted from wood
using mechanical, chemo-mechanical, and chemical methods
and are bleached prior to paper- and board-making
applications. Pulping and bleaching techniques have huge
influences on the quality of the resulting pulp, which gives rise
to a variety of pulp grades suitable for different purposes
depending on the residual amounts of lignin and hemicelluloses
present in the material. Mechanical and chemo-mechanical
fibers contain greater amounts of lignin and hemicelluloses than
do chemical pulps. All pulps contain anionic groups (AGs) that
are of high relevance to interfacial interactions with
polyelectrolytes and other cationic chemicals used in the
manufacture of fiber-based materials. The quantity of AGs on
fibers depends on the macromolecular properties and quantity
of hemicelluloses of wood raw material and the dissolution and
reaction of biopolymers during pulping and bleaching.’

Kraft and sulfite pulping are the dominant chemical pulping
techniques for the production of fibers. The bleaching of
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chemical pulp fibers is currently performed using elemental
chlorine free (ECF) or total chlorine free (TCF) sequences.
Fibers produced using a combination of Kraft pulping and ECF
bleaching dominate the market of chemical pulps and are used
in numerous applications including paper, packaging, tissue
products, and absorbent materials in diapers. Prehydrolysis
Kraft pulping or sulfite pulping combined with TCF bleaching
is used for the extensive removal of hemicellulose and lignin for
the production of pulps suitable for cellulose dissolution and
derivatization to cellulose products. For many years, cellulose
has been seen as a pulp and paper source material. However,
the scenario changed very fast due to the invention of potential
applications of cellulose fibers in thin films, textiles, and
personal care. These new concepts are the driving force in
studying its chemical and physical properties in order to
convert/value-add cellulose to novel applied materials.
Cellulose is a polysaccharide in which anhydroglucose units
are repeated. These units have primary hydroxyl groups at the
C6 position and secondary hydroxyl groups at the C2 and C3
positions. These hydroxyl functionalities pave the way to
modify cellulose chemically, for example, in the preparation of
cellulose esters and ethers. Oxidation is another modification
process in which the primary —OH groups at position C6 can
be oxidized to —COOH and secondary —OH groups at
positions C2 and C3 and to —CHO and —COOH.”” These
treatments are aimed to modify cellulose from neutral to
anionic or cationic, to change its hydrophilic nature to
hydrophobic character, and to increase its mechanical strength
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Figure 1. (a) Schemes for the synthesis of ionic xylan derivatives illustrated using an idealized xylan. (b) Sorption isotherm showing the amount of
xylan-4-[N,N,N-trimethylammonium ]butyrate chloride (XTMAB) per 100 mg of bleached pine Kraft pulp versus meq free representing the amount
of XTMAB still in solution after sorption. Reprinted from ref 12 with permission from Elsevier.

and chemical reactivity. Overall, cellulose has a unique
structure, which results in properties such as hydrophilicity,
crystallinity, multichirality, stereoregularity, thermal and
mechanical stability, biocompatibility, and sustainability. Our
current research focuses on the topochemical engineering of
cellulose into well-defined objects such as sponges, fibers, film
or sheets, and spherical beads having the desired geometry and
functionality. The challenge pertaining to these new morpho-
logical formations include the disassembly of inter/intra-
molecular hydrogen bonding in cellulose fibers to separate
them as independent cellulose molecules, the choice of solvents
and reagents, and the process of extrusion and drying. When
these new morphologies are functionalized or assembled with
applied molecules possessing the desired properties, they unveil
new surfaces and interfaces carrying targeted functionalities
suitable for a variety of functional material applications.

B TOPOCHEMICAL ENGINEERING OF CELLULOSE

A topochemical reaction is one in which both the nature and
properties of the products of the reaction are governed by the
three-dimensional topological environment of molecules or
atoms.” Photochemical reactions in organic crystals’ are
examples of topochemical reactions that have been extensively
studied by organic chemists. Langmuir also first noted the
kinetic consequences of reaction zones in a topological space’
(i.e., the rate of a topochemical reaction is not proportional to
the total amount of unreacted material but rather to the amount
of material present in the reaction zone). The field of
topochemistry is fascinating, and different definitions of
topochemical reactions have been suggested.” However, in
our view, the relevance of topochemistry has been overlooked
in many scientific fields and sometimes even confused with
surface engineering or supramolecular chemistry. Reactions in
three-dimensional confined spaces are extremely relevant to cell
metabolism, protein biosynthesis, and numerous biological
interactions and materials. Topochemistry influences the
structure—function relationship of natural and man-made
systems. Topochemical engineering, in our view, is a method
of directed assembly or directed disassembly of functional
materials. Directed assembly and disassembly are controlled via
the design of molecular and intermolecular interactions in a
topological space. The directed assembly uses electrostatic
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interactions, hydrogen bonding, hydrophobic interactions, or
solid-state cross-linking reactions of components to create
functional shapes and interfaces. The directed disassembly of a
component from a multicomponent system is designed on the
basis of the controlled cleavage of molecular and intermolecular
bonds and the formation of new molecular and intermolecular
interactions that enhance separation and selected fractionation.
This feature article focuses on the topochemical assembly of
functional cellulose fibers and the shaping of functional
cellulose beads. The degradation of fiber primary wall layers
to enhance cellulose dissolution in water-based solvents, the
removal of lignin to enhance the purification of cellulose, and
enzymatic hydrolysis to glucose are examples of the top-
ochemical disassembly presented here.

B TOPOCHEMICAL ENGINEERING OF FIBER
SURFACES WITH BIOMOLECULES

Cellulose fibers in their natural form are chemically inactive
with low reactivity for the modification of —OH groups under
multiphase conditions. However, fibers contain carboxyl groups
that are ionized in water and in combination with hydroxyl
groups form an excellent template for intermolecular
interactions such as electrostatic and hydrogen bonds. The
topochemical engineering of fiber surfaces is an attractive
strategy for large-scale application because it can be performed
in water using intermolecular interactions between fibers and
organic/inorganic molecules/complexes. Furthermore, this
approach can also be applied to make fibers more reactive for
subsequent processing steps, reducing processing time and
energy input. In addition, new functional bioproducts can be
designed and tuned with targeted properties.

B CELLULOSE FIBER SURFACES MODIFIED WITH
XYLAN BIOPOLYELECTROLYTES

Cellulose fiber surfaces can be treated with a hemicellulose
derivative in order to make them more reactive for chemical
conversions and other charged pulp applications. The
adsorption of hemicelluloses on pulp for fiber modification
was started in the early 1950s.°”'' However, the main
disadvantage of hemicelluloses was their laborious isolation
step followed by obtaining a homogeneous composite material
with cellulose. Alternatively, we used pressurized hot water for
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Figure 2. (a) Synthesis scheme for the preparation of cellulose fibers decorated with photoactive molecules (photofibers) and amino functional
groups (amino fibers) prepared from cellulose fibers decorated with azide functions (reactive fibers). Cu(II)-TBTA, Cu(II)-tris[ (1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]Jamine complex solution; AAc, ascorbic acid; TMA, triethylammonium acetate buffer. (b) Section (xy plane) of scanned xyz
volume of photofibers obtained with TPM (left). A 3D rendering of a cross-section of an individual fiber at the position marked as “ROI2” on the left
figure (right). The figures illustrate the dense labeling of the fibers and the preserved 3D shape during the activation and labeling. (c) Image of a
photofiber observed with an Olympus BX60 epi-fluorescence microscope at 10X (left) and 40X magnifications (right). Excitation filter, 330—38S
nm; dichroic mirror, 400 nm; and barrier filter, >420 nm. Reprinted from ref 19 with permission from Elsevier.
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Figure 3. (a) Graphical representation of the functionalizing cellulose with PEC. (b) Cellulose (3-carboxypropyl)trimethylammonium chloride ester
(CN"), carboxymethylxylan (CMX"), and xylan sulfate (XS~). (c) Sorption isotherms obtained from polyelectrolyte titrations of [CN*CMX"] (a
system composed of carboxymethylxylan (CMX"~) and cellulose(3-carboxypropyl)trimethylammonium chloride ester (CN*)), [CN*XS™] (a system
composed of xylan sulfate (XS7)), and CN™. S, amount of adsorbed charge (umol/g); C, equilibrium concentration in the solution (ymol/L).

Reprinted from ref 28 with permission from the American Chemical Society.

xylan extraction from birch wood. From xylan, a group of
hemicelluloses can be derivatized to carboxymethyl xylan
(CMX), xylan sulfate (XS), and xylan-4-[N,N,N-trimethyl-
ammonium] butyrate chloride (XTMAB) through functional
modification (Figure la). These new functionalities acted as
polyelectrolytes (PEs), and they were able to adsorb on
cellulose surfaces (pine Kraft pulp) due to their charge. The
adsorbed PEs were determined by wet chemical titrations. The
results suggested that the cellulose surface had more affinity for
the cationic xylan derivative (XTMAB) than for anionic
derivatives XS and CMX. The surface anionic groups (SAGs)
value calculated by XPS showed that the number of anionic

9859

groups at the pulp surface matched the maximum number of
cationic groups that could be adsorbed onto the fiber surfaces.
This revealed that the sorption of XTMAB onto the fiber
surfaces was mainly driven by electrostatic forces. Thus, charge
interactions overruled hydrogen bond interactions. The
adsorption of XTMAB followed the Langmuir model of the
sorption isotherm (Figure 1b). ToF-SIMS (time-of-flight
secondary ion mass spectrometry) imaging revealed that the
distribution of XTMAB was even on fiber surfaces, and thus
XTMAB turned out to be a efficient fiber-modifying agent.'”
Since XTMAB is renewable, it can be used as a biopolyelec-
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Table 1. Brightness Parameters on Bleached TMP with Different Surface Activators”

residual (kg/ton)

pH
sample initial final peroxide
unbleached (reference) 4.5 4.5
H,0, 114 9.0 142
TAED 113 8.2 241
SOA 11.5 8.2 2.58
LOA 10.7 7.4 1.14

“Reprinted from ref 38 with permission from Springer Nature.

alkali brightness % ISO whiteness % yellowness %
58.0 +£ 0.1 13+ 0.1 27.9 £ 0.1
0.01 65.6 + 0.1 19.1 £ 0.2 228 £ 0.1
0.02 66.9 + 0.2 22.6 + 0.2 21.6 + 0.1
0.02 67.1 £ 0.1 23.1 £ 0.2 214 £ 0.1
0.01 682 + 0.2 244 £ 03 21.3 £ 0.1

trolyte in pulp and papermaking processes to enhance the
mechanical strength and sustainability.

