Received: 28 February 2023

Revised: 15 March 2023

Accepted: 15 March 2023

DOI: 10.1002/pol.20230126

REVIEW

JOURNAL OF
POLYMER SCIENCE

WILEY

Hierarchical biopolymer-based materials and composites

Jeremy L. Fredricks' |
Rachel Meidl® |

"Materials Science and Engineering
Department, University of Washington,
Seattle, Washington, USA

2Baker Institute for Public Policy, Rice
University, Houston, Texas, USA

*Department of Aerospace Engineering
and Mechanics, University of Minnesota,
Minneapolis, Minnesota, USA

Correspondence

Eleftheria Roumeli, Materials Science and
Engineering Department, University of
Washington, Seattle, WA 98195, USA.
Email: eroumeli@uw.edu

1 | INTRODUCTION

Andrew M. Jimenez' © |
Esther Law' |

Paul Grandgeorge' © |

Jiadi Fan® | Eleftheria Roumeli’

Abstract

The mass production and disposal of non-degradable fossil-based plastics is
responsible for alarming environmental and social issues when not managed
responsibly. Towards manufacturing environmentally-friendly materials, bio-
polymers, that is, polymers synthesized by living organisms, emerge as promis-
ing sustainable alternatives as they combine attractive mechanical properties,
compostability, and renewable sourcing. In this review, we analyze the struc-
tural and mechanical properties of three of the most studied biopolymer clas-
ses: cellulose, chitin, and protein beta-sheet structures. We first discuss the
hierarchical structure of the biopolymers and how their rich interaction net-
works induce appealing mechanical properties. Then, we review different fab-
rication and processing methods to translate these attractive properties into
macroscopic materials and composites. Finally, we discuss a nascent approach,
which leverages the direct use of microorganisms, in the form of intact cells,
tissues or dissociated biological matter (biomatter), as meso-scale material
building blocks. These non- or little pre-processed biomatter building blocks
are composed of the biopolymer structural elements (molecular-nano scale),
but also inherit the higher-scale hierarchical characteristics. Processing-struc-
ture—property relationships for biomatter-based materials are discussed,
emphasizing on the role of hierarchical arrangement, processing-induced
transformations, and intermolecular bonding, on the macroscopic mechanical
properties. Finally, we present a perspective on the role of biopolymers in a cir-
cular economy.

KEYWORDS
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designing sustainable materials with a controlled envi-
ronmental and social impact. Polymeric materials are

The global increase in materials production, combined
with the limited fossil resources used to fabricate numer-
ous materials, urgently call for innovations towards
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used in a very wide range of applications, and yet their
sourcing, production and post-use strategies create unde-
niably detrimental environmental and health effects."?
Potential solutions include the usage of structural biopoly-
mers: load-bearing polymers synthesized naturally by liv-
ing organisms, that can be used either as bulk materials,
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FIGURE 1

Structural biopolymers in biomatter. (A) Cellulose is a polysaccharide which can be found in land plants and algae cell

walls, as well as in some tunicates and bacteria. (B) Chitin is a polysaccharide typically found in the mycelium of fungi and in the

exoskeleton of some crustaceans and insects. (C) Protein f3-sheet structures (silks and amyloids) have remarkable mechanical properties.

Silks are produced by spiders and silkworms and amyloids are synthesized by some species of bacteria to form biofilms.

or as fillers in biocomposites. This class of biopolymers,
which includes cellulose, chitin, silk and collagen among
others, shows appealing mechanical properties owing to
the hierarchical structure that spans multiple orders of
magnitude.® In this review, the term biopolymer will
strictly refer to polymers synthesized directly from living
organisms. In contrast, the term bio-based polymers will
be used for polymers made by synthetic chemistry pro-
cesses from bio-based monomers. As an example of bio-
based polymer, ring-opening polymerization of lactic acid
monomers (obtained from starch-rich biomass) is used to
produce polylactic acid (PLA). Note that the molecular
structure of some bio-based polymers prevents them from
being biodegradable (e.g., bio-polyethylene terephthalate;

bio-PET). Biopolymers, on the other hand, can reason-
ably be assumed to be fully biodegradable.

An example of structural biopolymers arises in natu-
ral fibers, also known as biofibers or plant fibers, which
are natural composites of multiple biopolymers extracted
from plant biological materials (biomatter).*> The fibers
diameters typically range in the tens to hundreds of
micrometers, and their composition and microstructure
depend on the source species.® Natural fibers have been
employed extensively over the past few decades as fillers
in a variety of polymers giving rise to the “traditional bio-
composite” materials class. For example, bamboo, jute,
kenaf, flax, hemp, have been introduced into commodity
thermoplastics such as polypropylene (PP), polyethylene
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(PE), polystyrene (PS), and polyvinyl chloride (PVC), as
well as thermosets such as epoxies and phenol formalde-
hyde.>”® These biocomposite materials have already
reached markets like automotive and construction, offer-
ing the benefits of reducing the non-degradable polymer
consumption, and being compatible with standard poly-
mer processing methods. However, natural fibers typi-
cally require surface treatments to be compounded with
hydrophobic polymer matrices, and their effects on the
mechanical properties of the base polymer are not always
positive.”® Indeed, although natural fibers are partially
composed of cellulose, a strong biopolymer, they also
contain other non-structural weaker biopolymers. There-
fore, the natural fibers mechanical properties at the
fiber-level (micro- and meso-scales) are bound to be sub-
stantially lower than pure cellulose. To address this per-
formance limitation, a generation of biocomposite
materials emerged where only the extracted structural
biopolymer is used as a filler or a matrix. Building on the
hierarchical macromolecular backbone of structural
biopolymers enables the design of high-performance,
self-bonded, biodegradable polymers. Among the most
studied structural biopolymers, cellulose, chitin, and pro-
tein p-sheet structures (mostly silks and amyloids), pre-
sented in Figure 1, have already been used widely in
functional materials. Still, these polymers continue to
receive an increasing attention in published literature
and ongoing research strives to fully take advantage of
their appealing properties, by harnessing their intricate
processing-structure—property relations.

In this review, we discuss the current state of the art
to valorize cellulose, chitin, and protein p-sheet struc-
tures by investigating their molecular structure, proper-
ties, and processing methods, as well as their emerging
applications. The highlighted processing-structure-
property relationships reveal the dominant role of the
hierarchical design and structure of biopolymer-based
materials on their macroscopic mechanical properties.
While we primarily discuss fully biobased composites
that require no synthetic binders to form macroscopic
materials, we will also include selected examples of com-
posites with synthetic materials to illustrate the versatility
of these biopolymer-based material classes.

