#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue,

REVIEW

Self-assembly in biobased nanocomposites for

i") Check for updates‘
multifunctionality and improved performance

Cite this: Nanoscale Adv., 2021, 3, 4321

Emily Olson,® Fei Liu,® Jonathan Blisko, & ¢ Yifan Li,? Ayuna ngenova,a
Rebecca Mort,® Keith Vorst,®® Greg Curtzwiler, ©®9 Xin Yong (2 *©
and Shan Jiang & *2®

Concerns of petroleum dependence and environmental pollution prompt an urgent need for new
sustainable approaches in developing polymeric products. Biobased polymers provide a potential
solution, and biobased nanocomposites further enhance the performance and functionality of biobased
polymers. Here we summarize the unique challenges and review recent progress in this field with an
emphasis on self-assembly of inorganic nanoparticles. The conventional wisdom is to fully disperse
nanoparticles in the polymer matrix to optimize the performance. However, self-assembly of the
nanoparticles into clusters, networks, and layered structures provides an opportunity to address
performance challenges and create new functionality in biobased polymers. We introduce basic
assembly principles through both blending and in situ synthesis, and identify key technologies that
benefit from the nanoparticle assembly in the polymer matrix. The fundamental forces and biobased
polymer conformations are discussed in detail to correlate the nanoscale interactions and morphology
with the macroscale properties. Different types of nanoparticles, their assembly structures and

corresponding applications are surveyed. Through this review we hope to inspire the community to
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Accepted 26th June 2021 consider utilizing self-assembly to elevate functionality and performance of biobased materials.
Development in this area sets the foundation for a new era of designing sustainable polymers in many

DOI: 10.1039/d1na00391g applications including packaging, construction chemicals, adhesives, foams, coatings, personal care
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1. Introduction

Petrochemical based plastics are widely used due to their low
cost and robust mechanical properties."” However, petroleum
based plastics are not sustainable. In addition, impurities and
mixtures prohibit effective recycling, all raising concerns of
environmental pollution. On the other hand, biobased poly-
mers such as cellulose, starch, chitosan, polylactic acid (PLA)
and their derivatives, have been studied for many years. Early
development of polymers already demonstrated the great
potential of biobased plastics. For example, modified cellulose
derivatives Parkesine and celluloid were initially invented in the
mid-1800s to help address the ivory crisis, and later successfully
developed into many different products.®* Henry Ford experi-
mented with soy protein as a replacement material for the metal
parts of automobiles.* George Washington Carver introduced
peanut protein to derive biobased plastics.® History has already
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products, and advanced manufacturing.

shown that one potential approach to address the petroleum
plastic challenge is to replace it with biobased polymers.®®
Compared with conventional petroleum-based polymers,
there are some major features generally associated with bio-
based polymers: (1) diverse chemical composition and hetero-
geneous structures even for the same type of biobased
materials; (2) prevalent amount of hydrogen bonds; (3) difficulty
in processing; (4) relatively high cost; (5) lack of mechanical
performance and functionality. Correspondingly, these also
represent key challenges when broad application of biobased
materials is attempted. Even for the same materials, variable
sources result in different molecular weight, chain conforma-
tions, degree of modification, and chirality.>™* Furthermore,
many biobased polymers including starch and cellulose, have
predominant amounts of hydrogen bonds, which are suscep-
tible to water swelling and penetration. These materials are
more prone to degrade and have narrow processing window and
poor temperature stability. For example, processing is especially
challenging for PLA with a melting temperature of ~160 °C and
degradation temperature starting at 200 °C. In addition, bio-
based polymers are generally more expensive than petrochem-
ical polymers, largely due to limited availability and high raw
material cost. Aside from price, biobased polymers are also
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limited by their performance. Furthermore, biobased materials
oftentimes have issues in mechanical strength and environ-
mental stability.” To match the conventionally desired prop-
erties of petrochemical plastics, significant improvement of
biobased polymers is required.

Self-assembled hierarchical structures have been demon-
strated to enhance the benefit of the nanoparticle and even
introduce new capabilities.”*** However, the majority of atten-
tion in nanocomposite development has been directed to
petroleum polymers, whose chain conformations and modifi-
cations are better controlled and understood compared to their
biobased counterparts.'® A plethora of nanoparticle structures
have been demonstrated in petrochemical polymer systems:
dispersions”** and films, as well as assembly structures of
clusters,**° chains,”®” and networks.”®** In addition, simply
mixing nanoparticles in biobased polymer matrices have been
reviewed,**” though mainly in the areas of bioderived fillers
(i.e. cellulose) and clays.>*** One major challenge in nano-
composite formulation is to disperse the nanoparticles and
prevent aggregation. It is known that random aggregation
occurs due to high surface area, high surface energy, and strong
inter-particle attractions. These factors lead to random aggre-
gates with lower Gibb's free energy, which is detrimental to
material performance.”” Controlling the spatial distribution
and assembly of nanoparticles relies on a delicate balance of
intermolecular forces, between nanoparticles and with the
polymer matrix.”*”> To ultimately disperse the nanoparticles,
enthalpy driven thermodynamic miscibility must be achieved.”
The hydrogen bonding capacity of biobased polymers provides
a foundation for dispersion. High shear can also be used for
dispersion, though stability afterwards depends highly on
thermodynamics and the ability of the particles to stay in
kinetically trapped states. Dispersed nanoparticles may then
assemble into more complex structures such as clusters and
networks, introducing new opportunities to elevate composite
properties (Fig. 1). For example, pre-composite polymers have
been demonstrated to encapsulate titanium dioxide nano-
particles for spatially separated nanoparticles for improved
opacity of coatings.” In addition, strategically designed self-
assembly offers a tool to create novel functionality and expand
the application of biobased polymers, including water resis-
tance, light modulating, conductivity, antibacterial and corro-
sion resistance.”®”® Since assembly structures of nanocellulose
in biobased matrices have been extensively reviewed, the topic
will not be repeated in this report.*** Instead, the focus here is
on the more recent development of hierarchical self-assembly of
inorganic nanoparticles in biobased polymer matrix. It is crit-
ical to recognize the challenges associated with the complexities
in polymer chemistry and lack of fundamental understanding
of interactions.

Interactions amongst nanoparticles and with surrounding
matrix is the key to understand assembly structures in nano-
composites. All the fundamental forces, including van der
Waals force, electrostatic force, steric hindrance and hydro-
phobic force, should be considered in nanocomposite design.
These interactions have already been thoroughly investigated in
petroleum-based polymers.?>* However, biobased polymers
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Fig. 1 Schematic chart of structures involved in biobased nano-
composite and possible enhanced properties offered by nanoparticle
assembly.

also have their own unique interactions, due to the prevalence
of hydrogen bonding, and their three-dimensional structures.
Biobased polymers can further induce other interactions such
as depletion force, capillary force, and bridging interactions. All
of the aforementioned forces are related to the size, chain
architecture and morphology, which present a rather compli-
cated scenario.**

Biobased nanocomposites have been formed via two major
techniques: blending and in situ synthesis. In blending, the
nanoparticle and polymer are simply mixed via solvent or melt
compounding. Solvent mixing reduces viscosity to facilitate
material transport.*® In melt compounding, the polymer chains
diffuse into the space between the nanoparticles. Extrusion is
often utilized to enhance the efficiency and economic viability
of this approach.®® A key challenge in both solvent mixing and
melt compounding methods is the prevention of random
nanoparticle aggregation, which can hurt the performance of
the nanocomposite.*”*® This is especially problematic in melt
compounding, where viscosity is elevated.®® Aggregation may be
prevented through surface modification or reducing the nano-
particle concentration. Alternatively, in situ synthesis can be
used to avoid the need to mechanically disperse the nano-
particles, as the particles themselves are synthesized in situ
within the polymer matrix.** With the polymer acting as the
template, capping agent or both, this method promotes good
spatial distribution of the synthesized particles in a single step.
However, the in situ assembly method has certain limitations.
Since particle synthesis and assembly occur in a single step,
controlling assembly is much more challenging.*

This review covers the fundamental interactions at molec-
ular level, structure-property relationships, and the end appli-
cations of assembly structures in biobased nanocomposites

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 1). We first discuss the morphology considerations of the
biobased polymer matrix. Next, we identify different types of
nanoparticle assembly structures, including cluster, network,
alignment, porous structures, and multilayer films. Subse-
quently, key assembly mechanisms and intermolecular forces
are addressed. We then highlight new functionality imparted to
the composite by nanoparticle assembly and discuss the rela-
tionships between assembly and functionality. Computational
simulation is a powerful tool that can be used to compliment
experimental approaches. However, currently there are very few
simulation studies that showcase nanoparticle self-assembly in
biobased polymers,®"** due to largely variable and complicated
chemistry of biobased polymers.** A brief survey of the progress
is included. It is important to consider the safety issue when
applying nanoparticles in biobased matrix. Specific safety
metrics vary widely depending on the specific application (food
packaging, cosmetics, personal and home care, etc.). Safety
consideration will also be different as to whether nanoparticles
would be released from matrix during usage or by the end of life
of the product. However, discussing this topic at length is out of
the scope of this manuscript. This review will help set the
foundation and offer guidance for future work in designing
biobased nanocomposite materials for novel functionality and
enhanced performance.