B REACTIVE FIBER INTERFACES USING
MULTIFUNCTIONAL CELLULOSE DERIVATIVES

Reactive fibers carrying special functional groups can be
obtained from various physical, chemical, and enzymatic
treatments. However, these treatments should not degrade
cellulose with the inherent loss of its mechanical proper-
ties."~'® The disadvantages with many other methods were the
elevated operating temperatures and uncontrolled assembly of
guest molecules on the fiber surface. To counter this, pulp
fibers were treated with novel water-soluble derivative of
cellulose in order to produce a charge-induced reactive interface
at room temperature. The ionic groups of the cellulose
derivative triggered the solubility in water and allowed
charge-mediated self-assembly. Here, a cellulosic —OH group
was converted to an azide functionality (a (3-carboxypropyl)-
trimethylammonium chloride ester of 6-deoxyazidocellulose)
and then this derivative underwent charge-directed self-
assembly on the bleached Kraft pine pulp fibers in an aqueous
environment at 25 °C. It was found that the cationic group of
Nj-cell” electrostatically attached to the anionic counterpart of
the pulp fibers and remained intact. Furthermore, these azide
groups were available for covalent bond formation with any
alkyne molecule in the presence of a transition-metal catalyst
(e.g,, Cu'") for cycloaddition. The (3-carboxypropyl)trimethyl-
ammonium chloride ester of 6-deoxyazidocellulose (Nj-cell*)-
decorated cellulose fibers was applied in the copper(I)-
catalyzed azide—alkyne Huisgen cycloaddition (CuAAc)
reaction (Figure 2a) to prove the reactivity, and the final
products were amino (—NH,) and photoactive cellulose
(Figure 2b,c). Nj-cell" was also prepared from an organic
solvent medium, and it was found to have no influence on the
surface morphology of the fibers."” These functionalized fibers
can be applied in the production of photoluminescent tapes
and labels for authentication purposes.

B BIOPOLYELECTROLYTE COMPLEXES FOR
ENGINEERING CELLULOSE FIBER SURFACES

Assembling novel polysaccharide derivatives functioning as
polyelectrolytes or polyelectrolyte complexes (PEC) on the
charge-directed sites of pulp fibers is another way of
functionalizing cellulose (Figure 3a). Previous studies focused
on adsorbing polysaccharide-based polyelectrol;lte multilayer
systems on pulp to improve paper quality.”’">" The present
study”® used never-dried bleached sulfate (Kraft) pine pulp as a
substrate and cellulose (3-carboxypropyl)trimethylammonium
chloride ester (CN¥), carboxymethyl xylan (CMX"), and xylan
sulfate (XS™) as assemblies or modifying agents (Figure 3b).
The assemblies were made by reacting CMX™ and XS~ with
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CN*, which in turn produced [CN*CMX™] and [CN*XS™]
complexes. These complexes were made to bind with anionic
cellulose fibers electrostatically for functional modification.
Thus, polycations acted as carriers for valuable polyanions.

The adsorption of a single polymer of high charge density,
CN* and PECs ([CN*CMX™], [CN*XS7]) on the pulp fibers
was determined by elemental analysis and electrochemical
titrations. The fibers treated with PECs (neutral) had double
the amount of adsorption compared to CN'-treated fibers.
Thus, it was evident that the higher charge density on CN*
lessened its adsorption, and it was sufficient for the
modification. However, these experiments showed that the
maximum amount of net charge developed on the fiber surface
was the same irrespective of the modifying agent used, proving
that the adsorption was purely electrostatic in nature (Figure
3c). The PECs were chemically stable during the course of the
time after the adsorption. The distribution of fiber-modifying
agents was measured by a surface-sensitive technique, ToF-
SIMS. The results revealed that the mechanical properties must
be different for the modified fibers on their charged interfaces
than for the unmodified fibers.”® The newly introduced charged
species on the fiber surfaces can be utilized in strengthening
paper, the immune detection of viruses, organic syntheses, ion
exchange resins, and charge transfer reactions.

B TOPOCHEMICAL ACTIVATION OF PULP FIBERS
PRIOR TO BLEACHING

The activation of the cellulose surface by the employment of
precursors such as peracids of mono and disaccharides before
peroxide bleaching was a new attempt where these activators
promoted high brightness and whiteness in mechanical pulps.
Activators used were weak acid esters and a weak base such as
lactose octaacetate (LOA, colloidal particles, and low water
solubility), sucrose octaacetate (SOA, partially soluble in
water), and tetraacetylethylenediamine (TAED, water-soluble).
TAED was the first reported activator in hydrogen peroxide
bleaching for enhanced laundry performance and was later
applied in mechanical and chemical pulps.””~*” The mechanism
behind the activators was that they generate active oxygen from
hydrogen peroxide (the bleaching agent) via peroxyacid
intermediates. These peroxyacid anions were formed in situ
by the hydrolysis of esters or amides. The activators introduced
carboxylic and amino groups to the fiber surfaces at different
depths, yielding enhanced mechanical strength for the pulp.*®
The results showed that LOA was very effective in top-
ochemical activation even at low concentrations as the
brightness increased during bleaching and the surface coverage
of lignin was minimal (Table 1, Figure 4). The important
observation made here was that the aqueous solubility of the
activators negatively influences the surface specificity. This
pretreatment approach can be applied in pulp bleaching to
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Figure 4. ToF-SIMS positive mode image of the lignin distribution
before and after the bleaching of thermomechanical pulp (TMP) with
and without activators. The size of the images is 100 ym X 100 pm.
Reprinted from ref 38 with permission from Springer Nature.

achieve a reduced coverage of lignin on fibers and enhanced
brightness. The disadvantage with this method could be the
toxic wastes produced in the process, such as unreacted TAED
and H,0,.

B PHOTORESPONSIVE CELLULOSE FIBERS

Light responsive cellulose fibers were developed by incorporat-
ing novel biobased cellulose derivatives on the eucalyptus pulp
fibers. Light-induced chemical conversions such as cross-
linking, dissociation, or isomerization were previously reported
to cause changes in the physical properties of soft
materials.®”™"' In our work, cellulose was converted to its
multifunctional derivative in order to have both cationic and
photoactive groups.”” The cationic group introduced on the
maiden cellulose was (3-carboxypropyl)trimethylammonium
chloride ester moieties, and the photoactive groups were 2-[(4-
methyl-2-oxo-2H-chromen-7-yl)oxy]acetate substituents (Fig-
ure Sa,b, Table 2). The adsorption of cellulose derivative on the
pulp fibers was driven by electrostatic interaction and followed
the Freundlich model. Hydrophobic interactions leading to
multilayers were also suggested. When UV light was shined on
the modified material, there was fast photo-cross-linking as
measured by the change in the light absorption and
fluorescence of the pulp fibers. This type of light-controlled
cross-linking also increased mechanical properties such as the
tensile strength of the pulp fibers.*” Hence, these functionalized
fibers will find application in photoluminescent textiles, films,
composites, and absorbent substrates for personal care.

B PHOTOCONTROLLED FORMATION OF
FIBER-TO-FIBER BONDS USING POLYSACCHARIDE
DERIVATIVES

Directed assembly of polysaccharide derivatives such as
photoactive cationic cellulose on pulp fibers can lead to
changes in its mechanical properties, such as the tensile
strength of fiber networks and the stiffness of individual
fibers.”** These cationic cellulose derivatives underwent a (27
+ 2m) cycloaddition reaction under UV-light exposure (320
nm), leading to fast photo-cross-linking of the covalent bonds
between the photoactive groups. These groups were 2-[(4-
methyl-2-oxo-2H-chromen-7-yl)oxy]acetate (coumarin) and
(3-carboxypropyl)trimethylammonium chloride ester moieties.
These moieties adsorbed on the bleached eucalyptus Kraft pulp
surface via electrostatic interactions and in the presence of UV
light facilitated the creation of new fiber-to-fiber bonds (Figure
6a,b). Dynamic mechanical analysis (DMA) and Z-directional
tensile testing characterized the outcome of this fiber
modification. This testing revealed that there was an increase
in the unidirectional stiffness of fibers by 60% and in the
strength of the fiber network from 81 to 84%.** Thus, the
mechanical properties of both individual fibers and fiber
networks can be engineering to improve the performance in
smart packaging, composites, membranes, and tissue paper.