In addition to reviewing the properties of the
extracted biopolymers, we cover a more recently devel-
oped class of materials, which uses unprocessed biomat-
ter in the form of entire cells or tissues to serve as a
meso-scale building block. These building blocks are
composed of structural biopolymers as their nanoscale
elemental components, but in contrast to the traditional
biocomposites, they use the as-produced cells or whole
microorganisms without extraction processes. The wide
range of tailoring that natural organisms conduct to

engineer biopolymers with precise hierarchical features
frames the vast property space that can be achieved when
assembling such biopolymers into new materials. For the
purposes of the present review, we focus on examples in
which the biological organisms (cells or whole organisms
or biomatter) or their products (pure structural biopoly-
mers) are used as materials without requiring genetic
modifications, or for the organism to remain living after
the fabrication.

The goal of this review is to provide a comprehensive
introduction to the vast research area of sustainable poly-
mers, while also featuring recent advances in this field.
Numerous approaches have been investigated to take
advantage of polymers synthesized from living organ-
isms, each with their own advantages and limitations.
We present several of the different approaches while
enabling a deeper understanding of the fundamental
mechanisms at play at the molecular, meso, and macro-
scopic scales. This field of research undoubtedly garners
increasing attention and several reviews in literature pro-
vide enlightening information from different perspec-
tives. The curious reader looking to deepen their
knowledge after reading this Review is referred to other
material covering biobased approaches to design func-
tional materials.’"?

2 | MACROMOLECULAR
STRUCTURE AND MECHANICAL
PROPERTIES OF BIOPOLYMERS

The biopolymers synthesized in the extracellular matrix
or cell walls of micro-organisms, plants, fungi, bacteria
or animal cells serve as structural building blocks with
features spanning from the nanometric to the macro-
scale. The macroscopic properties of these building
blocks are rooted in the secondary bonding motifs at the
molecular level, especially inter- and intra-molecular
hydrogen bonding within natural macromolecular
assemblies, which provide a rich network of interac-
tions. In this first section, we focus on the structure-
properties relationships of the three discussed biopoly-
mer families: cellulose, chitin, and protein-based p-sheet
structures (silk and amyloids in particular), as presented
in Figure 1.

2.1 | Cellulose

Cellulose is the world's most abundant biopolymer and is
one of the most studied natural materials. It has been
used in a variety of applications prior even to the funda-
mental understanding of macromolecules. As an example
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FIGURE 2

Structure and morphology of cellulose. (A) Hierarchical composition of bacterial cellulose. Cellulose fibers are composed of

fibrils, which contain crystalline and amorphous regions. The polymer chains interact through hydrogen-bonding and van der Waals forces.
(B) Intra- and inter-molecular hydrogen bonding interactions in cellulose polymers. Reprinted from Reference 18 Copyright 2015, with
permission from Elsevier. (C) Representations of the different crystalline structures of cellulose: I, I, III and IVpolymorphs. Reprinted with
permission from Reference 19 Copyright 2004 American Chemical Society. (D) Morphologies of different types of cellulose: (i) AFM image of
CNC from bleached pulp fibers. Reproduced from Reference 20. (ii) TEM image of CNF from sugar beet. Reproduced from Reference 21.

(iii) TEM image of CNC from tunicates. Reproduced from Reference 22 with permission from the Royal Society of Chemistry. (iv) SEM

image of bacterial cellulose.

illustrating the technological importance of cellulose,
400 megatonnes of paper (made from cellulose fibers
extracted from wood) were produced in 2008.'* Other
examples of cellulose used for technical materials are cel-
lophane (transparent films) and Rayon (viscose fibers,
where the cellulose is first solubilized and subsequently
regenerated into a fiber)."> The versatility of cellulose is
rooted in the variety of molecular structures it can adopt,
along with different molecular weights (or degree of poly-
merization), degrees of crystallinity, chain and fibril
dimensions and aspect ratio, all of which influence its
final macroscopic properties (mechanical, optical, and
thermal). In this section, we discuss the biosynthesis of
cellulose and focus on the macromolecular and hierarchi-
cal structure of pure cellulose fibers, along with their
mechanical properties.

211 |
structure

Biosynthesis and macromolecular

Naturally synthesized by plants and some algal and fun-
gal species, cellulose is a polysaccharide comprised of
ringed glucose molecules that align linearly along the
polymer backbone. The glucose monomers of the poly-
mer chain are linked through f 1-4 glycosidic bonds,
where a covalent oxygen bond links the C1 and C4 car-
bons of adjacent rings>'*'® giving rise to the strong and
stiff axial properties of cellulose. The symbol  denotes
the orientation along which the linkage occurs, describ-
ing adjacent glucose rings being joined at 180°, which
gives cellulose its linear structure. As presented in
Figure 2A, cellulose is composed of hierarchical fibers,
consisting of fibrils. These fibrils contain amorphous and
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crystalline regions linked via secondary interactions.
Through a combination of short-range but numerous
hydrogen bonds with short and mid-range van der Waals
interactions, cellulose molecular chains and their formed
fibrils arrange into oriented fibers, which then utilize
interfacial and interfibrilar level interactions to ulti-
mately give rise to a well-bonded network.'” The unit
monomer and the linkage of a cellulose polymer are pre-
sented in Figure 2B, along with formed hydrogen bonds
at the intermolecular level. The crystalline structure
(Figure 2C) and morphologies depending on the cellulose
source (Figure 2D) are discussed next.

In plants, cellulose is produced as the main structural
element of cell walls. For land plants and algae in partic-
ular, cellulose synthase-like enzymes polymerize glucose
moieties from uridine diphosphate glucose (UDP-Glc)
into p-1,4-glucan chains, producing rigid crystalline cellu-
lose nanofibrils (CNF).>*** In addition, the cell wall also
contains a heterogeneous mixture of amorphous pectins,
hemicelluloses, proteins and phenolics (later polymeriz-
ing to form lignin) which embed the cellulose fibers into
a nanocomposite network.>>** Throughout the thickness
of the cell wall, the relative concentration of biopolymers
and their three-dimensional (3D) arrangement vary
throughout the organism's developmental stage, and
depends on the species and growth conditions.>>! Pop-
per and Tuohy”* proposed that the variable degrees of
polymerization, dimensions and aspect ratios of the cellu-
lose fibrils are controlled by the different terminal
synthase complexes. In woody-plants, during the late
stages of development, lignin polymerization is observed
in the inner parts of the cell wall (secondary cell walls),
thereby conferring superior strength through reinforce-
ment by bridging the load bearing cellulose fibrils in a
rigid composite structure.”® %32

Brown and red algae, as well as bacteria, have linear
terminal complexes with particles arranged in 1-4 rows
which produce flat, ribbon-like cellulose fibrils, in con-
trast to the more cylindrical fibrils produced in land
plants.>*** In some red algae species, even disordered cel-
lulose microfibrils have been revealed, from observations
during cell elongation.>* We refer the reader to compre-
hensive reviews regarding the vast diversity of cell walls
found in algal species.**>*