2. Polymer conformation

A deep understanding of interactions and structure-property
relationships is critical in the design of biobased composite
systems. A key challenge in biobased materials is their many
(and often complicated) chain conformations. The chirality, the
architecture, the persistence length and chain morphology can
all vary drastically even for the same type of biobased material.
This is due to a number of factors including source material,
extraction method and post-treatment approach.®**® Starch, for
example, often takes on a helical conformation with laterally
oriented chains. Based on the source (rice, potato, corn etc.),
amylose and amylopectin presentation can vary. Starch chains
are majorly composed of amylopectin, with average unit chain
sizes ranging from 20-25. Several chain distributions of
amylopectin exist, all of which vary in chain length and degree
of branching.®”*® Amylose, is the minor component, and is
composed of linear chains that varying in size from four to more
than one hundred units. Slight branching is again possible,
depending on the source material.®® For example, it has been
shown that maize and smooth pea starch are more branched
than wrinkled pea and potato.’® Source material (and the
resulted amylose and amylopectin ratio/composition) can also
impact the hydrogen bonding of water to exposed hydroxyl
groups of amylose and amylopectin, modifying the swelling and
solubility profile. Potato starch, for example, has a 56 times
larger swelling capacity than that of purple yams.***

Though almost identical in chemical composition for the
repeating monomeric unit, cellulose takes on a very different
conformation at the expense of its trans glycosidic linkage.
There are numerous polymorphs to consider, from native (I) to
processed native cellulose (II-VI). Cellulose chains can widely

© 2021 The Author(s). Published by the Royal Society of Chemistry
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vary in polymerization as a result of the source material. For
example wood cellulose has a degree of polymerization of
~10 000, while cotton cellulose has a degree of ~15 000.*°> With
increasing length, the chains become more rigid and apt to
form hydrogen bonds within the chain (as observed in crys-
tals).’®® It is possible for these rod-like structures to form clus-
ters and even sheets. Modified cellulose (such as hydroxyethyl
and hydroxypropyl) have been demonstrated to form fringed
micelles, whose structures can vary drastically depending on
chain length and flexibility."*

Diverse chain conformations have also been observed in
lignin, chitosan, and PLA. Lignin, a side product of cellulose
forms cross-linked phenolic structures, which can be both
aromatic or aliphatic.'® Chitosan, a biopolymer found in
marine exoskeletons, is composed of randomly mixed B-(1,4)
linked N-acetylglucosamine and glucosamine units.'” The
chain morphology can vary dramatically with temperature and
pH, allowing rod, globule, and coil conformations.'® The
commercialized biobased polymer PLA is biodegradable poly-
esters synthesized through bioderived monomers lactic acid or
2-hydroxy propionic acid. The polymer may take on p(—) or r(+)
stereoisomer conformations which determine -crystallinity,
glass transition, and melting temperature.*”’

Key differences in biobased polymer sourcing induce
disparities in the chain conformation and degree of substitu-
tion, which makes quality control and industrialization efforts
difficult. The polymer matrix largely determines the shape,
structure, and function of the material, and composition vari-
ation introduces difficulties in consistent material perfor-
Therefore, it is important to keep the chain
confirmation in mind when studying nanocomposites. With the
introduction of nanoparticles, the polymer matrix determines
the assembly structures and modulates the performance,
enhancing existing properties and offering new functionality.

mance.

3. Nanoparticles for performance and
functionality

Water resistance in biobased materials has significant room for
improvement. The prevalence of hydroxy groups on the polymer
backbone imparts a strong affinity to water molecules, which is
particularly problematic for applications such as food packaging
and coatings, where water vapor can induce degradation and
bacterial growth. With nanoparticle assembly, together with
chemical surface treatments, biobased polymers can help render
surface hydrophobic. For example, silica dioxide (SiO,) particles
can introduce water resistance to thermoplastic starch (with
lycopodium spores) and isosorbide epoxy resin through post
salinization."®'*” Zinc oxide (ZnO),"'*"* titanium dioxide
(TiO,),"***** and clay"** have been demonstrated to improve the
hydrophobicity of conventionally hydrophilic polymers including
chitosan, epoxy, starch, and alginate. In addition, nanoparticles
can even render the surface less vapor permeable, largely due to
the tortuous paths introduced by the nanoparticles.

In the same regard, nanoparticles can be added to address
challenges between toughness and stiffness of biobased

Nanoscale Adv, 2021, 3, 4321-4348 | 4323
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Table 1 Nanocomposite formulation and property summary
Nanoparticle Biobased materials Fabrication Structure Key properties References
TiO, Cellulose, chitosan, In situ (polymer Dispersion, cluster, Durable, water 15,112, 113
starch, PLA, whey template and capping network, film repellent, light and 145-154
protein agent), blending modulating,
(solvent) thermally stable
ZnO Cellulose, chitosan, In situ (capping agent), Dispersion, cluster, Durable, water 93, 110, 111,
starch, PLA, blending (solvent) network, film repellent, light 124, 155-168
polyhydroxybutyrate modulating,
thermally stable,
antibacterial
Sio, Cellulose, starch, PLA, In situ (polymer Dispersion, cluster, Durable, water 34,108, 109,
whey protein, soy template and capping network, film repellent, thermally 169-177
protein agent), blending stable
(solvent and melt)
GO Cellulose, chitosan Blending (solvent) Dispersion, film Durable, water 178 and 179
repellent, thermally
stable
Au Cellulose, chitosan, In situ (polymer Dispersion, network Light modulating, 180-187
starch template and capping conductive
agent), blending
(solvent)
Ag Cellulose, chitosan, In situ (polymer Dispersion, cluster, Water repellent, 14, 119-122,
lignin, polylactide, template and capping network, film light modulating, 130-144, 185,
alginate agent), blending antibacterial 187-197
(solvent)
Fe;0, Cellulose, starch In situ (polymer Dispersion, cluster Durable, light 123, 198-201
template and capping modulating,
agent), blending thermally stable,
(solvent) conductive,
magnetic
Clay Cellulose, chitosan, Blending (solvent and Cluster, film Durable, water 114, 125, 126,
starch, PLA melt) repellent, light 202-208

composites. The mechanical character of the composite
depends on both the inherent properties of the nanoparticle
and polymer matrix, though assembly structure and interfacial
contact distribution are large contributors to durability. Cellu-
lose nanoparticles have been widely used for this purpose in
a number of matrices including PLA,"** chitosan, starch, and
gelatin matrices.**""” Since cellulose nanoparticles have already
been thoroughly reviewed, here we will focus on inorganic
nanoparticles.”® Following, silver," silica,"** and clay'***** have
been demonstrated to impart enhanced robustness to the bio-
based polymer matrix.

Nanoparticles can also aid in introducing additional func-
tionalities such as corrosion resistance and antibacterial
activity. Corrosion is a key challenge in composites subject to
weathering. Biobased epoxy is commonly utilized for corrosion
resistance due to its durability, toughness, and adhesion to
metal surfaces. Diverse nanoparticle identities have been
demonstrated for anticorrosion, filling the interstitial spaces of
the polymer insulator and preventing ion penetration at the
coating-metal interface. A variety of nanoparticles including
Fe;04," ZnO,*** clay,"”>**¢ silica,'” and carbon nanotubes®’***
have been utilized for anticorrosive applications. In addition,
nanoparticles have been widely reported in the introduction of

4324 | Nanoscale Adv, 2021, 3, 4321-4348

modulating,
thermally stable

antibacterial activity. The antibacterial efficacy of silver has
been well studied and has found a great number of applications
because of its relatively low toxicity. Silver has been shown to
introduce antibacterial properties to a number of biobased
materials including gelatin,"”*** cellulose,"*>'** starch,**%*
and chitosan.®*** Silver nanoparticles have also been synthe-
sized on the surface of other nanoparticle compositions for
antibacterial improvement."*>'** Magnetic, conductive, light
modulating, and thermal stability can also be imparted to bio-
based composites by nanoparticles (Table 1).