B FLUORESCENT CELLULOSE FIBERS

Polysaccharide materials exhibiting photoluminescence were
composed of pulp fibers under aqueous conditions in order to
make them fluoresce under given conditions. The poly-
saccharide derivative studied was N-(3-propanoic acid)- and
N-(4-butanoic acid)-1,8-naphthalimide esters of cellulose with
(3-carboxypropyl)trimethylammonium chloride cationic moi-
eties (Figure 7). The adsorption of a fluorescent multifunc-
tional cellulose derivative (FMCD) on the pulp fibers was
facilitated by an ion-exchange mechanism,* and it was also
dependent on the length of the aliphatic chain connecting the
naphthalimide group to cellulose fibers. When the aliphatic
chain length increased, the adsorption decreased as shown by
propanoic and butanoic naphthalimide moieties. The modified
material fluoresced in the dark and distinguished itself from the
reference unmodified fibers.

The light absorption measurements were carried out using a
UV—vis spectrometer in which reference fibers exhibited
absorption at 230 and 275 nm originating from residual
hexenuronic acid and lignin, whereas modified fibers showed
strong absorption at 340 nm which corresponded to the
naphthalimide chromophore. The fluorescent properties of the
modified fibers were studied using a spectrofluorimeter, and the
emission band at 393—398 nm was attributed to naphthali-
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Table 2. Adsorption Data of Photoactive Cationic Cellulose Derivatives (PCCDs) Treated with Langmuir and Freundlich

Equations”
adsorption model
Langmuir Freundlich
derivative 1 K R? R? n 1/n A
PCCD-1° 36.76 0.007 0.8980 0.9606 2.86 0.35 3.0
PCCD-2" 30.30 0.011 0.9478 0.9915 2.56 0.39 2.4

“Reprinted from ref 42 with permission from Elsevier. “The DS (degree of substitution) of the cationic group is 0.34, and the DS values of the
photoactive group are 0.11 and 0.37 for PCCD-1 and PCCD-2, respectively.

a

Fibrils

Figure 6. (a) Schematic drawing of the structure of the photoactive
cationic cellulose derivative and its interaction with pulp fibers. (b)
Visualization of the 27 + 27 cycloaddition reaction creating covalent
bonds between pulp fibers and along the fibrils of the fiber. Reprinted
from ref 44 with permission from John Wiley and Sons.

mides. Also, the modified fibers were scrutinized by epifluoro
microscopy under UV and white light exposure. In the case of
UV, the fibers were excited at 330—385 nm and the emitted
light was collected at A > 420 nm. The morphology and
microstructural elements looked similar in both lighting
environments (Figure 8a,b). Figure 8c showed the fluorescence
illumination of hand sheets made up of modified fibers
obtained from propanoic and butanoic naphthalimide moieties.
Though the butanoic naphthalimide moiety had lower
adsorption on the fibers compared than did the propanoic
counterpart, it showed a high degree of luminescence. The
fluorescent behavior of the modified fibers can be utilized for
identity or authenticity checks in packaging, fluorescent
labeling, and detector applications.”® A few other reports also
dealt with cellulose modification with the use of fluorescent
whitening agents (FWA) on the fibers to make them fluoresce,
but they suffered from a low affinity of FWA for the fiber.
Hence, Lt};ggf needed additional fixing agents/salts for that

purpose.
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Figure 7. Synthesis scheme of N-(3-propanoic acid)-1,8-naphthali-
mide and N-(4-butanoic acid)-1,8-naphthalimide esters of cellulose
and the corresponding mixed naphthalimide (3-carboxypropyl)tri-
methylammonium chloride esters of cellulose via in situ activation of
N-(3-propanoic acid)-1,8-naphthalimide, N-(4-butanoic acid)-1,8-
naphthalimide, and (3-carboxypropyl)trimethylammonium chloride*
with N,N-carbonyldiimidazole (CDI) in N,N-dimethylacetamide/LiCl
(DMA/LICl). Reprinted from ref 46 with permission from the
American Chemical Society.

0% 0.5% 1%

Figure 8. Visualization of fluorescent pulp fibers by an epifluorescence
microscope under UV light exposure (a) and white light (b). The
fibers were modified with Sb, and the dosage was 2% (w/w). N-(4-
Butanoic acid)-1,8-naphthalimide-(3-carboxypropyl)trimethyl-
ammonium chloride ester of cellulose (5b, DSphoto 0.22, DScat
0.33). (c) Picture of fiber hand-sheets under black light illumination.
The quadrates and the background are made of treated FMCDs and
reference fibers, respectively. N-(3-Propanoic acid)-1,8-naphthalimide-
(3-carboxypropyl)trimethylammonium chloride ester of cellulose (4a,
DSphoto 0.07, DScat 0.31) and N-(4-butanoic acid)-1,8-naphthal-
imide-(3-carboxypropyl)trimethylammonium chloride esters of cellu-
lose (5a, DSphoto 0.11, DScat0.32; 5b, DSphoto 0.22, DScat 0.33).
Reprinted from ref 46 with permission from the American Chemical

Society.

0.1% 3% 5%

B TOPOCHEMICAL IMMOBILIZATION OF ENZYMES
ON FIBER SURFACES

Cellulose fiber surfaces have been explored for the immobiliza-
tion of enzymes* because this could open up new possibilities
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Figure 9. (a) Enzyme activity shown by biocatalytic 673 fibers FG*. STED image of a biocatalytic fiber cross-section bearing free enzymes labeled
with Abberior STAR 635 (b) and the corresponding transmission image (c). Dye/enzyme ratio of 1.4. Picture dimensions: 32.53 ym X 32.53 ym (b,
c). Field emission scanning electron microscope (FESEM) pictures of the reference fibers (d, e) and the fibers obtained after chemical reaction
between the functional fibers (F), the immobilized enzymes (G*), and GA (f, g). All images are at 25K magnification. Reprinted from ref 50 with

permission from the American Chemical Society.

in bioprocessing systems employing renewable materials. The
glucose oxidase (G*) enzyme obtained from Aspergillus niger
was a cross-linked enzyme studied for its immobilization on
bleached Kraft pulp fibers containing amino groups (Figure 9a).
The amino groups were introduced into cellulose by derivatiz-
ing it to the (3-carboxypropyl)trimethylammonium chloride
ester of 6-deoxyazidocellulose first, followed by reacting it with
propargyl amine and the copper(Il)-tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methylJamine complex solution in the presence of
ascorbic acid. The reactants undergo a copper(I)-catalyzed
azide—alkyne Huisgen cycloaddition (CuAAc) reaction to form
amino-substituted fibers. The concentration of amino groups in
the amino fibers (Cyp, pmol/g of fibers) was calculated

according to

AV
Cay, = (&)(1 x 10°)
> ebm

(1)
where A g is the absorbance at 485 nm, V is the total volume of
the supernatant at pH 3 (L), € is the molar absorptivity (L
mol™" cm™") at 485 nm, b is the path length of the cuvette in
which the sample is contained (cm), and m is the mass of
amino fibers (g). In eq 1, the factor of 10° was used to convert
moles of amino groups per gram of amino fibers in mol/g.
These amino fibers subsequently attracted enzyme moieties
due to their charge-directed self-assembling behavior in the
presence of glutaraldehyde (GA).” Unmodified cellulose
without amino groups could attract only a very small quantity
of enzymes. These amino groups were suitable for anchoring
both original and cross-linked enzymes (Figure 9b—g). Thus,
these biocatalytic fibers (FG*) can be tuned and utilized to
immobilize a variety of enzymes for potential applications in

51,52
% There are

biotechnology, biosensors, and biomedicine.
several other types of enzyme immobilization on a support, but
in those works immobilization either was propelled by weak
van der Waals forces or required strong ionic interaction.
Sometimes these supports were detrimental, especially when

the loading of enzyme was high.
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B CELLULOSE—SHELLAC BIOCOMPOSITE FOR
REINFORCED FIBERS

Shellac is a polyester type of resin derived from polyhydro
carboxylic acids by intra- and intermolecular esterification. It is
used as a coating material as it adheres to many smooth
surfaces due to its hydroxyl acid groups. Shellac-coated material
surfaces provide a glossy look, UV resistance, and hardness.””>*
The presence of —OH and —COOH groups in this resin make
it suitable for synthesizing a composite with cellulose as its
—OH groups would form hydrogen bonds easily. In a typical
preparation, cellulose and shellac were mixed in a ratio of 1:2
with alcohol additives for 20 min and spread in a hot mold for
10 min followed by pressing and cooling. For the biocomposite,
refined cellulose fibers and cellulose acetate butyrate particles
were used for comparison. The refined fibers showed better
mechanical strength over cellulose derivative particles even
though they had a uniform dispersion. In addition, the coating
was better with the fibers as they possessed a great adhesion for
shellac, over cellulose particles. A cellulose—shellac composite
containing a low content of cellulose with a high concentration
of ethanol and poly(ethylene glycol) (PEG) additives, exhibited
high elasticity and a low Young’s modulus, whereas a high
content of cellulose with a low concentration of additives
showed high stress resistance and a high Young’s modulus (E).
PEG acted as a plasticizer and improved the interfacial
interaction between cellulose and shellac by its C—O—C- and
O—He-initiated dipolar interaction and hydrogen bonding. On
the basis of the characterization of cellulose—shellac compo-
sites, they can be classified from hard material (E = 1731 + 300
MPa) to soft (E = 040 + 10 MPa).>> These composite
materials will potentially find a place in reinforced fiber
applications such as building components, packaging, and
fabrics. The disadvantage associated with this material is that it
cannot be used in applications where the temperature is above
80 °C as shellac might start to melt if it is used in its dewaxed
form.
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Figure 10. (a) Schematic representation showing the formation of hybrid fibers. (b) XRD patterns of the pristine and modified fibers.*Peaks from
the copper sample holder (to be ignored). (c) Influence of pH on the water contact angle as demonstrated with SA-LDH-CEL hybrid fibers.