In some species of bacteria, pure cellulose, secreted in
the form of semicrystalline fibrils, is deposited in the
extracellular space but does not remain attached to the
cell, marking a significant difference with the organisms
discussed above, for which cellulose contributes to the
structural stability at the cell level. The secreted cellulose
nanofibrils form an intricate layered three-dimensional
(3D) hydrogel network, called a pellicle, at the interface
between the growth medium and air. It has been

hypothesized that this hydrogel may confer benefits to
bacteria by protecting against pathogens, foreign organ-
isms, and ultraviolet light, preventing dehydration, and
trapping carbon dioxide, which in turn helps bacteria
float.>**” Similarly to plant cells, bacteria consume low
molecular weight sugars or other carbon sources and the
cellulose synthase complex polymerizes glucose moieties
from UDP-GIc into p-1,4-glucan chains. One of the most
common cellulose producing bacteria, Komagataeibacter
xylinus (K. xylinus), formerly known as Gluconoacetobac-
ter xylinus and Acetobacter xylinum, can polymerize up to
200,000 glucose molecules into f-1,4-glucan chains per
second.” The pathways of glucose synthesis in bacteria
are relatively well known, but the molecular mechanisms
involved in the monomer polymerization into long cellu-
lose chains are still elusive.*®

The intra-chain hydroxyl groups of a glucose ring and
the oxygen of the adjacent ring are repeated between
adjoining glucose units, thereby stabilizing the linear
configuration of the cellulose chain. The combination of
hydrogen and van der Waals bonds promote parallel
stacking between neighboring cellulose chains. In the
produced structures, cellulose fibrils have crystalline
regions with ordered, regularly conformed macromole-
cules coexisting with disordered (amorphous) regions.
Currently accepted model arrangements include crystal-
line cores coated with disordered sheath layers, and dis-
ordered domains present in between crystalline cores
along the fiber axis.'>* In addition, experimental and
simulation results suggest that the biosynthesized cellu-
lose fibrils experience a twist.**~** The presence of amor-
phous regions has been suggested as a mechanism to
release stresses involved with the fibril twist,** however
the length scale at which it occurs is still a matter of
investigation.* The dimensions of both the crystalline
and amorphous regions are typically in the nanoscale.
Cellulose nanocrystals (CNC) are the regions with only
ordered cellulose and extend to 10-25 nm in length for
algae and bacteria, and 100-150 nm for land plants.** For
pure cellulose fibrils as the ones produced by K. xylinus,
an average diameter of 3.5 nm has been reported, while
hydrogen- and van der Waals-bonded fibrils are known
to induce the formation of nanofibrils with diameters
<35nm.” Depending on the organism or processing
method applied, the nanofibrils can be organized into
micron-sized fibers as detailed below in Section 3.1.

Crystalline cellulose can take the structure of four dif-
ferent polymorphs referred to as type I, II, III, and IV
(presented in Figure 2C). Naturally synthesized cellulose
from plants, algae, bacteria and tunicates, has been iden-
tified as phase 1. This state is thermodynamically meta-
stable and can transform into phase II or III by
rearranging hydrogen bonding through regeneration or
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mercerization processes (aqueous sodium hydroxide
treatments). Despite its metastability, cellulose I has been
extensively studied due to its wide availability, and has
been predicted to have higher axial elastic modulus than
cellulose I1."2

Natural cellulose (polymorph I) can conform into two
allomorphs, identified as triclinic, I, (P1 space group),
and monoclinic, Iz (P21 space group), which coexist in
different relative amounts, ranging from 100% I, to 100%
Is (see crystalline structures in Figure 2C). Plants and
tunicates primarily synthesize a Ig-dominant cellulose,
whereas algae and bacteria produce cellulose richer in I,
phase (with exceptions like the green algae species,
Micrasterias, which primarily produces I cellulose).
There is no universally accepted I,:Is ratio determined
for all cellulose-producing species, and the two allo-
morphs can be found to coexist not only in the same spe-
cies but even within a single elemental fibril.> Within a
single algae species, Salicornia brachiata in particular,
the I,:Is ratio varies from the stem to the tip, decreasing
from 9.3 to 1.5.*° The biosynthesis conditions, the species,
as well as the potential extraction methods determine the
crystal conformation ratio and the distribution of amor-
phous domains in cellulose fibrils. The most important
difference between the two crystal conformations is the
so-called hydrogen bonding plane, which refers to the
plane in which inter- and intra-molecular bonding of
the neighboring glucose units occurs. The exceptionally
high axial stiffness (typically hundreds of GPa) of cellu-
lose fibrils is attributed to the strong cooperative effects
between intra-chain hydrogen-bonding and covalent
bonding, while strength (typically hundreds of MPa), the
unique plastic deformation behavior and enhanced
toughness are related to inter-chain hydrogen bonding as
well as dispersive fibril-level interactions between neigh-
boring cellulose chains on the same or parallel
planes’”***” (see Figure 2C). On the other hand, the
non-axial interactions between cellulose chains
(in directions other than the principal one), are suggested
to be dominated by weaker but longer range, van der
Waals forces. The higher thermodynamic stability of Iy
over I, is related to the greater inter-chain hydrogen and
van der Waals bonding in the non-principal planes. The
same reason would also justify the higher stiffness and
strength of I over I,,. Yet, some reports mention I, cellu-
lose exhibiting higher stiffness than I5.** The conflicting
mechanical properties for the two phases,'>* may be
associated with the processing method to extract and pre-
pare the samples as well as with the difference of testing
method used in each case.

Besides the crystalline structure, the length of cellu-
lose chains, or degree of polymerization (DoP), also var-
ies greatly depending on the source, the processing of the

material and the testing conditions. Inherent polydisper-
sity of the polymer provides DoP values that can range
from 10 to 100,000.°° Measurements to obtain an average
DoP are highly dependent on hydrolyzing steps, often
necessary for isolating cellulose chains. Using derivatiza-
tion methods that attempted to maintain the source
length of the chains, cellulose DoP values from various
plant species ranged from 1000 to 5000, measured visco-
metrically, where woody biomatter tends to have higher
values than non-woody.”" Using size-exclusion chromato-
graphic analysis with multi-angle light scattering detec-
tion (SEC-MALLS), Yanagisawa et al.>> confirmed this
range and showed the DoP of an algal cellulose to be
4300, similar to the high end of plant species, whereas
the bacterial cellulose (BC) in the study was measured at
7300. These numbers illustrate the diversity of cellulose
chains produced across species, but even within a single
species, the DoP can vary significantly depending on the
location. For example, in the primary cell wall, the DoP
typically lies in the range ~2000-6000, while it goes up to
14,000 in the secondary cell wall.>*~>*