4. Fundamentals of nanoparticle
assembly in biobased polymers

Self-assembly into hierarchical structures such as networks and
clusters opens new opportunities to further enhance biobased
polymer properties. The end performance of the nano-
composite is dependent on the collective performance of the
assembly, and specific attention must be given to interparticle
interactions and structure-property relationships.?® A number
of key interactions are relevant in the discussion of how nano-
particles assemble. Hydrogen bonding, specifically, has been
demonstrated as a determining factor in nanoparticle assembly

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formation in biobased matrices. Bioderived materials, such as
starch and cellulose, have glycosidic backbones that are rich in
hydroxyl groups. These groups largely participate in hydrogen
bonding. Hydrogen bonding is a relatively strong, short range
force.*'®*'* The orientation of the formed bonds is directly
dependent on the donor and acceptor geometries.””** These
characteristics of hydrogen bonding play an important role in
encouraging thermodynamic miscibility, which provides the
foundation to assemble nanoparticles into unique structures.

Hydrophobic interactions are another key force in the
formation of biobased nanocomposite assemblies. The origin of
hydrophobic forces are related to the lack of hydrogen bonding
of water with hydrophobic surfaces, though the range and
magnitude of hydrophobic force is still under debate.®**'*
Hydrophobic interactions are prevalent for many non-polar
entities and responsible for their aggregation in the presence
of aqueous medium.* Actually protein utilized the hydrophobic
collapse to fold into specific 3-D conformations. Therefore,
geometric placement of hydrophobic moieties may also assist
the assembly of nanoparticles. Other forces have also been
demonstrated to play a role in nanoparticle assembly, for
example, van der Waals (vdW) force. The origin of vdW force is
created by the transient dipole moment when electron orbiting
nucleus, therefore it is a universal attractive force. Although the
vdW force is relatively weaker than hydrogen bonding and short
ranged,*® integration over all the atoms and molecules on
nanoparticles may produce significant overall amount of
attraction when nanoparticles become very close to each
other.”* vdW force only directly impacts nanostructure forma-
tion below a certain distance threshold, and may help lock the
arrangement of nanoparticles in place once assembly is
achieved.®

Beyond the fundamental forces, there are other forces more
specifically related to polymer morphology in the assembly
process. One such force is bridging, where the polymer absorbs
on the particle surface, hence connecting it to other particles to
form larger assembly structures.>'*'® In the case that the poly-
mer does not adsorb on the polymer surface, depletion is
possible when distance between nanoparticles is smaller than
the radius of gyration of the polymer. The depletion force is
strong and occurs at a relatively long (nm-pm) onset distance.*"”

1A
L0111

1nm
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In moderate to dilute cases, depletion has an entropic origin
that arises from the steric repulsion between polymers and the
particle surface. The proximity between particles establishes
exclusion zones, which induce concentration gradients of
polymers. The resulted osmotic pressure leads to solvent
movement and the attraction of neighboring particles to form
aggregates.*'***° Increased entropy allows the polymers to freely
diffuse in newly available volume. All of the aforementioned
intermolecular forces are variable in degree and onset distance
(Fig. 2). Thermodynamic and kinetic contributions should both
be considered in self-assembly processes. Thermodynamics
contributes to the establishment of systematic equilibrium,
which may alter the ultimate assembly state of particles for the
long term. Kinetics may temporarily determine assembly
structures, which is directly impacted by processing and
assembly conditions.

Assembly can be tuned via control of surface modifications
of nanoparticles, molecular weight of biobased polymers, and
restriction of film thickness. Assembly structures can be orga-
nized into two categories: clusters and networks. In the scope of
this review, the term ‘cluster’ refers to local particle aggregation.
A ‘network’ is an interconnected, percolated structure which
may or may not be porous. Films (single and multilayer) will
also be addressed in this report. Although a ‘film’ is a compact
stacking of particles which covers the entire substrate surface,
they are often formed through assembled clusters. Experimen-
tally, nanoparticles are dispersed in polymer matrices through
two major methods, in situ synthesis and blending. First, in situ
synthesis of nanoparticles within the polymer matrix will be
discussed. The method boasts several advantages, such as
thorough particle dispersion and controllable particle size and
geometry. However, there are few reports of complex assembly
structures.”® The second method addressed in this review is
blending. Blending includes both melt compounding and
solvent mixing. Blending is advantageous economically, though
to prevent random aggregation, introduction of additives such
as surfactants is often needed. Beyond the experimental
approach, computational simulations have been demonstrated
as a versatile and straightforward route toward identifying
interfacial interactions and even future design for optimized
nanocomposite (and self-assembly).>'® Theoretical modelling of

10 nm
| I N T N A T N T O A N |

Force Onset Distance*

Van der Waals (0.1-1 kT)
—

Hydrogen bonding (5-10 kT)
—

Depletion (5 kT) A
—_
Hydrophobic (2-5 kT)

Bridging (1-3 kT) A
_

* Force magnitude is a rough approximation and varies from system to system.
A Bridging and depletion force depends on the radius of gyration of the polymer, the length

scale can extend to pm range.

Fig. 2 Strength of the polymer induced forces which mediate nanoparticle assembly into hierarchical structures. *Distances are only rough

approximations, and magnitudes vary from system to system.
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both in situ and blending approaches is a powerful technique to
predict and validate experimental data. However, the reports in
this area are relatively limited. In surveying simulated and
experimental nanoparticle self-assembly, we showcase current
progress in the biobased material development and identify
challenges for future research directions.

5. Nanoparticle synthesis in situ in
biobased matrices
A key challenge in the formulation of biobased nanocomposites

is ensuring that the nanoparticle is homogenously dispersed. Ex
situ methods, which involve blending of polymers and

Fig. 3 Templated assembly of silica nanoparticles via CO, drying for
flame retardancy. (a) SEM micrograph of cellulose-only aerogel; (b)
SEM micrograph of cellulose-silica composite aerogel; (c) flame
repellency of the cellulose-only aerogel; (d) cellulose-templated silica
aerogel. This figure has been adapted from ref. 221 with permission
from the American Chemical Society, 2017.
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previously synthesized nanoparticles, see difficulty with
random aggregation.®® An attractive approach to disperse the
nanoparticles is the in situ synthesis of nanoparticles within the
polymer matrix via sol-gel chemistry or hydrothermal/
solvothermal methods. Nanoparticle synthesis in situ requires
the use of a monomer/precursor, such as a metal salt, and
a reducing agent, both in a nonreactive solvent.*”* Following
synthesis, the nanoparticles are assembled, with both processes
occurring in one-pot. This approach initiates unique assembly
structures and enhanced control of particle geometry, size, and
initial aggregation. However, the post-synthesis assembly is
difficult to control, and synthetic methods must be designed
carefully to optimize assembly and the resulting nanocomposite
functionality. In this section, we summarize the in situ synthesis
and assembly of inorganic nanoparticles in biobased matrices
using template and external field.

5.1 Oxide nanoparticles

One of the most commonly used nanoparticles in coating and
composite technology is titanium dioxide. Titanium dioxide has
a high refractive index, making it a particularly effective opaci-
fier. However, TiO, is known to form random aggregates at the
expense of its surface chemistry, and this process has been
shown to deteriorate its light blocking properties. Therefore, in
situ nanoparticle synthesis is an attractive method to control the
aggregation of TiO, nanoparticles in polymeric composite
systems. Miao et al. synthesized TiO, nanoparticles in cellulose
matrices with 1-allyl-3-methylimidazolium chloride ionic
liquid."*® Through this approach, the nanoparticles were
assembled into a film with variable pore size. Gupta, et al.
synthesized TiO, via electro spraying with spun PLA fibers to
form a film."™® TiO, nanoparticles have been synthesized via
sol-gel methods as well, with regenerated cellulose'* and chi-
tosan as the polymer scaffolds."*

Supercritical CO, drying, magnetic field ordering, and silica
condensation have been demonstrated in the synthesis of silica
nanoparticle assemblies in situ. Yuan et al. used regenerated
cellulose gel as a template to formulate silica composite aero-
gels via a sol-gel process with supercritical CO, drying to attain

Fig. 4 Silica cluster formation with hydroxyethyl cellulose loading for drug delivery applications. (a) 0.1% w/v, (b) 0.5% w/v, and (c) 1% w/v
hydroxyethyl cellulose. Scale bar is 100 nm. This figure has been adapted from ref. 176 with permission from the Royal Society of Chemistry,

2018.
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Fig. 5 ZnO nanorod alignments at high nanoparticle loading (3.5,
7.5 mg mL™Y) for optoelectronic devices. At lower concentrations
(<3.5 mg mL™Y), the nanorods grow in random directions. Cellulose—
ZnO solutions containing 3.5 mg mL™* of cellulose concentration with
(@) 0; (b) 1.0; (c) 3.5; (d) 7.5 mg mL ™~ of ZnO nanoparticles; and (e) cross
section image of ZnO nanorods alignment with 7.5 mg mL~% ZnO. This
figure has been adapted from ref. 162 with permission from MDPI,
2013.

a porous network (Fig. 3).> The silica sol entered the cellulose
gel network, filling the voids in the substrate without aggrega-
tion. It was found that the incorporation of silica enhanced the
specific surface area and mesoporous characteristic of the
cellulose template. The barrier formed by silica decreased the
rate of cellulose decomposition, enhancing flame retardancy.
The same method with nanocrystalline cellulose can produce
chiral nematic assemblies of silica from liquid crystal nano-
cellulose ordering.”*® Network structures of silica can also be
mediated by local ordering with a magnetic field."”® Less
complex silica clusters can be synthesized via self-condensation
of 3-mercaptopropyltrimethoxysilane in the presence of
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hydroxyethyl cellulose. Interestingly, polymer concentration
directly controls cluster size, with increased loading enhancing
bridging interactions and yielding larger clusters (Fig. 4)."””