Reprinted from ref 62 with permission from Elsevier.

B TOPOCHEMICAL ENGINEERING OF FIBERS WITH
ORGANIC—INORGANIC HYBRIDS

Cellulose fiber surfaces and interfaces for chemical modification
and value addition can be carried out in a systematic way.
Hybridization is one such way in which inorganic clay minerals
are composed with organic cellulosic fibers.”® Layered double
hydroxide (LDH) is one such inorganic clay material having the
formula [M,_/"M,""(OH),]**[A,," -mH,0], where M" and
M" denote the divalent (Mg**, Fe**, Co*, Ni*, Cu®', Zn*,
etc.) and trivalent metal cations (Ti**, Cr®, Fe*', AI*, etc.).
A" is the intercalated anion (CO;>~, SO,*~, NO;~, CI7, etc.)
located in the hydrated galleries.”” " A layered double
hydroxide (LDH) is a class of ionic solids with a layered
structure in which cationic layers are interconnected through
anionic layers by the compensation of charge. The hybrid-
ization with organic moieties is mainly propelled by the charged
sites in the mineral structures.

B CELLULOSE MODIFICATION WITH LAYERED
DOUBLE HYDROXIDES

When pulp fibers were modified with LDH nanoparticles, the
LDH acted as a contact point on the fiber surface for the
incoming bleaching and brightening agents in the pulp process.
The functionalization of cellulose by LDH occurred as a result
of electrostatic interaction between metal cations of LDH and
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anionic cellulose groups. Haartman et al. have shown that LDH
can enhance the ISO brightness by up to 10% and decrease the
k number by 2 units in the Kraft pulp oxygen delignification
process. In addition, LDH increased the selectivity of oxygen
delignification, thus lignin removal was more efficient.
However, modified LDH composed of terephthalate anions
decreased the consumption of the hydrogen peroxide (H,0,)
bleaching agent and enhanced the opacity of fibers by 3 units in
the thermomechanical pulp (TMP). Moreover, the retention of
an optical brightening agent (OBA) was found to be improved
with LDH-modified pulp fibers.”” The mechanism of bleaching
was not clear, hence control over bleaching was quite
challenging. Otherwise, this modification increased the loading
of OBA on the fibers and protected the leaching of OBA into
wastewater. Thus, LDH-modified cellulose fibers can be applied
in the production of paper and cardboard having high
brightness.

B FIBER FUNCTIONALIZATION WITH
LDH-INTERFACED STEARIC ACID NANOHYBRIDS

Cellulose, being inherently hydrophilic in nature due to its
primary and secondary —OH groups, is prone to undergo
hybridization with inorganic solid-state materials having charge
centers by the same —OH functionalities. When cellulose was
hybridized with LDH, it not only improved the fiber quality in
terms of optical brightness but also acted as a linker/sandwich

DOI: 10.1021/acs.langmuir.7b04379
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material for anchoring other specialty guest molecules such as
fatty acids by the use of its leftover charges. Fatty acids are
carboxylic acids with long aliphatic chain having 4—28 carbons
derived from animal or vegetable fats.”’ Each of these long
carbon chains has a negatively polarizable functional group
which is susceptible to undergoing neutralization with
positively charged metal cations. The fatty acid-coated LDH—
cellulose hybrid fibers became oleophilic and hydrophobic in
character and thus changed cellulose’s hydrophilic nature in a
cost-effective and ecofriendly way. This unique property can be
extrapolated to a variety of other hydrophilic target materials to
produce various customized waterproof/oil-loving material
applications. Hence, this hybrid material will potentially lead
to innovations benefiting sustainable processes for hydro-
phobicity. This approach differed from previously reported
methods where hydrophobic organic moieties were directly
incorporated on cellulose to bring about hydrophobicity
without the use of any linker material, which was also achieved
only on regenerated cellulose. The LDH—cellulose hybrid
fibers (LDH—CEL) allows native cellulose fibers (natural pulp)
even in their wet state to undergo hydrophobization with
stearic acid (SA) right away (Figure 10).

The experimental data on the structural configuration/
mechanism revealed that cellulose and stearic acid self-
assembled on LDH through its cationic (brucite) layers on
either side to make SA—LDH—CEL, a hybrid composite
material. The negative charges obtained from cellulosic —OH
and stearic —COOH were attracted toward the positively
charged brucite layers of LDH particles via electrostatic
interaction by keeping the nonpolar aliphatic carbon chain
tailing out of the surface, which eventually introduced
hydrophobicity into pulp fibers. The XRD pattern showed
that stearic acid did not occupy (e.g,, an intercalated/anion-
exchanged carbonate anion) the interlayer galleries of LDH,
thus it anchored only on the brucite sites of LDH (Figure 10b).
The SA-LDH-CEL materials synthesized from varying
concentrations of LDH metal precursor and stearic acid
showed different degrees of hydrophobicity as identified from
water contact angle (CA) measurements. Also, water solutions
having different pH values were drop cast on SA-LDH-CEL
material to study the influence of pH on contact angle values
(Figure 10c) The SA-LDH-CEL composite material surpassed
all other materials that have been reported in the literature in
terms of its high water contact angle (150°) (directly
proportional to water repellence), which is a mandatory
requirement for the production of waterproof materials.”>

The idea of utilizing the charge centers of LDH can be
effectively materialized to conjugate hydrophobic fatty acid and
hydrophilic cellulose simultaneously. This produced an entirely
new kind of hybrid material which offered not only hydro-
phobicity but also superhydrophobicity to the cellulose
network. With the employment of LDH, a minimal amount
of a hydrophobic moiety led to a high order of hydrophobicity
in cellulose and reduced the processing time of about S days,
compared to that in other reported works.”> The development
of superhydrophobic cellulose material with LDH as the
interface can be extrapolated to incorporate long-chain fatty
acids such as palmitic, arachidic, and lignoceric acids (having
16, 20, and 24 carbons, respectively) to achieve the desired
tensile strength and water-repellence. This LDH-sandwiched
cellulose—stearic acid composite will find application in
waterproof packaging materials, films, oil adsorbents, and
cleaning sponges. The drawback for this material could come

9865

from its tensile strength, which was weaker than unmodified
cellulose fiber.

B IN SITU HYBRIDIZATION OF CELLULOSE FIBERS

BY LDH MATERIAL

Layered double hydroxides (LDH) were synthesized in the
presence of pulp fibers and behaved slightly different due to
their change in properties as the LDH crystal growth occurred
on the cellulose surface from its nascent state.””®* For this, pine
pulp was used as a substrate to grow Mg- and Al-containing
LDH in an aqueous medium. The growth was initiated by the
precipitation of Mg and Al precursor solutions under basic
conditions (pH >9). The nature of the base used to alter the
pH influenced the properties of LDH particles, causing a wide
range of sizes, from micrometer to submicrometer to
nanometer. The high and low super saturated solution (hss
and Iss) medium obtained by the use of sodium carbonate
yielded 100—200 and 70 nm respectively, whereas the use of
urea for pH adjustment caused an increase in particle size (2—5
um). Even though urea hydrolysis increased the fiber
densification, it decreased the fiber compliance by 50%. This
indicated that LDH formation happened not only outside but
inside the fiber walls as well. The choice of a basic medium also
affected the cellulose depolymerization in the order of urea >
Iss > hss. The charge centers on the fibers were quantified by
methylene blue (MB) and metanil yellow (MY) adsorption
measurements. The results suggested that LDH-hybridized
cellulose prepared from a low supersaturated solution medium
retains most of the original charge on cellulose and provided a
higher loading of anionic MY (10 pmol/g), indicating the
development of positive charge on LDH-modified cellulose
fibers. In the thermochemistry point of view, LDH incorpo-
ration into cellulose reduced its exothermic heat emitted,
making it suitable for flame retardant applications.® There
were few limitations pertaining to this method: (1) hss formed
LDH particles with low crystallinity; (2) the size of the LDH
particles was changed after synthetic hydrothermal treatment;
and (3) elevated temperature in urea hydrolysis produced very
large LDH particles due to cation migration in the crystalline
structure.

B FIRE-RESISTIVE CELLULOSIC FIBER FOAMS BY
NANOENGINEERING

Modified lightweight fibrous foam (IwFF) with various LDH
loadings was optimized under oxidative pyrolysis conditions,
and a 34% (w/w) LDH composition was found to be a fitting
candidate for flame resistance applications.””*® The nano-
engineering of hybridized cellulose foam was carried out under
urea alkalined in situ LDH nucleation conditions, producing
nanometer to micrometer-sized particles. This carbonate
(CO4*)-containing LDH nucleation was favored in the sites
of fibril and flake structures over fibers. These coprecipitated
LDH particles surrounded the cellulose fibers and protected it
from the external heat by reducing the rate of oxidation.
Thermogravimetric analysis showed that incorporation of LDH
into IwFF suppressed the ignition and the amount of
exothermic energy release. The oxidative pyrolysis experimental
results expressed that the amount of soot liberation and the
peak heat release rate (PHRR) were reduced. Thus, IwFF
contributed to a 60% reduction in the CO, formation rate.®’
Therefore, LDH offers an inexpensive and sustainable solution

in place of traditional polyphosphate or a halogen-based fire
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retardant, where the toxicity level is high and the smoke carries
heavy particulate matter. However, the material cannot be
reused without performing a reduction because the LDH gets
oxidized to a mixed metal oxide under the combustion
conditions.