2.1.2 |
fibers

Mechanical properties of cellulose

The hierarchical structure of cellulose chains, conformed
into nanocrystals and subsequently into elemental fibrils
which are bundled into fibers gives rise to a set of unique
properties, and confers mechanical properties that are
comparable to engineering materials like steel, Kevlar
and carbon fibers,'* especially considering the relative
low density of cellulose (p = 1.6 g/cm®). Experimentally
characterizing the mechanical properties of crystalline
cellulose can be challenging because of the coexistence of
amorphous and crystalline regions in samples of testable
size (typically >mm). A common method to measure
axial modulus (E,) consists in applying a known tensile
load at the ends of a cellulose fiber and measuring the
local strain of crystals using spectroscopic methods such
as X-ray Diffraction (XRD). The underlying assumption
of such coupled method is that stress is transmitted
equally in amorphous and crystalline regions. The axial
and transverse modulus (E7) of cellulose has also been
widely predicted using numerical simulations based on
molecular mechanics and molecular dynamics. Experi-
mentally quantifying tensile strength (op) of crystalline
cellulose results even more challenging since failure of
macroscopic samples will occur in the weaker amor-
phous regions (a failure mechanism in cellulose is dis-
cussed by Zhu et al.*® and presented below in Figure 6A).
In Table 1, we present ranges of mechanical properties
reported for crystalline cellulose, along with the method
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used to determine them and the source material used.
These results are also compiled graphically in the dia-
grams of Figure 3, enabling a comparison with other nat-
ural and synthetic materials.

The axial elastic modulus of crystalline regions of
ramie cellulose fibers under constant uniaxial tension as
tested from X-ray diffraction (XRD) is reported to be
138, 88, 87, 58, and 75 GPa for cellulose I, II, III;, IIly,
and IV, respectively.’® Exceptionally high elastic modu-
lus in the axial direction for purely crystalline cellulose I,
was also estimated through in-situ tensile/XRD, 120-
138 GPa, and inelastic X-ray scattering tested
220 + 50 GPa.'>*® Atomic force microscopy (AFM) tests
of single cellulose I nanocrystals from acid hydrolyzed
pulp, show a transverse modulus (E7) of 18-50 GPa for
cellulose I fibrils with a thickness of 3-8 nm.>’ However,
we note that these values were calculated as the force
divided by cell wall cross-sectional area, which might not
be representative of the cellulose nanocrystals loaded
cross-section. On the other hand, AFM on bacterial cellu-
lose (BC) from K xylinus fibrils with sizes varying
between 27 and 88 nm, shows an elastic modulus of
78 + 13 GPa which is independent of the fibril diame-
ter.®® In-situ Raman during tensile testing of a single BC
fibril of the same species results in an elastic modulus of
114 GPa.** The same method shows an elastic modulus
of about 143 GPa along the axial direction for tunicate-
cellulose nanopapers.®® Using a sonication-induced frag-
mentation method based on implosion dynamics of cavi-
tation bubbles to calculate the strength of wood- and
tunicate-derived nanocellulose after TEMPO-oxidation,
shows strengths of 1.6-3.0 and 3-6 GPa for wood- and
tunicate-derived cellulose, respectively.”’ The authors
mention that this is an underestimation of the true
strength since they employ sonication in their tests,
which introduces mechanical defects in the nanofibrils
such as kinks and delamination of the molecular sheets.
These defects act as failure points initiating “cata-
strophic” tensile fracturing. In addition, TEMPO oxida-
tion alters the cellulose surface which the authors
propose possibly lowers the strength of the nanofibrils.
Finally, AFM tests on tunicate Halocynthia papillosa cel-
lulose fibrils of about 8 nm thickness, after performing
TEMPO oxidation or acid hydrolysis, show an elastic
modulus of 145.2 GPa for the TEMPO cellulose, and
150.4 GPa for the acid-hydrolyzed cellulose.®®

The Young's modulus of cellulose I and II in the prin-
cipal fibril chain axis was theoretically predicted to be
167.5 and 162.1 GPa, respectively.®” For type I crystals,
the two transverse elastic moduli are significantly lower;
15 and 55 GPa, revealing the highly anisotropic proper-
ties of crystalline cellulose. The anisotropy is less pro-
nounced for cellulose II, with the two transverse moduli

both being about 18 GPa.®” The axial modulus is found to
be mainly dependent on the intra-molecular hydrogen
bonds along the chain axis, rather than the inter-
molecular interactions. Specifically, if the calculations
neglect the contribution of the hydrogen bond between
the hydroxyl side group and the ether oxygen atom of the
glucose ring, the axial modulus prediction becomes
70 GPa, less than half the value initially predicted.®’
However, we note that eliminating the hydrogen bonds
in such simulations has direct consequences in other sig-
nificant parameters such as chain packing and orienta-
tion, which together with the fact that stiffness
contributions from hydrogen bonds, dispersive interac-
tions and covalent bonds are not necessarily additive,
complicates the estimation of how each of those factors
contribute to cellulose stiffness by themselves.'” In cellu-
lose fibrils, the hydrogen-bonded sheets, containing cova-
lent intramolecular bonds, are stacked together in
parallel planes, which are held primarily by van der
Waals (non-bonding) interactions, and, therefore, the
modulus is high within the sheet plane and much lower
in the normal directions. As discussed in the above, in
addition to hydrogen bonding which directly impacts the
packing and stabilizes the axial orientation of cellulose
chains at the molecular and inter-molecular level, and
likely participates in inter-fibril bonding, the contribu-
tions from longer-range van der Waals and ionic interac-
tions, along with inter-chain diffusion and fibrillar
interlocking at the interfibril and macrofiber level should
not be discarded."’

Cellulose-based cell wall properties

When cellulose fibers remain embedded in their native
state within a plant cell wall matrix, the mechanical
properties of the composite material are far inferior to
those of pure cellulose, as expected. This difference is
clearly illustrated when the properties of primary cell
walls of plants are measured. Suspension cultured plant
cells (Arabidopsis thaliana sp.), when tested through
AFM, show an indentation modulus as small as 0.1-
1 MPa attributed to the hydrated cell wall composite.®®
Cell walls of the tissue-bonded cells of the same species
show moduli varying between 0.1 and 50 MPa when
tested with AFM or nanoindenter, which upon finite ele-
ment modeling reveal an approximate 80-160 MPa mod-
ulus for the homogenized cell wall material.”® This range
within the same species arises from the fact that the cell
wall properties were measured from different methods
and with different indenter shapes, stiffnesses and inden-
tation rates, as well as from the biological variability of
the samples. Still, the significantly lower range of cell
wall modulus when compared to pure crystalline cellu-
lose, is a result of the semicrystalline state of cellulose in
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TABLE 1 Properties of pure crystalline cellulose determined experimentally.
Material Crystal system  E, (GPa) E;(GPa) oy(GPa) Method Reference
Cellulose I (unspecified if o or p) 120-138 XRD 55,56
18-50 AFM 57
Cellulose I Monoclinic, P21~ 220 15 Inelastic X-ray scattering 58
134 XRD 59
8.1 AFM 60
2-6 Cavitation 61
Cellulose II Monoclinic, P21~ 88-112 XRD 55,56
0.2-10 Raman 62
Cellulose III; 87 XRD 56
Cellulose IIIy; 58 XRD 56
Cellulose IV 75 XRD 56
(A) 107 (B) 10 FIGURE 3 Mechanical
e Wood . Ch\'m'n||(eu(l$‘xo-é\e)" Il o Si\k»,c,hitml Cellulose |, I properties of crystalline
= 10'f Natural materials T~ g I Cellulose |, I Wood —p| (axial) biopolymers in the context of
<] " Wood - Tansverse) =10 Natural material ! natural and synthetic materials.
é 1 < = 0 : e (A) Elastic modulus and
-28 10 '*E»] Wood N (B) strength. The values used to
= 107 % 10° | define the ranges of cellulose,
=10° 1 netic chitin, silk and amyloids are
10 10 respectively provided in
105 102 Tables 1, 4, and 5.
10° 107 10° 10’ 10° 101 10° 10