Another highly common inorganic nanoparticle in forming
nanocomposite materials is zinc oxide. ZnO boasts impressive
ultraviolet light protection and antibacterial activity."*>**” Like
titanium dioxide, random aggregation can be detrimental to
these functionalities.'®® A number of studies synthesized ZnO
nanoparticles in situ, with the biobased polymers serving as
both scaffolds and stabilizing agents. Vigneshwaran et al.
synthesized dispersed ZnO particles in an aqueous system of
soluble starch, which served as both the stabilizer and size
controlling agent.'*® Synthesis in situ is also useful in designing
complex particle geometries. In fact, Carp et al. used starch to
synthesize single phase donut shaped zinc oxide. The starch
acts as both a stabilizer and template in this study, allowing for
the formation of homogenous ZnO spheres, which upon heat-
ing converted to donut morphologies.”®® Other cluster struc-
tures such as flowers have also been synthesized in situ.**

More complex assemblies of ZnO such as networks and
alignments can provide property enhancement to biobased
polymer matrices. In the formation of network assemblies, the
polymer matrix can serve as both the stabilizing and floccu-
lating agent. Networks have been reported in carboxymethyl
starch'® and cellulose'®® matrices. In the same regard, polymers
can align zinc oxide nanoparticles. Ibupoto et al. hydrother-
mally synthesized films of aligned ZnO nanorods with starch or
cellulose as the seed initiator.**®* It was shown that the polymer
identity and concentration was essential in determining the
nanorod alignment (Fig. 5). A similar study was conducted by
Zhao and coworkers for antibacterial efficacy.? The ZnO
nanoparticles were demonstrated to grow in situ along cellulose
nanofibers, which align into mats. ZnO microparticles grow
between the mats of cellulose and ZnO nanoparticles to form
a multi-layered structure.

5.2 Metallic nanoparticles

Metallic nanoparticles such as silver, gold, platinum, and
copper have been prevalently synthesized via in situ methods.?*
These nanoparticles are known to aggregate due to their large
Hamaker constant,* and in some applications (electrical,
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Fig. 6 Porous structure of silver—chitosan film complexes on porous alginate templates for antibacterial efficacy. (a) SEM micrograph of bare
alginate fibers; (b) SEM micrograph of alginate fibers post immersion in a chitosan—silver nanoparticle solution; (c) antibacterial activity against E.
coli and S. aureus. This figure was adapted from ref. 189 with permission from Elsevier, 2017.
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medical, etc.), cluster size and particle geometry require delib-
erate control. If assembled carefully, metallic nanocomposites
can serve as lightweight electrical and sensitive magnetic
materials.?*® Synthesis in situ can help limit random aggregation
and is particularly beneficial in these applications. For example,
Shankar et al used lignin as the reducing agent for the
formulation of dispersed silver nanoparticles in PLA.*** Addi-
tional size and dispersity control are provided with the appli-
cation of microwave and ultraviolet irradiation. Hu et al
achieved homogenously nucleated silver particles with starch,
amino acids, and microwave heating.'* The nanoparticles
demonstrated assembly into films, with applications as Raman
spectroscopy sensors. Ultraviolet irradiation can serve to expe-
dite the reduction of silver ions to nanoparticles upon excitation
of their polymeric matrix. Basuny et al. used carboxymethyl
cellulose with ultraviolet irradiation to achieve thoroughly
dispersed silver nanoparticles.**®

Film structures have also been reported with metallic parti-
cles in situ. For example, Mokhena et al. formed silver nano-
particles in situ with chitosan, and then deposited on a template
of electro spun alginate fibers to produce films with enhanced
antimicrobial activity.” In both cases of Gram positive and
negative bacteria, no growth was observed after 24 hours. This is
largely a result of the porous assembly structure, which aids in
water absorption and silver nanoparticle release into the media.
Post immersion, the alginate retained its structure, with the Ag
clusters embedded between the chitosan and alginate layers as
a film (Fig. 6). Chitosan was also used with cellulose micro
fibrils to promote silver film formation.*” Silver films have been
identified with lignin and starch as well.**”***

Gold nanoparticles have been synthesized in situ with ther-
moresponsive  poly(N-isopropylacrylamide) for plasmonic
applications.” Chitosan has also been reported as a reducing
agent in the synthesis of gold in situ. When combined with
poly(r-lysine), chitosan can serve as the reducing, capping, and
stabilizing agent in the in situ synthesis of gold nanoparticle
clusters.”®® The addition of different organic acids (acetic,

Power conversion efficiency / %
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malonic, oxalic) can be applied to tune the reduction rate and
particle morphology.*®* Gold nanoparticle geometry can also be
controlled with starch in the presence of ultrasonic waves'* and
ionic liquids on cellulose templates.” Complex network
structures of silver, gold, platinum, and copper can be synthe-
sized via cellulose nanocrystal templating and cetyl-
trimethylammonium bromide stabilization."”® Iron oxide
nanoparticles can be synthesized via similar in situ methodol-
ogies to those observed in metallic nanoparticles. Gholoobi
et al. used starch to control the size and aggregation of Fe;0,
nanoparticles.’® Polymer templates such as cellulose nano-
crystals®® and microporous regenerated cellulose have also
been reported in iron oxide nanoparticle synthesis.***

We have shown here that largely diverse nanoparticle iden-
tities (ceramic, metal, etc.) can be synthesized via in situ
methods with biobased polymers. The polymers can behave as
the capping agent, template, or both. In situ syntheses present
new opportunities for tunable particle size, geometry, and
aggregation, however, complex assemblies are not reported
often. Intricate assembly structures are addressed more thor-
oughly in reports of simple nanoparticle-polymer blending,
which will be the core focus of this review.

6. Assembly via nanoparticle blending
in biobased matrices

Blending is the simplest approach to formulate biobased
nanocomposites. Here, pre-synthesized nanoparticles are
combined with biobased polymers (and other additives) via
solvent mixing or melt compounding. Since the particles are not
being synthesized within the polymer matrix as they were with
in situ methods, thorough dispersion is required prior to poly-
mer addition. Nanoparticles are prone to form random aggre-
gates due to their high surface energy, therefore understanding
and mediating interactions between particles and the environ-
ment is of critical importance. Inorganic nanoparticle films and
assemblies (clusters and networks) have been reported via
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Fig.7 Porous structures of titanium dioxide in ethyl cellulose matrices with Pluronic 127 surfactant for power conversion. SEM micrographs of (a)
film morphology prior to calcination, (b) film morphology after calcination, (c) cross-section before calcination, (d) cross-section after calci-
nation, and (e) the optoelectronic properties as a function of film thickness. This figure was adapted from ref. 151 with permission from Elsevier,

2014.
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Table 2 Comparison of the light blocking properties of TiO, nanocomposites with differing polymer matrices and resulted assembly structures

Polymer matrix Film thickness (um)

Assembly structure

%Transmittance (300 nm) %Transmittance (600 nm)

Whey protein'®* 50 Cluster
Potato starch'*’ 80 Dispersion
Wheat starch'*® 120 Cluster
Hydroxyethyl cellulose'®® 0.2 Network
Polyaniline chitosan®® 1.5 Film

blending processing techniques. When compared with in situ
synthesis, the blending technique has the advantage of
simplicity and flexibility, with a simple setup and the possibility
of using commercially available nanoparticles, which usually
leads to lower cost and less effort in preparation. Therefore,
blending presents an economical method in the application of
biobased polymer technologies.