B TOPOCHEMICAL ENGINEERING FOR BIOMASS
DECONSTRUCTION AND CELLULOSE
DISSOLUTION

Topochemical Pretreatment of Cellulose Fibers for
Sugar Production. Cellulose can be depolymerized to
produce mono- and disaccharides through enzymatic hydrol-
ysis. The rate of enzyme action was dependent upon the
chemical composition surrounding the cellulose fibers in wood
biomass because these protective layers inhibited the enzymatic
action on cellulose directly.”””" When the wood fibers were
treated with solvents such as hot water and ionic liquids, their
chemical composition changed due to the partial removal of
lignin. Surface coverage by lignin on the fiber surface slowed
down the hydrolysis of cellulose into a monosaccharide sugar
such as glucose.”” Hence, its removal by eco-friendly methods
was highly demanded for downstream/cut-down applications.
Ionic liquids (ILs) are a class of molten salts which can be used
as polar solvents to dissolve organic substrates. In this case, 1-
ethyl-3-methylimidazolium acetate (EmimAC) and 1-butyl-3-
methylimidazolium chloride (BmimCl) IL were used to treat
birch and pine wood. Also, hydrothermal or hydrotropic
methods were employed for lignin removal in separate
experiments followed by enzymatic hydrolysis.”” The results
suggested that a topochemical treatment using sodium xylene
sulfonate (SXS)—water solution removed lignin efficiently
whereas a hydrothermal method using hot water and ILs
showed no removal of lignin but ILs swelled the fiber and
subsequently increased its the surface area. Lignin removal by
the SXS—water system could increase the yield of glucose by up
to 80% after enzymatic hydrolysis of the birch wood fibers. This
result was achieved by the topochemical disassembly of lignin
from fiber surfaces and the exposure of cellulose to the
enzymatic reaction.

Topochemical Disassembly of Cellulose and Lignin
with Hydrotropes. Lignin is the most abundant natural
aromatic polymer, and its separation from cellulose from wood
was performed using topochemical extraction. Gabov and co-
workers extracted lignin from birch wood by an eco-friendly
method in which almost 67% of the lignin was recovered.”*
They adopted a modified hydrotropic method in which the
structure of lignin underwent significant changes such as an
increase in the number of phenolic hydroxyl groups and a
decrease in aliphatic hydroxyl functionalities. The modified
hydrotropic method employed formic acid and hydrogen
peroxide reagents in addition to hydrotropic agent sodium
xylenesulfonate for the breakdown of wood content at pH 3.5.
This method can be used to purify cellulose fibers from lignin
and change the properties of lignin.

Topochemical Pretreatment of Cellulose Fibers for
Dissolution in Water-Based Solvents. The dissolution of
cellulose using ecofriendly solvent systems is of high
importance due to the environmental impact. A water-based
solvent system such as NaOH—urea—water has been a most
desirable dissolution medium. However, this multisolvent
system requires energy-intensive pretreatments such as milling
and refining. To solve this problem, an inexpensive pretreat-
ment method was used in which an ethanol—hydrochloric acid

mixture was applied to pulp fibers at 65 °C to enhance the
disruption of the remnant primary wall fiber layer and decrease
the degree of polymerization.”® In forest product industries, raw
pulp fibers undergo hydrolysis under aqueous mineral acid
conditions to yield various biopolymers. Obtaining cellulose
polymer with the desired molecular weight is a challenge, and it
can be achieved by performing the controlled hydrolysis of
pulp. Trygg et al. demonstrated that the addition of ethanol
(0—96%) to an acid solution medium (pK, 10—4.7) can control
the level of depolymerization to a specific value. The presence
of ethanol in the acid solvent system preserved the cellulose
content at the original level with a decrease in the viscosity-
averaged degree of polymerization (DP,) (Figure 11), whereas
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Figure 11. DP, profile against ethanol concentrations on pulp fibers.

Reproduced by permission of the Romanian Academy Publishing
House, the owner of the publishing rights (ref 76).

the absence of ethanol decreased both DP, and the relative
cellulose content. In their observation, weak (organic) acid
treatment showed a much higher DP, as the outer cell wall
layers were still intact. On the contrary, strong (mineral) acids
caused a disruption in cell walls and reduced the DP, by 75—
80%.”° The removal of a remnant primary wall of fiber surfaces
significantly affected the mechanism of fiber dissolution in a
cellulose solvent (Figure 12).

Topochemical Engineering of Functional Cellulose
Beads. Cellulose obtained as chemical pulp fibers is usually
dissolved in complex multisolvent systems/reagents and then
converted to different physical forms such as films, fibers, and

Figure 12. Viscosity-average degree of polymerization (DP,) of
ethanol—acid-treated dissolving pulp at various temperatures as a
function of time.
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Table 3. Physical Properties of Beads Prepared from Three Different Conditions: T1, T2, and T3“

batch coagulation bath molarity and specific surface area
no. temperature (m? g'/bead)
T1 0.5 M, 25 °C 470
) 2 M, 25 °C 447
T3 2 M, 50 °C 381

“Reprinted from ref 86 with permission from Elsevier.

water swollen volume water swollen weight orosity
(mm®/bead) (mg/bead) % /bead)
11.2 14.1 93.6
149 17.0 93.8
172 17.8 94.7

particles. Beads are another form in which cellulose can be
processed as spheres with diameter ranging from micrometer to
millimeter. There are numerous ways to produce these beads
through chemical or physicochemical routes. Those methods
involve dissolution and regeneration, reagent treatment, flow
techniques, and milling equipment. Our approach has the
advantage of dissolving topochemically pretreated cellulose
fibers in water-based solutions and thus increasing the
application potential of beads for different biomaterials.
Moreover, the beads can be engineered by adding functional
groups or via the adsorption of new active groups on their
surfaces, facilitating applications across many fields for catalysis
and the chromatographic separation of biomolecules,”” drug
delivery,” bioconjugation, wastewater and radioactive waste
treatment,””*® blood purification, enzyme immobilization, and
the separation and filtration of heavy metals.*' ~*°

B MESOPOROUS NEUTRAL CELLULOSE BEADS FOR
DRUG ENTRAPMENT AND DELIVERY

Cellulose beads (CBs) carrying neutral charge were prepared
by dissolving pulp pretreated fibers in an environmentally
friendly solvent mixture of NaOH—H,O—urea followed by
precipitating it from a HNOj; solution under the following
conditions: T1 = 0.5 M/25 °C, T2 =2 M/25 °C, and T3 = 2
M/50 °C. The size (diameter) of the beads was 2 to 3 mm. The
concentration of the acid medium and the temperature
influenced physical parameters such as the porosity, diameter,
and specific surface area (Table 3). This change in parameters
influenced the drug loading capacity and release in real time
drug delivery applications.

Three water-soluble model drug molecules, namely, (a)
anhydrous theophylline (Thp), (b) riboflavin S-phosphate
sodium (RSP), and (c) lidocaine hydrochloride monohydrate
(LiHCI), were employed to evaluate the drug delivery
performance and in vitro toxicity properties of the cellulose
bead carrier material. The solubility levels of these drugs were
8, 112, and 147 mg/mL, respectively, in water. These drugs
were loaded into CBs prepared in various environments (T1,
T2, and T3) by immersing in 20 mg/mL RSP, 20 mg/mL
LiHC], and 4 mg/mL Thp under magnetic stirring for 24 h.
Furthermore, these beads were dried for at least 24 h at room
temperature until there was no water left inside the beads. The
size of the drug-loaded dried beads was around 1 mm.

Surface morphology investigations using scanning electron
microscopy revealed that the external morphology had no
significant difference for the drug-loaded and unloaded beads,
whereas the internal surface for loaded beads showed the
presence of drug against the unloaded beads (Figure 13). Thus,
drug molecules diffused into the pores of beads and were
absorbed. The higher the porosity and dissolution of the drug,
the higher the drug loading on the beads, as observed from
UV—vis spectra. The drug entrapment was determined
spectrophotometrically by crushing the beads mechanically
and soaking in a water solution for 24 h prior to measuring the

9867

Figure 13. Internal morphology of an unloaded bead (a) and a loaded
bead (L 20 T1 (LiHCl 20 mg/mL, condition T1) (b). Reprinted from
ref 86 with permission from Elsevier.

wavelength (4,,,,) at 267 nm (RSP), 218 nm (LiHCI), and 272
nm (Thp), respectively (Table 4). Cell viability experiments

Table 4. Drug Loading Shown as the Amount of Drug

Incorporated per Bead as Well as Drug Loading Presented as
a,b

the Mass Percentage™

loaded incorporated drug amount in  drug amount percentage per
beads one bead (mg) one dry bead (%§

T 4T3 0.072 + 0.002 5.0

T 4 T2 0.052 + 0.002 42

T 4 Tl 0.049 + 0.004 3.7

L 20 T3 0.396 + 0.032 27.3

L 20 T2 0333 £ 0.050 26,6

L 20 Tl 0313 + 0.052 23.3

L 4 T3 0.118 + 0.022 8.1

L 4 T2 0.095 + 0.036 7.6

L 4Tl 0.065 + 0.008 4.8

R 20 T3 0207 + 0.005 143

R 20 T2 0.163 + 0.015 13.0

R 20 TI 0.172 + 0.038 127

R 4 T3 0.081 + 0.005 5.6

R 4 T2 0.063 + 0.002 s.1

R 4 T1 0.068 + 0.002 5.0

“Average weights of a bead for T1, T2, and T3 beads are 1.35, 1.25,
and 1.45 mg, respectively. T.4, Thp 4 mg/mL; L.20 and L.4, LiHCI 20
and 4 mg/mL; R.20 and R.4, RSP 20 and 4 mg/mL. bReprinted from
ref 86 with permission from Elsevier.

were carried out to determine the compatibility of the carrier
cellulose material with the human epithelial cells. For this, a
mechanically crushed bead solution of 10 mg/mL in cell culture
medium was incubated, and then fluorescent signals were
measured. The results showed that the cellulose bead material
did not affect the cell viability under the given conditions and
the value stayed at 95% as against 100% for nontreated cells.
The in vitro drug release was measured using the USP paddle
method, where 4—20 beads dissolved in 500 mL of 0.1 N HCl
buffer (pH 1) at 37 + 0.5 °C. The resultant solution was
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checked for 4, and quantified. The dissolution data showed a
low solubility of RSP (2 mg/mL) in the chosen medium,
leading to a slower release of RSP from the beads compared to
Thp and LiHCI. The order of dissolution was LiHCl > Thp >
RSP, and it followed the same trend in releasing constant
values. This can be explained by the fact that the cellulose beads
irreversibly contracted and became rigid upon drying, causing a
tight matrix around encapsulated drug entities. Thus, the drug
delivery kinetics was highly dependent on the solubility of drug-
loaded carrier materials and the loading degree rather than how
these beads were prepared.”® This suggested that nascent
cellulose beads in their wet state can be applied straightaway for
drug encapsulation and delivery. However, these beads can be
used only for water-soluble drugs, which narrowed their
application.