Density (g/cm?)

the cell walls, with the presence of amorphous regions
effectively reducing the strength and stiffness of the fiber,
as well as the presence of the weaker polymer matrix of
hemicelluloses, pectins and phenolic compounds that
interconnect the cellulose fibrils through a network of
hydrogen bonding in addition to polymer diffusion and
fibril-level interactions.

Based on this compilation, it is apparent that the
experimental method, assumptions, and precision have a
major quantitative influence on the measured properties,
so care should be taken when drawing general conclu-
sions and comparisons. In addition, among mechanical
testing, bulk macroscopic properties cannot be compared
directly with nanoindentation or AFM, for example. In
the former case, an “effective composite” material, with
porosity-air voids and entire bulk fiber contribution, is
tested while for the latter case, shallow nano-mechanical
testing, localized pure elemental fibrils and sub-fibrils
response are probed. Finally, the influence of environ-
mental conditions (temperature and humidity) during
testing, or sample pre-conditioning should also be consid-
ered, as they dramatically influence the measured
properties.

Density (g/cm?)

2.1.3 | Molecular modeling methods
furthering insights into bonding and mechanics
of cellulose

Atomistic scale modeling has been applied to study the
material properties of cellulose, as well as provide a funda-
mental understanding of the atomic-scale origins of these
properties. Among various atomistic scale modeling
methods, molecular mechanics (MM) simulation and
molecular dynamics (MD) simulation are two typical
methods to study the structure, mechanical properties of
polymers and polymer composites.”””> MM simulation
refers to the principle of energy minimization, where the
positions of atoms are optimized to minimize the potential
energy of the system. On the other hand, MD simulation
is a computational tool to simulate the motions of atoms
and molecules. In both MM and MD simulations of poly-
mers, a force field (FF) is used to describe the interactions
between atoms inside a molecule or between molecules.
Different FFs have been developed for different purposes,
including the widely used and general DREIDING FF,”?
along with others that are more focused to improve accu-
racy but also less generalizable, such as AMBER’*” and
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OPLS.”*”” Other widely applied and highly accurate FFs
are PCFF’®*”° and COMPASS,**®! and the more recently
developed ReaxFF, which is a bond order-based FF and
allows continuous bond formation/breaking,*> and
machine learning-based FFs.*?

In this section, the MM and MD simulations on
mechanical properties of cellulose are summarized, and
compared with experimental results. Most of simulation
works in the literature focus on calculating the elastic
modulus in axial direction of cellulose I, which is sum-
marized in Table 2. The predicted elastic modulus of cel-
lulose I are consistent with the experimental results,
which are in range of 110-200 GPa.'>%*%’

Given the importance of hydrogen bonding in cellu-
lose that was discussed in the previous sections, molecu-
lar simulations have also been used to shed light
specifically into the effects of hydrogen bonding on the
elastic modulus of cellulose.*®°*?> A summary of the
reported results of elastic modulus in the axial direction
of cellulose with and without hydrogen boding contribu-
tions is shown in Table 3. A reduction of elastic modulus
is observed without hydrogen bond, which is consistent
with the experimental observation.”’ "’

In addition, MD simulations have been used to study
other factors that influence mechanical properties of cel-
lulose including moisture, and fiber twisting. Sahputra
et al.** used MD simulations to study the effects of mois-
ture on the mechanical properties of microcrystalline cel-
lulose, and found that the axial elastic modulus of
cellulose reduce with the increase of moisture content,
which is consistent with the experimental results by
Khan et al.'” and Hancock et al.'°® MD simulations by
Ramezani and Golchinfar focused on the effects of geo-
metrical properties and twist on the mechanical proper-
ties of cellulose bundles.”” They found that stiffness,
strength, and toughness decrease for increasing bundle
size (varying from 2 x 2 to 5 x 5 bundles) and applied
end twist angle. As an example, the axial elastic modulus
decreases with the twist angle and size up to 75%, as a
result of covalent bond dissociation in the regions locally
under high tension.

2.2 | Chitin

Chitin is another abundant natural structural polymer
synthesized by numerous living organisms. This linear
biopolymer makes up the principal fibrillar component
of cell walls of some fungi which colonize substrates with
filamentous cells called hyphae (2-10 pm in diameter),
forming an extended network called mycelium. Chitin is
also synthesized in insect shells, crustaceans, squid pens,
cocoon fibers of some beetles and other species, as well

as some algae. The hierarchical structure of chitinous
materials is exemplified in Figure 4A by zooming into the
lobster cuticle. This polymer has been extracted and
adapted for numerous medicinal, industrial, and biotech-
nological purposes.

221 |
structure

Biosynthesis and macromolecular

Chitin is a polysaccharide structurally similar to cellulose
with the only difference that it has an acetamide group
instead of a hydroxyl group at the C2 position. It is a
homopolymer of p-(1 — 4)-linked, N-acetylglucosamine
units.