6.1 Oxide nanoparticles

6.1.1 Titanium dioxide

6.1.1.1 Clusters and networks. Titanium dioxide (TiO,)
nanoparticles are commonly used in the fields of composites
and coatings due to their opacifying properties. In most cases
fully dispersed particles are desired, as large aggregates are
detrimental to composite performance.”” However, literature
suggests that carefully controlled structures of titania can
introduce novel capabilities to the biobased nanocomposite.
For example, Goudarzi et al. demonstrated that TiO, nano-
particle clusters in starch matrices promote enhanced hydro-
phobicity and UV-blocking.™® The clusters form from hydrogen
bonding interactions with starch, and decrease the water solu-
bility. The clusters are shown to introduce roughness to the
composite, which offers additional contribution to improving
the water contact angle. The coating has been suggested for use
in packaging for UV-blocking applications. Clusters of TiO,
nanoparticles may also be utilized for an anti-plasticizing effect.
In a whey protein matrix, Zhou et al. used cluster size to control
the tensile and moisture barrier properties.** Small amounts of
nanoparticle were shown to improve the tensile strength, but
hydrophobicity was reduced. The opposite phenomena were
observed with larger quantities. The decreased strength at high
loading occurs due to increased cluster size, which creates
discontinuities in the polymer domains.

Dense network structures of titania have also been demon-
strated in the formulation of materials for smart windows and
dye solar cells.**"*** In this scenario, biobased polymers assist in
viscosity modulation for the formulation of uniform colloidal
pastes. Ethyl cellulose is commonly used as a thickener to
achieve viscous screen printable pastes when the fabrication
process of TiO, electrode involves the use of organic solvent-
based formulations.”***** Biobased polymer matrices can also
aid in enhancing surface porosity after removing organics via
sintering. The resulting film is composed of interconnected
mesoporous TiO, networks, where the desired thickness can be
achieved by repetitive coating.>** Feckl et al. formed meso-
porous films of TiO, in ethyl cellulose with Pluronic F127

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surfactant.’® The bimodal assembly exhibits small (6-8 nm)
pores from the surfactant and large pores (60-100 nm) from the
ethyl cellulose (Fig. 7). The films are light scattering and
increasing thickness increases the power conversion efficiency.
Chen et al. achieved a crack-free nanostructured TiO, film using
methyl cellulose as a binder in an aqueous formulation.?** It has
been shown that adding hydroxyethyl cellulose to a polymeric
gel leads to the nanostructured and porous morphology of TiO,
film with a large surface area. Prepared dye solar cells exhibited
higher power conversion and photovoltaic performance
compared to the electrodes made with a conventional paste,
emphasizing the importance of assembly in material property
determination.***

6.1.1.2 Films. Polymer choice can provide control in the
formation of nanoparticle assembly structures from simple
clusters to complex multilayer films. The structures may provide
enhanced functionality to the polymer matrix. Take TiO,
nanoparticles as an example, the key property of TiO, is to
improve light blocking capacity in both the ultraviolet and
visible range. The opacifying properties of the TiO, nano-
composite films presented in this section are summarized (with
coating thickness) in Table 2. Clearly, different polymer
matrices can be utilized in the formation of assembly structures
varying in complexity. Small scale assembly structures such as
clusters promote the best light blocking in the ultraviolet and
visible range. Though network and films are not the most
effective opacifying structures, in this section we showcase
functionalities unique to higher level assemblies such as dye
degradation, hydrophobicity, power conversion, and flame
retardancy.

Deposition of TiO, as a coating film has been demonstrated
to provide dramatic property enhancement to the polymer
substrate. For example, Lu et al. synthesized films of cellulose
and TiO, (modified with 1H,1H,2H,2H-per-
fluoroalkyltriethoxysilane) as a low surface energy coating for
wood."* Scanning electron microscopy images show that the
TiO, coating does not change the cellulose structure, instead
filling the pits between fibers. Increasing water resistance was
achieved with more layers, and pH was also shown to be a key
factor. When pH was increased, charges on polymer were
altered and more effective depositions and hydrophobicity were
achieved. Environmental stability tests showed maintained
properties for a number of days. Gilman et al. formulated
multilayer coatings on cotton via the same method using chi-
tosan.”®” Cotton fabrics were submerged in the polymer-nano-
tube suspension repeatedly. It was shown that the nanotubes
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Fig. 8 Cluster and network structures of zinc oxide nanoparticles in
hydroxyethyl starch and hydroxyethyl cellulose matrices. Only
network structures promote UV-blocking. This figure has been
adapted from ref. 164 with permission from ACS Publications, 2019.

assembled in a random and entangled fashion, and modifica-
tion of the number of layers and the polymer particle-ratio
provides additional structural control. The network formed is
shown to induce thermal stability, providing a barrier to heat,
oxygen, and mass transfers when the fabric is exposed to
a flame. Inclusion of TiO, nanoparticles reduces gas transport
via tortuous pathways, and their radical scavenging capability
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encourages stable char formation, hence preventing cotton
surface regeneration for combustion.

Multilayer coatings of TiO, can be formed through electro-
static interactions. Mahanta et al. used polyaniline grafted
chitosan as a positive electrolyte to bridge multilayer percolated
films.* The films are effective in promoting the degradation of
anionic and cationic dyes, with grafted chitosan driving the dye
towards TiO, for degradation. Interestingly, the films can be
reused for this purpose, which emphasizes the stability and
utility offered by multilayer coating structures.

6.1.2 Zinc oxide

6.1.2.1 Clusters and networks. Like TiO,, zinc oxide (ZnO)
also boasts high levels of ultraviolet light absorption. It is
prevalently used in cosmetics and packaging industries to
protect light sensitive items including the human epidermis,
foods, and dyes. Nanoparticle assembly structures of ZnO, such
as clusters and networks, have been reported to impart
impressive light blocking properties to biobased polymers.**>'%
For example, Olson et al. formulated network structures of ZnO
in hydroxyethyl cellulose matrices for a high UV-blocking (95%)
performance.’® In comparison, hydroxyethyl starch formed
a dispersion of clusters, not a network, under the same
formulation conditions (Fig. 8). This occurs as a result of
configuration of the anomeric bonds. The a-anomer in the
starch derivative yields a coiled structure with lower persistence
length, and the B-anomer of cellulose increases the persistence
length and polymer rigidity. This variation has drastic impacts
on the resulted nanoparticle assemblies and UV-blocking
capacity.

Networks of ZnO nanoparticles have also been demonstrated
in regenerated cellulose matrices by Fu et al'® Enhanced
nanoparticle loading was found to induce the formation of
increasingly interconnected clusters structures in the
composite. The structures were firmly embedded in the polymer
matrix, likely due to strong hydrogen bonding interactions
between polymer and particle. These interactions enhanced the
tensile strength and Young's modulus of the composite. The
films also displayed UV-blocking properties (99%) and impres-
sive antibacterial activities against E. coli and S. aureus.
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Fig. 9 Ultrasonication techniques in the formation of zinc oxide networks in bacterial cellulose for water repellency. SEM images of (a) bacterial
cellulose, (b) bacterial cellulose with ZnO, (c) multilayer bacterial cellulose with ZnO, (d) bacterial cellulose with ZnO processed via ultra-
sonication, (e) moisture uptake comparison. This figure has been adapted from ref. 167 with permission from Elsevier, 2020.
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6.1.2.2 Films. When ZnO nanoparticles are deposited as
a film, enhanced antibacterial activity and water repellency are
reported. Valerini et al. formulated a monolayer of aluminum
doped ZnO nanoparticle on PLA films via a sputtering tech-
nique.'*” The deposition power greatly altered the nanoparticle
structure on the PLA surface. With low deposition power, the
surface of the polymer is filled with particle, leading to a smooth
appearance. Increasing deposition power increases the rough-
ness and surface coverage. The roughness offered by larger
deposition power significantly improve the hydrophobicity of
the coating. As in previous studies, the coating also shows
antibacterial activity.

Films can be assembled together to form multiple layers,
introducing diverse functionality to the substrate. Particle
identity and layer ordering are key in determining the final
properties of the coating. Bacterial cellulose and ZnO porous
multilayer sandwich structures have been reported by Jebel
et al.'®® Ultra-sonication was used to control nanoparticle
aggregation, reducing cluster size and allowing for their effec-
tive (entangled) interactions with the cellulose fibers. Without
ultra-sonication, the nanoparticles were solely absorbed on the
fiber surface (Fig. 9). The strong interaction between cellulose
and ZnO is a result of hydrogen bonding, and with the addition
of ultra-sonication the water vapor permeability and moisture
absorption is improved dramatically. The films were again
shown to be antibacterial against S. aureus and E. coli, an effect
enhanced by ultrasonication.