B ANIONIC CELLULOSE BEADS FOR DRUG
ENCAPSULATION AND RELEASE

Neutral cellulose beads were first prepared from an ecofriendly
water-based solvent system, as there is a serious focus on
dissolving cellulose in an environmentally friendly way without
producing any toxic waste or byproducts.”’~*” Neutral cellulose
beads (Figure 14a) were formed by dissolving 5% cellulose
solution in 7% NaOH—-12% urea—H,O solvent followed by
dropwise extrusion using a 0.8 mm needle in 2 M HNO; at
room temperature.90
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Figure 14. (a) (Left) Cellulose beads prepared from a 5% cellulose—
7% NaOH—12% urea—water solution and coagulated in nitric acid and
(right) oxidized with Anelli’s reaction at 60 °C for 48 h. (Middle)
Beads after drying at room temperature. (b) Total anionic groups in
CBs oxidized for 2—48 h at 20—80 °C. Reprinted from ref 90 with
permission from Springer Nature.

These beads exhibited a high surface area with an ordered
pore network. Such morphology was highly beneficial for the
incorporation of drugs and its delivery. The shape and size of
the beads offered technological benefits over conventional
powders such as the improvement in flowability, the reduction
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of dust during processing, and the uniformity of the particle
size.

Drugs of any charge or without charge can be loaded on
cellulose beads for their applications in pharmaceutics. The
loading of water-soluble drugs was done by immersing these
beads under constant agitation for at least 24 h or until there
was no water residue remaining inside the beads. For charged
drugs, anionic groups (AG) were introduced on neutral
cellulose beads (CB) by a modified Anelli’s reaction at 20—
80 °C for 2—48 h. In detail, the beads were oxidized in TEMPO
(2,2,6,6-tetramethylpiperidin-1-oxyl) /NaClO,/NaClO (0.1/
10/1) with 1.2 moles of NaClO, for each anhydroglucose
unit (AGU). Oxidation at 80 °C vyielded a lower level of
anjonization, which resulted in hypochloric acid-induced
nonspecific oxidation instead of specific oxidation of the C6
hydroxyl group by the N-oxoammonium ion. This caused the
degradation of cellulose.”” The maximum amount of AG
introduced on CB was ~1850 umol g™' (corresponding to a
degree of substitution of 0.31) (Figure 14b). The amount of
AG on the oxidized cellulose beads (OCB) can be tailored as a
function of reaction time and temperature. This contributed to
new properties such as swelling, water retention, and pore size
distribution which were the key factors in using these anionic
beads for drug encapsulation and delivery. The pore size
distributions of the beads were measured using a solute
exclusion technique with dextran molecules as probes.”””” The
modified Anelli’s reaction decreased the number of macropores
(>560 A) while increasing the number of mesopores (39—139
A). The total porosity was about 95%. The swelling capability
of beads can be studied by measuring water retention values
(WRVs) (Table S) after immersing the cellulose beads in a

Table 5. Swelling Ratios of Minimum Diameters Compared
to Never-Dried Beads and Water Retention Values (WRV)
of Dried Beads Oxidized at 20, 40, and 60 °C”

swelling ratio % WRV
CB 48 0.22
OCB20 73 2.50
OCB40 84 4.01
OCB60 88 5.10

“Reprinted from ref 93 with permission from Springer Nature.

sodium phosphate-buffered water solution at pH 7.4. The WRV
was calculated with eq 2:

m;
WRV = — — 1
m,

)

my is the mass of centrifuged beads, and m, is the dry mass
before swelling. The data suggested that there was an increase
of 40% in swellability and 500% in water retention. The
swelling and water retention values increased with increasing
temperature of the oxidation reaction.

Anionic cellulose beads were studied for applications related
to drugs such as ranitidine, an antacid that cures stomach
illnesses. In a typical drug encapsulation experiment, anionic
cellulose beads (A-CB) were immersed in ranitidine HCI
solution (20 mg/mL) at a concentration of 2 beads/mL of
solution followed by gradual drying for 2 days. The dried beads
were further investigated for the controlled release of ranitidine
according to the USP paddle method (United States
Pharmacopeia, 35th ed.). This method employed a smart
dissolution tester (Sotax AT7) wherein the drug adsorbants (A-
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Figure 1S. Images of cellulose beads of different sizes: (a) microbeads and (b) millibeads. (c) Scheme for the synthesis of zwitterionic beads. Cross
sections of reference (d) and zwitterionic (e, f) cellulose beads. Reprinted from ref 94 with permission from Springer.

CB) were treated with sodium phosphate buffer solution (1
bead/100 mL) at 37 °C. The pH of the buffer was maintained
at 7.4. The released drug was determined by UV-—vis
spectroscopy using its characteristic peak at 288 nm. The in
vitro drug release profile showed that the oxidized or anionized
beads (A-CB) released twice the amount of ranitidine when
compared to unoxidized beads (CB) even though the amount
of accessible water inside the pores did not change much
between these beads. This can be explained by the fact that the
oxidation process increased small meso and micropores where
ranitidine HCI could diffuse and get absorbed. The dimensions
of the rantidine HCI crystal lattices (a, b, and c) were 12, 7, and
22 A, respectively, and this was sufficient enough to enter into
the newly formed micropores of A-CB. This increased the
amount of encapsulated drug. Also, the e-folding time
measurement (drug retention) suggested that there was no
stronger interaction between the cationic drug and anionic
surfaces of beads as the time difference between CB and A-CB
was very low. The weaker interaction between drug and beads
was also supported by the molar ratio of the released ranitidine
and AG present on the beads, which was 110 gmol g™". This is
an advantageous property required in every drug delivery
system. Nevertheless, the release profile showed the model of
exponential decay, indicating a diffusion-controlled mecha-
nism”” that could be a barrier for a higher loading of the drug
and its delivery. Besides drug delivery, A-CB can be utilized in
ion exchange chromatography to purify water, ad/absorbents,
nutrient capsules for soil fertility, and intermediates/supports in
biorefinery and catalysis.

B ZWITTERIONIC CELLULOSE BEADS

Zwitterionic cellulose beads can be synthesized by a spin drop
atomization/sol—gel transition technique followed by the
introduction of carboxylic anion (—COO~) and cationic
quaternary ammonium (—N*) groups on the bead surface.
To prepare these beads, the dissolution of pretreated cellulose
pulp (viscosity 124 mL/g) was carried out in a NaOH—urea—
H,O solvent mixture followed by shaping into spherical beads
by spin drop atomization and regeneration in 10% H,SO,.”°
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The beads formed with this technique ranged in diameter from
250 pm to 4 mm (Figure 15ab).

In a typical zwitterionization on the beads, —COOH and
—C=O0 groups were generated using a NaClO,/TEMPO-
mediated oxidation system under heterogeneous reaction
conditions. The N*R; group was incorporated via a coupling
reaction between —C=O0 and Girard’s reagent T (carboxy-
methyl trimethylammonium chloride hydrazide) in a water
medium (Figure 15c), which was also a step toward green
chemistry. NaClO,/TEMPO was a stoichiometric oxidation
system in which a catalytic amount of NaClO oxidized TEMPO
to the N-oxoammonium ion at 60 °C, which in turn oxidized
primary cellulosic —OH groups to —CHO and formed a
byproduct, hydroxylamine. In a consecutive oxidation step,
—CHO got converted to —COOH by NaClO,, generating
NaClO, which then reoxidized hydroxylamine to the N-
oxoammonium ion.”>”® The carbonyl groups (—CHO) formed
during the oxidation process were further coupled with
hydrazides containing quaternary ammonium ions through
the click chemistry approach.””~'°" This was similar to a
coupling reaction between an aldehyde and a primary amine,
which led to the formation of Schiff's base in a weakly acidic
environment.'%" In our case, a stable hydrazone was formed as
supported by the literature,'**~'**
zwitterions in nature.