Chitin synthase catalyzes the transfer and polymeri-
zation of N-acetylglucosamine from uridine diphosphate-
N-acetylglucosamine into a growing chitin chain.'®* Simi-
larly to cellulose chains, chitin nascent chains are also
extruded through the cell membrane into the cell wall.
The molecular structure of chitin chains enables strong
hydrogen bonding, both intra-chain and inter-chain, in
the planar direction, which together with other second-
ary interactions, ultimately lead to linear elemental fibrils
which have crystalline (ordered) and amorphous (disor-
dered) regions. In fungal species, similarly to plants, cell
walls are assembled in a multilayered fibrillar nanocom-
posite structure. The innermost layer (i.e., closer to the
cell membrane) is comprised of chitin chains conformed
into crystalline fibrils, acting as the main load bearing
elements, crosslinked through amorphous f-(1-3) and
B-(1-6)-p glucan chains which extend throughout the
whole cell wall thickness."®'°” The branched glucans
tether chitin fibrils to cell wall proteins, thereby creating
a heterogeneous, fibrous nanocomposite.'”” The combi-
nation of chitin and glucan is considered to be the main
polysaccharide building block of fungal cell walls.'*"'%
Along the cell wall thickness, the subsequent layers vary
significantly across species, but are generally comprised
of a hydrated matrix of glycoproteins, mannans and other
glucose-polysaccharides such as $-(1-6) and a-(1-4) glu-
cans, which are crosslinked with chitin and $-(1-3)-p glu-
can fibrils to give rise to a fibrillar nanocomposite cell
wall.'%1%% Yeast cells differ to the rest of fungal cell
walls, as they tend to have thinner cell walls, comprising
of fewer outer layers, and therefore have exposed inner
wall chitin and p-(1-3) glucans chains.' Another simi-
larity to plant cell walls is the presence of complex amor-
phous polymerized phenolic compounds in some fungal
species (e.g., in spores and black yeast). These phenolics,
called melanins, are analogous to secondary plant cell
wall lignins, and provide the cells with protection against
pathogens and oxidants.'*°
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Summary of atomic modeling predictions of axial elastic modulus of cellulose I, T represents temperature.

Axial elastic modulus, E, (GPa) Reference
179.9 w/ hydrogen bonds, 70.8 w/o hydrogen bonds 88
167.5 67
148 89
Tension: 110.53, Compression: 144.88 90
Tension: 124.6, Compression: 130.34

Tension: 141.48, Compression: 153.81

Tension: 152.01, Compression: 154.82

148 89
157 91
140-200 depends on twist angles 92
107.8 93
190 94

TABLE 2
Method Conditions System size
MM DREIDING FF Single chain
MM DREIDING FF Single chain
MM CHARMM FF Single chain
MM COMPASS FF 1 x 1 x 10 unit cell
MM PCFF FF 4 x 4 x 10 unit cell
MM COMPASS FF 1 x 1 x 10 unit cell
MM PCFF FF 4 x 4 x 10 unit cell
MD T = 300 K, Drieding FF Single chain
MD T =293 K, OPLS FF 34-36 cellulose chains
MD T =293 K 16-36 cellulose chains
MD T = 300 K, ReaxFF 4 x 4 x 8 unit cell
MD T = 300 K, ReaxFF 110 chains
TABLE 3
bonds.
Method Material
With hydrogen bonds
MM Cellulose I,
MM Cellulose I
MD Cellulose I
XRD Cellulose I,
XRD Cellulose I
XRD Cellulose I
Without hydrogen bonds
MM Cellulose I,
MM Cellulose I
MD Cellulose I
XRD Cellulose I,
XRD Cellulose I
XRD Cellulose I

A significant functional difference between chitin and
cellulose is the added interaction provided by the acet-
amide moiety. A common technique in processing chitin
involves the removal of the acetyl group to expose the
nitrogen, leading to the N-deacetylated derivative called
chitosan. A typical chitin chain with ~90% acetylation
can be reduced to ~35% acetylation, or less, thereby sig-
nificantly changing the interaction potential of the mole-
cule.’® For an original chitin chain of 4000-12,000 units
long, the deacetylation process can bring the DoP down
by an order of magnitude.

Similarly to cellulose, chitin is also found to form
multiple crystalline polymorphs, a-, f- and y>''*'!!

Summary of modeling and experimental studies of the elastic modulus in the axial direction with and without hydrogen

Axial elastic modulus, E, (GPa) Reference
136 95
100 67
139.5 86
155 98
149 97
116 99
117 95
40 67
120.3 86
114 98
127 97
124 99

(o and p crystalline structures are presented in
Figure 4B). a-Chitin has a two-chain orthorhombic unit
cell with P2,2,2, symmetry and anti-parallel chain con-
formation, which enable a strong network of inter- and
intra-molecular hydrogen bonds.''? f-chitin has a weaker
hydrogen-bonded intra-sheet parallel chain packing
adopting a single-chain monoclinic unit cell, with P2,
symmetry. y-Chitin, is a combination of the two with
both parallel and anti-parallel structures. The most abun-
dant and thermodynamically stable polymorph is a-chi-
tin, which is found in insect shells, crustaceans, as well
as some algae and mycelia. $-Chitin is found in squid
pens, and y-chitin is found in fungi, yeast, cocoon fibers
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Source, morphology, and structure of chitin
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FIGURE 4 Molecular structure of chitin. (A) Hierarchical structure of the lobster cuticle as an example of chitinous material. Adapted

from Reference 102. (B) Representations of the crystalline structure of a-chitin (left) and B-chitin (right). Dashed lines represent intra and
inter-sheet hydrogen bonds. Adapted from Reference 103 Copyright 2006, with permission from Elsevier.

a

of some beetles and other species.''® It is estimated that
about 18-20 chains comprise an elemental chitin fibril of
about 7 nm in diameter''® and that purely crystalline chi-
tin has a bulk density of p p ~1.4 g/cm’.

2.2.2 | Mechanical properties of chitin fibers
The elastic properties of chitin nanocrystals were charac-
terized by measuring the elongation using XRD patterns
during loading. Duan et al.''* reported that the axial elas-
tic modulus of a-chitin varies between 41 and 60 GPa,
while f-chitin reaches values as high as 150 GPa. In
another study, tensile tests of dried a-chitin nanofibrils
(ChNFs) assembled into macroscopic fibers showed a
Young's modulus of 7.3 GPa, tensile strength of 171 MPa
and elongation to break 5.1%.''° Based on local XRD-
diffractograms collected during tension experiments on
the same nanofibrils, the elastic modulus of the crystal-
line regions was measured at 41 GPa.'"> In the same
order of magnitude, a similar analysis by Ogawa et al.'*
on a-chitin of snow crab (Chionoecetes opilio) estimated
the crystalline elastic modulus to be 59.3 + 11.3 GPa.
Cavitation-induced tensile fracture experiments on
a-chitin nanofibrils, extracted from Phaeocystis globosa
(microalgal species), and two types of B-chitin nanofibrils
from a squid pen and a tubeworm respectively, show that
both types of p-chitin nanofibrils exhibit similar strength

values of approximately 3 GPa, while for o-chitin, the
strength is 1.6 GPa.''® Structural analysis reveals that the
algal o-chitin has a higher crystallinity compared to
the two types of B-chitin tested, and also a circular cross-
section, compared to a square and rectangular cross-
section of the squid and tubeworm. Moreover, the o
phase has a denser hydrogen-bonding network. Surpris-
ingly, these structural findings on crystallinity and
hydrogen-bonding do not support the mechanical testing
results. AFM measurements performed on f-chitin
extracted from Thalassiosira fluviatilis report a modulus
of 100-200 GPa.''” Recent MD simulations provide fur-
ther information on the different mechanical behaviors
of the two phases, and predict an elastic modulus of
48 GPa for a-chitin and 27 GPa for p-chitin,''® which is
in agreement with the denser hydrogen bonding of the o
phase. The inconsistencies between the predicted and
experimentally measured elastic modulus of chitin, simi-
larly to cellulose, highlight the need for further investiga-
tion on the mechanical behaviors of chitin polymorphs.
The range of mechanical properties of a- and f crystalline
chitin, determined experimentally or through numerical
simulations, are summarized in Table 4 and graphically
in Figure 3.