6.1.3 Silica dioxide

6.1.3.1 Clusters and networks. Silica dioxide (SiO,) nano-
particles have been demonstrated to enhance the microstruc-
ture and mechanical performance of polymeric materials.*** In
the nanocomposite, silica nanoparticles introduce matrices of
higher densities, imparting strength, improved thermal prop-
erties, and durability under working conditions.>*® The incor-
poration of SiO, nanoparticles in biobased polymers have been
extensively studied to improve the coating performance.**7*173
Nanostructures of silica ranging in complexity have been re-
ported by Ai et al. in soy protein matrices via compression
molding."”® As the nanoparticle loading increases, nanoclusters,
interconnected networks, and large domains are possible. The
formation of network nanostructures is shown to alter the
strong, interfacially ordered soy protein matrix, eventually
leading to micro phase domain separation. The inherent
strength of the composite is dictated by the polymer-filler
interface, and therefore stronger prior to micro domain
formation, with aggregation severely limiting elongation
capacity. Superhydrophobic network structures of SiO, nano-
particles were achieved by Olson et al. via solvent mixing in
hydroxyethyl cellulose.”® The rigid chain conformation of
hydroxyethyl cellulose was utilized to strategically form floccu-
lated silica nanoparticle assemblies at multiple length scales.
Hydroxyethyl starch only formed dispersions of small clusters
of nanoparticles. Furthermore, when the composite was treated
with fluorinated silane vapor, superhydrophobicity was ach-
ieved with cellulose. It is proposed that the roughness of
nanoparticle assembly in cellulose is responsible for the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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superhydrophobic property (Fig. 10). The composite is also self-
cleaning and promotes impressive adhesion.

Network structures of silica were also formed by Saxena et al.
in the presence of sodium carboxymethyl cellulose, cetyl-
trimethylammonium bromide (CTAB), and oxalic acid."”® Due to
limitations induced by the coffee ring effect, SiO, nanoparticles
cannot organize into such complex structures alone. With the
electrostatic and surface tension effects of CTAB and the crys-
tallization ability of oxalic acid, homogenous fractal structures
can take shape via van der Waals forces. Interestingly, these
structures can be utilized for improved hydrophilicity and
antifogging properties. Network structures of silica were also
demonstrated by Zhang et al. with the use of starch sponges as
the polymer template.”*® Pore size and network density is found
to be highly dependent on starch concentration. The silica
frameworks could be removed (and kept intact) via calcination.
The films are highly robust and resist degradation in a number
of solvents including water and acetone.

6.1.3.2 Films. The added benefit of silica nanoparticles has
been reported in film structures. In one method by Pinto et al.,
films of SiO, were assembled layer-by-layer with cellulose and
polyelectrolytes.””> Adhesion of the particles to the cellulose
fibers is determined by electrostatic interactions between the
particles and polyelectrolyte. For means of comparison, parti-
cles were also formed via in situ synthesis. Interestingly, the in
situ approach resulted in denser coatings, likely due to
precursor condensation during growth. This study demon-
strates the importance of synthesis strategy in dictating
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Fig. 10 Polymer mediated network and cluster assemblies of silica in
hydroxyethyl cellulose and starch matrices for water repellency. (a)
Contact angle as a function of polymer, nanoparticle, and surface
treatment; (b) SEM micrographs of fluoro silane treated composites of
HEC and HES alone with an AFM topography profile; (c) SEM micro-
graphs of silane treated HEC and HES nanocomposites with a confocal
topography profile. This figure has been adapted from ref. 238 with
permission from the Royal Society of Chemistry, 2021.
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nanoparticle assembly and composite properties. In both
scenarios, water uptake is reduced compared to the bare
cellulose fibers.

6.1.4 Clay

6.1.4.1 Clusters and networks. Clay is a mineral composed of
small crystals of silica and aluminum oxide, along with traces of
organic materials. Like SiO,, clay too offers improved mechan-
ical strength and barrier properties to biobased nano-
composites. Therefore, clay is oftentimes used for food
packaging applications.****** Liu et al. reported clusters of clay
in nanocomposites of cellulose nanofibers modified with
protonated chitosan.?**> Chitosan provides hydrophilicity and its
charge helps disperse the filler. When added, the chitosan
intercalates amongst clay layers, causing immediate floccula-
tion. The dry coating is homogenous and smooth, with strength
provided by cellulose nanofibers and clay (up to 48% loading).
Clay has also been demonstrated to assemble into clusters via
solvent mixing with carbon nanotubes in chitosan.”** Tang et al.
observed the nanotubes to surround the clay platelets, rein-
forcing the chitosan matrix. Increasing nanoparticle content
initiated the formation of clay clusters, improving the thermal
stability, strength, and gas permeability of chitosan. The
composite is suggested for use in food packaging applications.
Yoon et al. used raw corn starch to form clusters of kaolin clay
via precipitation with ammonium sulfate.>® It was shown that
starch effectively coats clay platelets, and increased loading
induces the formation of clusters. Cluster diameter is found to
determine composite strength, water solubility, and opacity.
These properties can be achieved with small quantities of clay,
allowing for dramatic composite performance improvement
without strength sacrifice.

Network structures of clay have also been reported in bio-
based polymer matrices. Low molecular weight poly(-
vinylalcohol) (PVOH) was used in the melt compounding of

Fig. 11 Concentration driven clay networks in citrus pectin matrices
for mechanical strength. This figure was adapted from ref. 244 with
permission from the American Chemical Society, 2011.
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chitosan-clay nanocomposites by Giannakas et al>** Both
hydrophilic and organically modified nanoclay were assessed in
scope of this study. PVOH encourages the bonding of chitosan
with hydrophilic but not hydrophobic nanoclay. Interestingly,
both organic and hydrophilic nanoclay formed percolated
network structures due to hydrogen bonding with chitosan. The
clay limits phase separation between composite elements, and
the network improved the strength, barrier, and antimicrobial
properties. The properties of the nanocomposite prompts its
application in food packaging. Network structures of clay were
also formed by Cavallaro et al.>** In this approach, pectin from
apple and citrus and halloysite clay nanotubes were blended
through solvent mixing. The pectin matrix forms strong
hydrogen bonds with the nanoclays, which thoroughly disperse
the particles at low loading. As the amount of clay in the system
increases, network structures begin to percolate (Fig. 11).
Interestingly, the mechanical properties of the composite are
consistent, even at high nanoclay loading. However, the pres-
ence of network structures dramatically improves the thermal
stability and elastic modulus. Flocculated silicate structures
have also been reported in PLA via a melt extrusion method by
Ray et al.*” Hydroxyl terminated PLA is shown to enhance the
anisotropy of the composite, with improved mechanical prop-
erties. This is largely a result of the hydroxyl functionality on
PLA, which allows for edge-edge interactions amongst the
randomly distributed silicate. This encourages flocculation,
reinforcing the composite and reducing chain movement. The
composite hence shows improvement in strength and modulus.
Another study by Piekarska et al. also reports networks of clay in
PLA (with the addition of cellulose fibers) for enhanced tensile
strength and storage modulus.**®

6.1.4.2 Films. Clay nanoparticle films have been demon-
strated to further enhance the strength of the biobased
composite. In fact, Nuzzo et al. report the formation of clay films
in PLA matrices with polyamide.>*” The clay serves as a physical
barrier at the polyamide/PLA interface, limiting polymer coa-
lescence and allowing for co-continuous matrix formation, even
at high PLA (70%) and low polyamide content (30%). The
introduction of the polyamide/clay mixture to the PLA phase
enhances the mechanical strength and thermal stability of the
composite. The improvements in composite properties are
hypothesized to be a result of slowed relaxation times. The ratio
of filler to polymers is an essential consideration in maintaining
optimal mechanical performance. Yao et al. formed films of clay
in chitosan.>*® The strong ionic and hydrogen bonding between
the clay and chitosan prompts the formation of sheets in the
composite. The layered structure improves the mechanical
strength and fire retardancy.

6.1.5 Iron oxide

6.1.5.1 Clusters and networks. Iron oxide can introduce
exciting properties to biobased matrices, such as magnetism
and thermal stability.>*®* Magnetism in nanoparticle assemblies
are more controllable than individual particles, with demon-
strated improvement in magnetic response, multivalent inter-
actions, and magnetic properties. Like other metals, the
majority of work follows in situ methodologies, as size and
assembly control are challenging. However, one work by Yang
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et al. reported Fe;0, cluster formation via blending in cellulose
matrices.” Cluster size was stabilized in the matrix due to
strong bonding with cellulose hydroxyl groups. The introduc-
tion of Fe;O, clusters was shown to reduce the movement of
cellulose chains in the composite, hindering crystallization
processes and reducing tensile strength. In the same regard,
elongation at break was increased. The composites also
demonstrate sensing capacities against magnetic field and UV
irradiation. Their high flexibility (without fracture) and thermal
stability to 290 °C promotes their use as sensing devices.