When these beads were subjected to conductometric
titrations, they revealed the quantitative amount of —COOH
present on them. To determine —C=O oximation, nitrogen
elemental analysis was employed. The reaction between
carbonyl present in oxidized cellulose beads and carboxymethyl
trimethylammonium chloride hydrazide was monitored by
nitrogen elemental analysis. SEM morphological analysis
showed that zwitterionic beads have well-defined macropores
with thicker walls than nonfunctionalized cellulose beads having
thin walls around pores (Figure 15d—f). The increase in pore
size was attributed to the induced hydrophilicity of beads
caused by the introduction of ionic moieties. These macropores
provide an opportunity to carry bulk biomolecules and
encapsulate drugs in theranostics applications. Thus, zwitter-

thus beads were made into
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Figure 16. Amount of adsorbed QPVP-CS (I'QPVP-CS) onto (a) CB7% and (b) OCB7% as a function of the QPVP-CS bulk concentration. Red
and blue columns stand for the amounts of adsorbed and desorbed polycations, respectively. SEM images of freeze-dried (c) OCB7%, (d) OCB7%/
QPVP-C5-S, and (e) OCB7%/QPVP-CS-12.5 surfaces after 24 h of contact with M. luteus suspensions. The scale bars correspond to 1 ym, and the
circles highlight the presence of M. luteus or bacterial debris. Schematic representation of the interaction between bacteria (red solid circles) and
beads after 24 h. (f) Partial adhesion of bacteria on OCB7%, (g) adsorption of bacteria and weakly charged OCB7%/QPVP-CS-S without bacteria
disruption, and (h) adhesion of bacteria onto highly charged OCB7%,/QPVP-CS-12.5, followed by bacterial disruption. Reprinted from ref 110 with

permission from the American Chemical Society.

ionization proved to be an effective way to tune the pore
dimension in cellulose beads.”*

These doubly charged hydrophilic cellulose beads meet the
requirements of future applications such as the separation of
biomolecules, the immobilization of proteins or enzymes, and
the encapsulation of zwitterionic drugs.'”® In this way,
zwitterionic exchange resins with both anionic and cationic
groups together become a potential replacement for non-
renewable organic polymers, which are widely dominant in ion
exchange/carrier applications.

B HYBRID BEADS OF CELLULOSE-SYNTHETIC
POLYMER FOR ANTIMICROBIAL APPLICATIONS

Bead-shaped cellulose fibers was also studied for interaction
with microorganisms such as Gram-positive bacteria like
Micrococcus luteus when they were coated with bactericidal
agents for QPVP-CS. Cellulose beads (CB) and oxidized
cellulose beads (OCB) of 3 mm size were studied for the
adsorption of QPVP-CS followed by their bactericidal action.
Biocidal action was dependent on the amount of interaction
exerted by the biocide carrier’s surface on the cell membrane of
the microorganism.'*°~'% CB by its nature could incorporate
biocide agents either covalently or by adsorption.

CB were prepared from a dripping method where 5—7 wt %
solutions of cellulose were dissolved in ecofriendly 7% NaOH—
12% urea—H,O solvent and then spheronized from 2 M HCl
coagulation bath. In another set of experiments, CB was
oxidized by TEMPO reagent in order to introduce carboxylic
groups (—COOH) on bead surfaces. Young moduli experi-
ments showed that CBs prepared from 7 wt % solution
(CB7%) possessed very good stress—strain compression values.
Hence, those samples were chosen for further investigation. CB
(7%) and oxidized cellulose beads (OCB7%) having a charge
density of 0.77 mmol/g were studied for the adsorption of
poly(4-vinyl-N-pentyl pyridinium)bromide (QPVP-CS). In a
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typical experiment, 30 mg of CB and OCB were dispersed in a
glass flask containing 4 mL of QPVP-CS solutions at
concentrations of 0.5, 2.5, 5.0, 12.5, or 17.5 g/L. These
mixtures were sealed and stirred magnetically at 55 °C for 15 h.
The amount of QPVP-CS agent adsorbed was measured
through the absorption spectra of the pyridinium cation
intermediate at 256.5 nm before and after adsorption on the
beads. Similarly, the desorption of the agent from the beads was
also measured by UV—vis after washing and soaking the beads
in 4 mL of distilled water for 24 h under orbital shaking (Figure
16a,b). FT-IR experiments showed that the adsorbed amount
of QPVP-CS5 (absorption band at 1640 cm™" assigned to C=N
stretching of pyridinium group) increased with increasing
concentration of the dispersion medium. OCB adsorbed more
QPVP-CS than the CB suggesting that newly introduced anions
on the beads electrostatically interacts more with the cationic
counterpart of the bactericide agent. This attraction also
reduced the desorption to less than 5%.

The antibiotic action of QPVP-CS coated/adsorbed CBs
(prepared from 7% solution) and OCBs (7%) was assessed by
allowing 3 mL of a 2.75 g/L aqueous dispersion of Micrococcus
luteus to interact with 35 mg of beads for 24 h at pH 6.
Dispersions of microorganism in water were turbid due to the
micrometric size of bacteria. However, when the contact took
place with the biocidal material the size decreased due to cell
disruption (Figure 16c—h). The magnitude of interaction was
correlated with the amount of turbidity originating from the
dispersion using spectrophotometry. The turbidity of the
bacterial dispersion was measured at 650 nm at room
temperature before (7;) and after (7;) its contact with the
beads. The efficiency of antibiotic action was calculated from
the relative decrease in turbidity (A7) which corresponded to
bacterial disruption. The larger the Az, the stronger the
bactericide.
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Figure 17. Distribution of lignin in cellulose (C)—lignin (L) beads as examined by confocal fluorescence microscopy. Cross section of the beads in
the reflection channel: (a) 90C10L, (b) 75C25L, and (c) 60C40L. Surface of the beads in the reflection channel: (g) 90C10L, (h) 75C2SL, and (i)
60C40L. Cross sections in the fluorescence channel: (d) 90C10L, (e) 7SC2SL, and (f) 60C40L. Surface in the fluorescence channel: (j) 90C10L, (k)
75C2SL, and (1) 60C40L. The colors of the images are artificial. The parameters for all the fluorescent images were adjusted in the same way during
processing. Reprinted from ref 113 with permission from Springer.
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Figure 18. Concentration of S. aureus (a, b) in the broth with different beads and hydrotropic lignin after incubation for 24 h at 37 C. Inhibition of S.
aureus growth calculated on the basis of the bacterial concentrations (c, only positive values are presented). (a and b) Runs were performed on two
different days. Load of the beads and the dosages of lignin were the same as in the tests with E. coli. Initial concentrations of bacteria were 6.38 and
6.26 log(CFU/mL) for runs a and b, respectively. 90C10L denotes 90% cellulose, 10% lignin. Reprinted from ref 113 with permission from Springer
Nature.

- strength and density of beads. Hence, the oxidation of cellulose
Az = X 100% beads must be carefully done without the loss of their physical
g ®) properties.

1

The blank or control bacterial dispersion showed the relative

turbidity to be 23%, whereas OCB7%-QPVP-CS-5,12.5 samples B HYBRID CELLULOSE-LIGNIN BIOCOMPOSITE

exhibited 85 and 99%, suggesting that the material was efficient BEADS
in disrupting the bacterial cells. The results conveyed that the Lignin is an abundant cell wall material in plants, and its
anionic charges developed on the OCB surface first adsorbed chemical composition consists of complex cross-linked phenolic
positively charged QPVP-CS, and in turn negatively charged polymers. When lignin was composed of biopolymer cellulose
phospholipids on the bacteria envelope were attracted to in a controlled amount, its association caused them to fight
cationic pyridinium groups, causing cell collapse.''" Thus, against the growth of microorganisms such as bacteria.''"''*
antimicrobial-agent-incorporated OCB can be a potential This property was not shown by them when they were
drinking water sterilizer because the water-soluble CB might associated naturally in the plant cells. Lignin composed of
release the antibiotic agent in water, which will affect human cellulose beads was prepared from a 7% NaOH—-12% urea
health eventually. This type of binding and disinfectant nature aqueous solution of dissolving grade pulp and hydrotropic
of cellulose-bead-supported sterilizing agents can be extended lignin together, and it was mixed and then extruded into beads.
to antifungal and antiviral materials. Furthermore, the These beads were either air dried or wiped with paper towels
introduction of negative charge reduced the compressive (never dried). The never-dried beads possessed advantageous
9871 DOI: 10.1021/acs.langmuir.7b04379
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characteristics (increased porosity and lignin uptake) over air-
dried beads; hence, they exhibited improved antimicrobial
activity. Lignin’s introduction into the cellulose macromolecule
network caused a change in the physical properties of beads,
such as shape, porosity, microstructure, and swelling in water.
The bonding between lignin and cellulose was established by
intermolecular hydrogen bonding as evidenced by the shift of
the —OH stretching band to higher wavenumbers in IR
characterization experiments. The lignin—cellulose composite
material was studied for the inhibition of the growth of Gram-
negative Escherichia coli and Gram-positive Staphylococcus
aureus bacteria.'"> The composite beads (Figure 17) did not
inhibit the growth of E. coli, but they exerted resistance to the
growth of S. aureus when the concentration of lignin on the
beads was 40%. However, pure cellulose beads had no
antimicrobial activity, and the amount of original hydrotropic
lignin corresponding to 40% was less efficient in inhibiting
bacterial growth on its own (Figure 18). This suggested that
hydrotropic lignin can be immobilized on cellulose beads in
order to tune its antibiotic properties. Thus, the carrier
behavior of cellulose for drugs, catalysts, and enzymes can be
further explored.