Mechanical properties of chitin-based cell walls
The mechanical properties of filamentous fungal hyphae
of Aspergillus nidulans were probed using AFM. Results
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show that, in normal growth conditions and under turgor
pressure, the hyphal cell wall (thickness of about
100 nm) has a 110 + 10 MPa elastic modulus, which is
decreased to 64 + 4 MPa in conditions of high osmotic
stress.'’® Tensile tests on Saccharopolyspora erythraea
hyphae cells with a diameter of 370 nm, and cell wall
thickness 25-30 nm, show an elastic modulus of 140 MPa
and a strength of 24 MPa.'* Similar tests on Saccharomy-
ces cerevisiae yeast cells show an elastic modulus of 135-
165 MPa and a strength of 66-74 MPa.'”! These data
reported in literature show that the cell wall properties
are far inferior to pure chitin fibrils, in the same way that
cellulose-based cell walls or cellulose materials also per-
form lower than pure cellulose.®®®® This stark difference
in performance is related to (i) the presence of a compli-
ant matrix of softer polymers in the cell walls which host
the load bearing chitin fibers, and (ii) the presence of
amorphous domains in the chitin fibers, which compared
to the purely crystalline elemental fibrils have lower
mechanical properties.

2.3 | Protein p-sheet structures: Silk and
amyloids

Proteins are complex 3-dimensional macromolecules
composed of one or more long chains of amino acids
called polypeptides. A protein is characterized by its
structure at different levels. The primary structure is
the amino acid sequence in a polypeptide chain. The
secondary structure describes the folded geometry
adopted by a single polypeptide chain, which is guided
and held in place by hydrogen bonds due between
atoms of the backbone. Common examples of second-
ary structures are o-helices, p-sheets, and turns. The
conformation of a polypeptide chain in the three-
dimensional space corresponds to the tertiary structure
of a protein. Finally, quaternary is the protein struc-
ture created from two or more smaller protein chains
(subunits).

Among the variety of protein secondary structures,
B-sheets have been the most extensively studied and dem-
onstrate the highest mechanical properties.>'**'** An
example of a well-studied p-sheet protein system is natu-
ral silk fibers, which are synthesized by spiders and silk-
worms. Amyloid fibers are structurally close to silks and
are produced by some bacteria (e.g., Escherichia coli) as a
key constituent of biofilms. Characteristically, in amy-
loids, the p-strands lie along a direction perpendicular to
the fibril axis as well,'"**"'** constituting the main struc-
tural difference between amyloids and silks (see
Figure 5A). The main reason for the remarkable mechan-
ical performance of f-sheet structures lies with the

TABLE 4 Properties of crystalline chitin.
Material E, (GPa) o7(GPa) Method Reference
a-Chitin 41-59 XRD 112,115
48 Modeling 118
1.6 Cavitation 116
B-Chitin 100-200 AFM 117
27 Modeling 118
3 Cavitation 116

hydrogen bonding between adjacent extended peptide
strands. The vast distribution of weak hydrogen bonds
result in a network of not only high load-bearing capacity
but also with dynamic bond reforming capabilities, lead-
ing to high toughness.>*®12%12¢

2.3.1 |
structure

Silk biosynthesis and macromolecular

The primary sources of silk fibers are silkworms, particu-
larly Bombyx mori, and spiders. Silk is mainly composed
of fibroin and sericins, while it also contains minor poly-
peptides (seroins) which do not contribute to the silk
fiber structure’*”'*® (see Figure 5C). In silkworms, silk
proteins are synthesized in glands divided in three
regions."*'*° In the posterior section, a concentrated
fibroin gel is synthesized and pushed into the middle silk
gland section where it is enveloped by sericin proteins in
a precise spatio-temporal pattern. As the silk dope is
pushed through the anterior silk gland section, the shear
forces and dehydration drive the fibroin solidification
into a single thread. Two threads, one from each of the
two labial glands, are aligned and merged into a fiber
held together and coated by sericins, as they pass through
the spinneret. The surface sericin layers are able to bind
consecutive fiber layers together into the web, wall or
other final structures.'*'** In comparison, spider drag-
line silk fiber consists of a multitude of aligned nanofi-
brils that comprise a spider fibroin (also called
“spidroin”) fiber core and is surrounded by protein, gly-
coprotein, and lipid layers'*'>* (see Figure 5B-D).
Silkworm fiber is about 10-20 pm in diameter with
the individual fibroin threads roughly half this fiber
diameter. Each fibroin thread is made up of nanofibrils
20 nm in diameter."*>*** By degumming the cocoon silk,
the load-bearing fibroins are left without the embedding
sericin, resulting in altered ultrastructure and properties,
as will be discussed later in this section.'*” Spider drag-
line silk, on the other hand, is about 3-5 pm in diame-
ter."*! Spidroins consist of several fibrils 400-650 nm in
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FIGURE 5 Structure, synthesis, and morphology of protein B-sheet structures. (A) Orientations of silk and amyloid B-sheets. The same
secondary structures are present in both, but are perpendicularly oriented. Reproduced from Reference 122 with permission from the Royal
Society of Chemistry. (B) Overview of the silk glands of spiders. As the dope is processed, ions are exchanged and the pH drops, solidifying
the dope into silk. Reproduced from Reference 133 (Creative commons. CC BY license). (C) Schematic representations of cross-sections
depicting the hierarchical structure of a silk type produced by (left) silkworms and (right) spiders. (D1) SEM image of silk, revealing the
fibroid and the sericin. Reproduced from Reference 137 Copyright 2016, with permission from Elsevier. (D2, D3) Micrographs of fractured
silk fibers. Reproduced with permission from Reference 138 Copyright 2012 American Chemical Society.

diameter, themselves composed of smaller sub-fibrils of
200 nm diameter.