6.2 Metallic nanoparticles

6.2.1 Gold and silver

6.2.1.1 Clusters and networks. Metallic nanoparticles such
as gold and silver have been reported in biobased composite
technologies. The number of studies in this area is considerable
smaller than the quantity present in ceramic nanoparticles.
This is largely due to the more severe aggregation in metallic
nanoparticles because of the larger vdW attraction. However,
with careful control of the assembly structure, diverse func-
tionalities can still be introduced. Silver, for example can be
used for antibacterial activity, and gold can offer unique surface
plasmon resonance for sensor applications. Both silver and gold
are electrical conductivity that can be used to fabricate elec-
tronics. Therefore, metallic nanoparticles have the potential to
added great value to biobased polymers. In addition, assem-
bling nanoparticles into well-defined structures can improve
the properties provided by individual metallic nanoparticles.

Cheng et al. reported the formation of network structures of
plasmonic gold nanorods in chiral nematic cellulose nano-
crystals (with polyethylene glycol) for fluorescence.’® It was
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discovered that the final properties of the composite are entirely
dependent on the interactions between the nanocrystals and
gold. When the gold was assigned a negative charge, strong
electrostatic repulsion occurred with the cellulose nanocrystals.
This allowed for the formation of a large helical pitch with
a good chiral plasmonic patterns (Fig. 12). On the other hand,
when the particles were positively charged, the nanocrystals
formed a gel because of particle flocculation. Therefore the
properties of the composite are driven by electrostatic interac-
tions between the nanocrystals and nanorods, allowing for
fluorescence and optical properties. Network structures of gold
nanoparticles have also been demonstrated in chitosan
matrices by Huang et al.'®* Again, charge was a determining
factor in nanoparticle assembly. The nanoparticles were proven
to assemble due to electrostatic interactions between citrate
modified gold (negative) and chitosan (positive). With chitosan
as the structural foundation material, the gold particles floc-
culated assembly patterns. As more layers of gold were added,
the particles began to aggregate together to form a continuous,
compact film. The multilayer system promotes high conduc-
tivity. Interestingly, the polymer-particle interactions are so
strong that the coating can be exposed to extreme electro-
chemical conditions whilst maintaining its properties.
Hierarchical assembly structures of silver have demon-
strated utility in biobased polymer matrices. Modification of the
particle surface is responsible for the observed silver assembly,
and polymers can be used to strategically determine the
aggregation (or lack thereof). Trinh et al. used salinity to control
the aggregation of silver nanoparticles.” With citrate surface
modifications, salt was shown to aggregate the silver particles
into network assemblies, an effect which is expedited with
increasing salinity. Salinity induced aggregation slows in the
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microscopy images of (a) cellulose nanocrystals alone, (b) cellulose nanocrystals with PEG, (c) cellulose nanocrystals, PEG, and positive gold
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with permission from Wiley, 2014.

presence of hydroxyethyl cellulose (and stops completely in the
case of its hydrophobic derivative). The authors propose that
the aggregation differences are a result of the nanoparticle
surface modification. For example, citrate may cover the surface
and prevent the particles from aggregation, whereas salt
induces aggregation. With the introduction of cellulose partially
covering the silver surface, aggregation can occur at the expense
of bridging. However, full surface coverage stabilizes the parti-
cles and inhibits aggregation. Network structures of silver
nanoparticles have also been reported by Liu et al. in matrices
including chiral nematic cellulose nanocrystals."® With alter-
ation of the cellulose: silver ratio, the chiral reflectance was
tuned and various iridescent colors were observed. The inter-
action between silver and cellulose was proven to be purely
physical bonding, and silver did not disrupt the crystalline
phases. The tunable optical properties of the material are
proposed for specific wavelength absorption/identification
applications, such as anti-counterfeit technology.

6.2.1.2 Films. Larger volumes of work in metallic nano-
particle self-assembly involve complex hierarchical structures
and films. This is likely a result of concerns of reduced func-
tionality (namely antibacterial efficacy and conductivity) in
a poorly packed system. Films of gold nanoparticles have
demonstrated utility in optical (polarizing) and conductive
applications. For example, Liu et al. reported self-standing films
of citrate modified gold nanoparticles in cellulose matrices for
conductivity.’®® The incorporation of nanoparticles was not
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shown to impact the mechanical properties of the composite,
and the tensile strength of cellulose was maintained. The
mechanical strength of the material is hypothesized to be
a result of strong interactions with the hydroxyl groups of the
polymer matrix. Pinto et al. demonstrated that both vegetal and
bacterial cellulose can also be used to assemble gold nano-
particles into films via layer-by-layer techniques.*” However, in
this study the cellulose behaves as a template for nanoparticle
assembly into a film. It was proven that the type of cellulose
fiber determines the final optical properties of the composite.
Optical properties (and aggregation) can be further tuned by
coating the gold with a shell of silica. Gold nanorod film
alignments with cellulose nanocrystals (CNCs) were reported in
a study by Liu et al.>*® Cellulose nanocrystal loading was found
to drive isotropic or nematic alignments via the depletion
interaction. The alignment of gold nanorods induces polariza-
tion effects in the film, and potential applications include smart
windows and plasmonic polarizers (Fig. 13).

Films of silver nanoparticles have been reported more
prevalently than gold nanoparticles, largely due to their anti-
bacterial, additive manufacturing, and electronic utility. Dense
film structures of silver optimize the inherent abilities of the
nanoparticles, improving the functionality of the polymer
matrix. For example, Martins et al. deposited silver films on
cellulose fibers with different polyelectrolyte modifications
(poly(diallyldimethylammonium chloride), poly(sodium 4-styr-
enesulfonate), poly(allylamine hydrochloride), and branched

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polyethylenimine).*®” It was shown that the most homogenous
deposition occurred with cationic and anionic polyelectrolytes.
Cellulose-Ag nanocomposites were then integrated with starch
matrices for antibacterial papers. The papers (with poly-
electrolyte modification) were shown to be effective in S. aureus
and K. pneumoniae bacterium at low nutrient concentrations.
Cationic modifiers were most effective due to electrostatic
interactions with anionic groups on the cell walls. Introduction
of the nanofiller improved the mechanical and barrier proper-
ties of the starch papers. Elated, cellulose paper substrates were
used to form films of silver nanowires via dip coating methods
by Lee et al.* Silver nanowire interconnectivity is observed on
the paper surface, though some have penetrated to the inner
layers. Variation in silver density leads to anisotropic electrical
conductivity. A single coating of silver was shown to improve the
conductivity drastically. Increasing numbers of dip coatings
provides further improvement. The cellulose paper structure,
therefore, is a fitting template for the assembly of silver for
improved material properties.

Other polymer matrices, such as wool, can be functionalized
via the templated assembly of silver nanoparticles films (in
tandem with silica nanoparticles).”* In a study by Tang et al.,
wool matrices were dipped in silica, and then silver (both at low
pH). Layered nanoparticle assemblies were achieved as a result
of strong hydrogen bonding. Interestingly, the wool fabrics can
show bright colors due to silver plasmon resonance. The vari-
ation in color is mainly because of the geometry of the silver
used in the coating, with green coming from nanoprisms and
nanospheres, blue from nanoprisms alone, and red and yellow
from nanodisks. Alongside the variation in color, the film
promotes hydrophilicity and antibacterial efficacy. The proper-
ties of the film prompt its use in high wear textile applications.