B CHITOSAN—-CELLULOSE MULTIFUNCTIONAL
HYDROGEL BEADS

Chitosan is another naturally occurring polysaccharide material,
and its structure closely resembles the structure of cellulose,
with a difference of an —OH group at the C2 position replaced
by an amino group. Trivedi et al. composed chitosan with
cellulose in order to produce a new functional material in the
form of hydrogel beads aiming at cellular uptake applications.
They used a NaOH—urea—water solvent system to coagulate
the polysaccharides under weakly and strongly acidic
conditions. It was found that a weakly acidic condition
(CH;COOH) vyielded higher chitosan retention in cellulose
comparatively and did not have any impact on the chitosan
molecular structure, whereas in a strongly acidic medium (HC],
H,S0,), the amino (—NH,) functional group of chitosan was
protonated. The chitosan—cellulose composite hydrogel beads
were tested for cyto-compatibility in breast adenocarcinoma
cells (Figure 19), where acetic acid (weak)-treated beads
showed more compatibility than did the strong-acid-treated
beads. This suggested that the chemical structure of chitosan
must be preserved in the hydrogel cellulose composite so that it
will not have any negative influence on the biological system.
The surface morphology of hydrogel beads had larger pore sizes
after treatment with chitosan and acids (Figure 20).""* The
acetic acid-coagulated chitosan—cellulose composite was also
tested for compatibility in osteoblast cells (Figure 21). The
sample treated with acetic acid at pH S showed enhanced cell
viability after 144 h of experiment compared to the control
sample. Therefore, the chitosan—cellulose composite will have a
huge scope as a carrier material in bone regeneration and
cancer therapy.

B CELLULOSE AS A BIOTEMPLATE FOR THE
TOPOCHEMICAL ENGINEERING OF 3D INORGANIC
CLAY NANOARCHITECTURES

Cellulose can even be used in a destructive technique such as
carbonization for templating the desired architectural growth of
inorganic solids. Microcrystalline cellulose as a carbonizable
template in inorganic material synthesis is not well explored so
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Figure 19. (a) Surface and (b) core morphology of 04, 0B, 0C, 704,
70B, and 70C chitosan—cellulose hydrogel beads with a scale bar of 1
um. (A) Acetic acid, (B) HCI, and (C) H,SO,. 0 refers to 0% initial
chitosan content, and 70 refers to 70% chitosan content in the
composite.
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Figure 20. Human breast adenocarcinoma (MDA-MB-231). Bio-
compatibility with 0A, 70A, 0B, and 70B and 0C and 70C chitosan—
cellulose hydrogel beads over 48 h. Values are expressed as percentage
of the means + SD (n = 4). The statistical significance was defined as
*P < 0.05, ¥*P < 0.01,***P < 0.005 compared to control samples
(ANOVA test). Black * and red * indicate sample comparisons to
negative and positive controls, respectively. Green * shows
comparisons among 0A—70A, 0B—70B, and 0C-70C, and blue *
shows comparisons among 70A—70B, 70A—70C, and 70B—70C. A,
Acetic acid; B, HCl; and C, H,SO,. 0 refers to 0% initial chitosan
content, and 70 refers to 70% chitosan content in the composite.

far, and it will be useful for the sustainable synthesis routes
because of its renewability and low toxicity. When cellulose was
used as removable skeleton while synthesizing ionic solids, it
offered porous structure to the product material with increased
surface area. Apart from the regular use of cellulose in pulp and
papermaking, it was also used as a biotemplate for the synthesis
of inorganic nanomaterial namely, layered double hydroxides
(LDH). Geraud and co-workers reported the use of polystyrene
beads as organic templates by the inverse opal method for the
synthesis of the MgAI-LDH macroporous framework.'"?
However, the biodegradable and renewable property of
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Figure 21. Osteoblast biocompatibility (proliferation behavior) with
0A, 50A, and 70A chitosan—cellulose hydrogel beads based on the
MTT assay over 192 h. Each value is expressed as a percentage of the
mean + SD (n = 4). Statistical significance was defined as *P < 0.0S,
*%*P < 0.005, ¥**P < 0.001 compared to control sample (ANOVA
test). A, Acetic acid; B, HCl; and C, H,SO,. 0 refers to 0% initial
chitosan content, and 70 refers to 70% chitosan content in the
composite. DMEM is Dulbecco’s modified Eagle’s medium, and FBS is
fetal bovine serum.

cellulose made it an attractive alternative to that of conven-
tionally used templates such as vesicles, micelles, micro-
emulsions, peptides, and polymers.116 Microcrystalline cellulose
(MCCQC), a purified form of plant cellulose, was used as the
template. MCC was inert and stable with efficient emulsion and
foam stabilizing abilities, which was taken into account for the
formation of conceivable LDH networks.''” MCC acted like a
skeleton to yield reproducible structures and prevent
unorganized LDH nanoparticle growth with different functions
and interfaces.''® Therefore, cellulose as a biobased template is
an interesting area where scientists have more to explore
because it is a cheap, abundant precursor and can be removed
under relatively mild conditions (300 °C).""’

Briefly, the templating procedure can be explained as follows:
MCC was allowed to swell under basic conditions, and the
swollen MCC was added dropwise to a beaker containing
mixed metal solution (M?**/M* 3:1). The slurry was

subjected to microwave hydrothermal treatment. The particles
were then washed until neutral conditions were achieved and
freeze dried to yield the final product LDH. The template was
removed by calcination. The removal of the MCC from the
particles displayed the successful production of the network
structure of LDH (Figure 22).

The outcome of using cellulose as a biotemplate resulted in
the formation of a material with the specific surface area and
pore volume increasing from 36 to 152 m*/g and 0.083 to
0.417 cm®/g, respectively. The increase in the pore volume
might be due to the expulsion of gases produced during the
burning of the template. LDH also maintained its structural
integrity during these processes supported by powder X-ray
diffraction analysis. It provided information that there existed
no chemical interaction between MCC and metal cations
during the synthesis, whereas a weak van der Waals force of
attraction existed and that facilitated the growth of LDH
particles on the biotemplate. There originated an interaction
between the electron-rich oxygen atoms of the polar hydroxyl
groups of organic cellulose and the inorganic phases of
electron-deficient transition-metal cations. The most important
observation included size reduction with the fibril nature of the
particles (Figure 23). This caused an increase in the surface
area and allowed the study of its adsorption properties. Methyl
orange (orange II dye), a potential water pollutant from the
dyeing industries, was used as a model molecule, and its
adsorption on LDH was studied. The adsor;z)tion was found to
be directly proportional to its surface area.'”” By virtue of the
unique structure offered by cellulose, this composite material
could become a strong platform for diverse applications in the
areas of drug delivery, catalysis, catalyst support, flame
retardants, and adsorbents in environmental applications.

B CONCLUSIONS

Topochemical engineering is an exciting field for the design and
development of processes and products. The assembly and
disassembly of biomass components can be creatively

Metal nitrates
(Zn*/AP* = 3)

Figure 22.
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Schematic synthesis of LDH networks using cellulose biotemplates. Reprinted from ref 120 with permission from Elsevier.

DOI: 10.1021/acs.langmuir.7b04379
Langmuir 2018, 34, 9857—-9878


http://dx.doi.org/10.1021/acs.langmuir.7b04379

Langmuir

Invited Feature Article

Figure 23. SEM images of as-synthesized LDH particles: (a, b) MCC, (¢, d) LDH, (e, f) LDH-0.5% MCC, (g, h) LDH-1.5% MCC, (j, j) LDH-0.5%
MCC removed, and (k, 1) LDH-1.5% MCC removed. Reprinted from ref 120 with permission from Elsevier.

combined to generate biobased functional materials that are
highly engineered at the molecular and nanoarchitectural levels.
Among the various biomass resources, wood fibers/cellulose
occupy a distinct candidate for functionalized material
applications due to the potential to drive interactions of
electrostatic, hydrophilic, and hydrophobic forces with guest
molecules and macromolecules. Topochemical engineering has
been applied to advance the design and applications of
cellulose-based materials such as drug/enzyme carriers and
chemo-, bio-, and photoresponsive functional materials. We
were able to design hybrid templates or scaffolds for the
fabrication of functional nanoarchitectures by using their
fantastic three-dimensionally cross-linked porous structures,
micro-to-nano hierarchical morphologies, and preformed
shapes. This advanced approach to creating functional
biopolymer and biohybrid materials can be integrated in
process and product design leading to potential innovations in
bioeconomy and environmental benefits.

B IMPACT AND FUTURE DIRECTION

We are living in the infancy of topochemical engineering, and
we foresee exciting future developments in many fields from
drug discovery and tissue engineering to the creation of smart
materials and processes. It emphasizes the control and direction
of assembly and disassembly, and it can be applied to material
sciences, bioengineering, biomedicine, and new emerging
technologies for additive manufacture. The disassembly of
biocomponents from biomass or bioprocess products is a
crucial unit operation that affects purity, crystallinity, structure—
property relationships, reproducibility, and the quality and cost
of biopolymers, pharmaceuticals, and biomolecules. Generally,
the design of separation and purification methods is done via a
trial-and-error approach, being specific for targeted applications
and difficult to reproduce in other value chains. Topochemical
engineering concepts applied to disassembly and down-
streaming processing of biocomponents will advance the
creation of highly engineered bioproducts with targeted
macromolecular properties, the structure—function relationship,
and the designed biological function. The assembly of bio- and
synthetic components in engineered nanostructures is essential
to the design and shape of advanced materials. Topochemical
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engineering concepts applied to the assembly and shaping of
materials can combine methods of molecular and supra-
molecular chemistry to design highly engineered architectures
suitable for advances in tissue engineering, targeted drug
delivery, energy storage, catalysis, and stimuli-responsive
applications. Topochemical engineering of functional biopol-
ymer-based materials also has the great potential to advance the
creation of processes and products of the emerging
bioeconomy.
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