7. Modelling and simulation on
assembly of nanoparticles

Because the organization and distribution of nanoparticles play
such important roles in determining the composite properties,
it is critical to develop a comprehensive understanding of not
only final structures but full dynamics of nanoparticle assembly
in biobased polymer matrices. However, polymer nano-
composites feature complex physics at play on drastically
different length and time scales, ranging from sub-nanoscale
interactions between particles and polymers interactions (as
discussed in previous sections) to clustering and percolation of
nanoparticles into microstructures (as discussed in previous
sections) to crack propagation and fracture on the macroscale.
Computational modelling and simulations offer unparalleled
abilities to analyze phenomena or processes of interest across
the full spectrum of length and time scales. They are indis-
pensable tools for establishing the processing-structure-prop-
erty relationship for design of advanced polymer
nanocomposites. Although many excellent reviews accounting
for the theory and simulation of polymer nanocomposites
already exist,>**>* the majority discusses either petroleum
based systems or generic model polymers. There are few

© 2021 The Author(s). Published by the Royal Society of Chemistry
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computational studies dedicated to specific biobased nano-
composites. This section aims to outline the recent progress in
understanding the assembly of nanoparticles in biobased
polymer matrices through modelling and simulation.
Nanoparticle aggregation and assembly within nano-
composites has been modeled extensively on different scales
using atomistic and coarse-grained molecular dynamics (MD),
Monte Carlo (MC) methods, Brownian dynamics (BD), dissipa-
tive particle dynamics (DPD), self-consistent field theory (SCFT),
density functional theory (DFT), and integral equation theories
(also known as PRISM).>*":2522%¢ For example, Liu et al. utilized
coarse-grained MD to study the dispersion and aggregation of
nanocomposites.” Their work reveals the qualitative phase
behavior of nanocomposites by changing both the polymer-
particle interaction and nanoparticle concentration and iden-
tifies ideal conditions for creating homogeneous dispersions.
Gervasio et al. developed a constant-number kinetic Monte
Carlo (KMC) scheme to model the aggregation kinetics of ZnO
nanoparticles and poly(methyl methacrylate) (PMMA) co-
suspensions during drying (Fig. 14a).>*® The simulation
successfully predicts average surface roughness of the dried
nanocomposites that agrees well to the experimental value
(Fig. 14b). To resolve the assembly structure and kinetics on the
individual particle level, Lu et al recently modeled the
morphology of polymer nanocomposites comprised of
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Fig. 14 (a) KMC simulation prediction of aggregation in 20 vol% ZnO-
PMMA cosuspension and (b) comparison of the surface roughness of
simulated dry sample to experimental results after 30 minutes of
simulation time. The size of particle aggregates is also depicted by their
colors, ranging from dark blue to dark red (50 nm to 15 pm respec-
tively). Adapted from ref. 258 with permission from ACS Publications,
2019. (c) Coarse-grained MD simulations of different assembly struc-
tures of homogeneous and patchy nanorods in polymer nano-
composites. Adapted from ref. 259 with permission from the American
Chemical Society, 2021.

Nanoscale Adv., 2021, 3, 4321-4348 | 4335


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00391g

Open Access Article. Published on 28 June 2021. Downloaded on 3/31/2026 3:24:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Mineral layer
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Protein layer

Fig. 15 (a) Atomistic MD simulation of hydrogen bond formation
between functionalized carbon nanotubes and chitosan. Adapted
from ref. 277 with permission from the American Chemical Society,
2016. (b) Simulation of cortical bone structure undergoing horizontal
loading, showing colormaps of the normal stress in the loading
direction (top) and shear stress along the mineral boundaries (bottom).
Adapted from ref. 278 with permission from Elsevier, 2004.

nanorods, observing various modes of aggregation depending
on the nanorod design as shown in Fig. 14¢.>*

Compared to petroleum-based synthetic polymers, compu-
tational modelling and simulation of the behavior of nano-
particles within biobased polymer matrices are far more
challenging. This is largely attributed to less well-defined
molecular architecture of natural polymers such as chitosan
and starch as well as intricate interactions of polysaccharides
with solvent molecules, ions, and nanoscale inclusions, which
influence the arrangement and conformation of chains.”**>%
Significant progress has been made in the understanding of
atomistic interactions and computation and prediction of
mechanical properties of biobased nanocomposites with
varying levels of hierarchy.>*** Ab initio simulation and clas-
sical MD provide great insight into nanoscale interactions
among constituents of composites and elucidate the thermo-
dynamic and dynamic behaviors at the filler-polymer interface
from first principles with atomistic resolution (Fig. 15a).26>27°277
Modelling efforts in mechanics of biobased nanocomposites
exploit numerical approaches including MD, finite element
method, and boundary element methods, as well as a variety of
analytical methods and models to discover the structure—
property relationship of these multicomponent systems, with
prime examples being protein-mineral composites such as

4336 | Nanoscale Adv, 2021, 3, 4321-4348
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bone, shell, and wood (Fig. 15b).>**?”*%> A comprehensive
account for these lines of research on biobased nanocomposites
has been previously summarized.>*

Despite extensive studies on these aspects of biobased
nanocomposites, the assembly behavior of nanoparticles and
underlying mechanisms remain surprisingly unexplored for
biopolymer matrices. In an experimental study of ZnO assembly
in modified starch (HES) and cellulose (HEC) composites, Olson
et al. discovered that monomer conformations (- and B-
anomeric glycosides) have a significant impact on nanoparticle
assembly.' Inspired by this work, Chen et al. applied the
mesoscopic DPD method to investigate the effects of polymer
chain conformation on nanoparticle assembly in biobased
nanocomposite film formation.”® The difference between HES
and HEC polymers was modeled by modulating the rigidity of
polymer chains. The results show that both very soft and very
stiff polymers lead to clustered aggregates, while an interme-
diate stiffness results in dispersed aggregates. This behavior is
reminiscent of the observation by Liu et al,*” although the
mechanisms of the clustered-dispersed—clustered transition
are completely different. Interestingly, the clustered aggregates
favor distinct morphologies in soft and stiff matrices shown in
Fig. 16a and b as a result of interplay between enthalpic and
entropic effects in the polymer—particle-solvent three-phase
system.” The assembly structures predicted by the DPD simu-
lations match well with those in real HES and HEC nano-
composites. To bridge physical experiments and computer
simulations, Olson et al. recently reported a BD-MC simulation
of nanoparticle aggregation in biopolymer matrices using an
interparticle potential derived from in situ AFM measurement of
surface forces in the HES and HEC solutions.?** The new AFM-
derived potential agrees well with the theoretical interaction
model between silica nanoparticles proposed by Snowden
et al.,”® considering the presence of various different absorbing
and non-absorbing polymers, most notably HEC. The simula-
tion incorporates rigid body motion of assembly with both
translational and rotational diffusion, which has been shown to
significantly influence the assembly structure of nano-
particles.”®*** Similar to the scheme formulated by Gervasio
et al.,”*® the reversible assembly of nanoparticles was modeled
by MC steps with different Metropolis conditions for aggrega-
tion and separation of particles. The results demonstrate large-
scale anisotropic cluster formation in the HEC nanocomposite
and small dispersed cluster formation in the HES nano-
composite, which is highly consistent with fluorescent micros-
copy and confocal microscopy images of the physical systems
(Fig. 16c-h). Despite the excellent agreement between the
simulation and experimental results, it still lacks a clear
understanding of underlying mechanisms that contribute to
different nanoparticle interactions mediated by these biopoly-
mers with complex molecular architecture. There exists a crit-
ical knowledge gap on micro-/mesostructure formation in
biobased nanocomposites that links nanoparticle-biopolymer
interactions at the atomic level to the macroscopic bulk prop-
erties. This structure-property relationship across several
length scales challenges multiple fronts of computational
modelling and simulations and warrants future studies.
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Fig. 16

(@ and b) DPD simulations of dried polymer nanocomposites and internal particle assembly structures for (a) soft and (b) stiff polymer

matrices. Adapted from ref. 93 with permission from the Royal Society of Chemistry, 2020. (c and d) Fluorescent microscopy images of silica
nanoparticles in HEC and HES solutions, respectively. (e) Confocal 3D image of silica nanoparticle assembly in HEC solution. (f and g) BD
simulation snapshots of nanoparticle assembly in HEC and HES, respectively. (h) Image of 3D view nanoparticle assembly in HEC in the simu-
lation. Adapted from ref. 239 with permission from the Royal Society of Chemistry, 2021.

8. Conclusions

Biobased polymers are an attractive solution to address the
petroleum plastic challenge, as they are derived from biomass
and have reduced degradation times. However, the heteroge-
neous composition and inconsistent chemistry of biobased
materials generate challenges in functionality and consistent
performance. The incorporation of nanoparticles can introduce
new properties and promote novel applications. Strategically
assembling nanoparticles into hierarchical structures offers new
opportunities to utilize these materials. It has been demonstrated
that through careful experiment design, hierarchical assemblies
including clusters and networks can be formed. To effectively
formulate biobased nanocomposites for high value applications,
interactions in biobased nanocomposites must be identified and
optimized. Theoretical modelling and computational simulation
are powerful tools in corroborating with experimental results and
offering insight in fundamental interactions, which can further
provide structure prediction and design. Work in this field is
expected to grow as more experiments are carried out to probe
the biobased polymer structures and interactions. We hope this
review inspires more future work to explore nanoparticle self-
assembly in biobased polymer matrices, expanding opportuni-
ties in applications of sustainable materials.
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