Within a single silk fibril, the crystal domains comprise
of poly(Gly-Ala) and poly-Ala p-sheets stacked in antipar-
allel directions held together by hydrogen bonds.'*>'*®
The p-sheets form crystalline cores that are preferentially
aligned parallel to the main fiber axis and are also held
together by hydrogen bonds through side-chain interac-
tions.'*® The ordered p-sheet domains are immersed in a
semi-amorphous matrix that consists predominantly of
less ordered structures including o-helices, random coils
and p-turns.'**'** The protein chains in the amorphous
domains are more mobile, primarily influencing extensi-
bility of the natural nanocomposite system, while the
ordered fB-sheet crystals more strongly influence the stiff-
ness and strength of the fibril. The p-sheet crystals are a
few nanometers long and count for approximately 10%-
15% of the fiber volume, but pB-sheets are also found in the

less ordered domains for a total B-sheet content in excess
of 50% in spider and silkworm silks."”> The transition
between highly ordered crystalline areas and disordered
regions is not fully elucidated yet but it is considered to
involve semicrystalline regions.'* The two key differences
between amyloid and silk fiber ultrastructure are the
f-sheet orientation with respect to the fiber axis, which is
parallel for silks versus perpendicular for amyloids, and
the sub-optimal side-chain packing in amyloids.

2.3.2 | Amyloids biosynthesis and
macromolecular structure

Amyloid fibers are protein assemblies folded into a cross-
B-sheet structure (Figure 5A). The repeat subunit of this
structure is usually a soluble protein or a set of soluble
proteins that changes conformation and becomes insoluble
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upon assembly.'** Assembled fibers consist of an extended
network of repeating 3-dimensional p-sheet cores, stacked
perpendicularly to the fiber axis and held together by
hydrogen bonds through side-chain interactions.'** Each
sheet consists of hydrogen-bonded p-strands.

Amyloid fibrils are secreted by bacteria, alongside
exopolysaccharides, into the extracellular matrix, where
they play functional and structural roles in bacterial
biofilms."**"'*! Transporters and protein channels move
constituent proteins from inside of the cell to its surface
where assembly is initiated. A natural example of such
assembly occurs with biofilm associated proteins (BAPs)
in Staphylococcus aureus. In this case, conformational
changes inducing p-sheet formation and amyloid assem-
bly occur under set conditions of pH and Ca®" concentra-
tion."**'** The most commonly studied amyloids include
Curli/CsgAB (E. coli), FapC family (Pseudomonas sp.),
and TasA-TapA (Bacillus subtilis). In E. coli, the csgDEFG
operon contains genes that regulate the production and
transportation of the fiber proteins, and the csgABC
operon expresses the CsgAB proteins which comprise the
curli fibers.'*® CsgB is the nucleator protein upon which
CsgA polymerizes. As a result, CsgA is the major compo-
nent of curli fibers while CsgB is the minor component.
In contrast, amyloids produced by Pseudomonas bacterial
species are expressed from a single fapABCDEFG
operon."* Like curli fibrils, fap fibrils comprise multiple
components: majority FapC proteins with minor propor-
tions of FapE and FapB.'** In summary, amyloids usually
consist of combinations of distinct proteins, present in
uneven amounts, and are coded with other proteins that
regulate their assembly.

From a functional perspective, amyloid fibrils act as
“molecular glue,” enabling bacteria to adhere to surfaces
and to each other and to bind metabolites and nutrients
necessary for bacterial colony survival.'"** Structurally,
they contribute to the physical framework of the biofilm
and help to incorporate and stabilize exopolysaccharides
and other components in a biofilm. The hierarchical
structure of amyloids spans from the atomic and peptide
scales (<1 nm) to the p-sheets (~10 nm) that they com-
prise, which in turn stack into fibrils (~100 nm) that coil
into fibers (~1 pm) which subsequently form biofilm net-
works (sometimes referred to as plaques) that are macro-
scopically visible (>tens of pm).

233 |
amyloids

Mechanical properties of silks and

Silk fibers have a larger axial strength than amyloid
fibers, owing to the parallel alignment of p-sheets to the
fiber axis and side-chain packing, which maximized

inter-chain hydrogen bonding.'**'*> However, amyloid
fibers consist only of B-sheet crystals while, in silks, the
f-sheets are immersed in a disordered matrix, which ulti-
mately allows amyloid fibers to exhibit macroscopically
the same stiffness as silks, around E,, = 10 GPa.'??

Experimentally, the mechanical properties of amyloid
fibers are often approximated by testing the biofilms they
compose. However, due to the multicomponent and het-
erogeneous nature of amyloids, there is a need to study
the fibrils themselves to evaluate the contributions of
each protein. A review meta-analyzed measured proper-
ties from various amyloid systems and reported that amy-
loid fibrils span Young's modulus values of 0.2-14 GPa
and tensile strengths of 0.1-1.0 GPa.'** Solar and Buehler
performed atomistic MD simulations to shine light on
the failure mechanism in amyloid proteins in six different
secondary motifs."*® They predict ultimate tensile
strengths ranging from 242.6 to 917.0 MPa and show that
this value is proportional to the number of hydrogen
bonds broken per nm? In Table 5, we summarize
mechanical properties of different types of amyloid fibers
reported in literature.

Molecular dynamics simulations shedding more light
into the outstanding toughness and strength of silk fibers
demonstrate the impact of size effects in this hierarchical
biomaterial system.'?*'*” Studies show that when the
B-sheet nanocrystals are sufficiently small, 3 nm identi-
fied as the critical crystal length dimension, they are stif-
fer and stronger as they are primarily loaded under
uniform shear which utilizes their dominant hydrogen
bonding planes'* (Figure 5B). A stick-slip energy dissi-
pation mechanism is observed, the same as later pro-
posed for nanocellulose fibril assemblies*®*****® which is
discussed in Section 3.1.2. According to that mechanism,
after the initial rupture of the stacked p-sheet assembly,
protein strands can slide and are able to reform hydrogen
bonds with the neighboring sheets which, as an energy
dissipation step, effectively toughening the nanocompo-
site. When the nanocrystals are larger, the main failure
mode is bending, not shear, which creates crack-like
flaws in the sheet assembly as the hydrogen bonding
plane is non-uniformly loaded. This causes larger crystals
to be softer and to fail at lower forces. The catastrophic
failure upon further loading of the disrupted sheet assem-
bly is due to dangling hydrogen bonds being accessed
more easily by competing water molecules instead of
neighboring p-sheets.

Patel et al.'"* used MD simulations to study the mod-
ulus, tensile strength, and yield strain of silk fibers with
four different nanostructures under three strain rates.
Results showed that modulus, tensile strength, and yield
strain all increase with the strain rate. Under the strain
rate of 5 x 10° per second, a modulus of 6.4-7.4 GPa, a
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TABLE 5

Structure

Functionality

Natural sources

Composite
combinations

Comparison between silk and amyloid materials.

Amyloid
B-Sheets oriented along fibril axis, p-strands oriented
perpendicular to fibril axis

Structural support for biofilms, glue to stabilize components
within composites (incl. biofilms). Genetic modification and
fusion with other proteins possible between core subunits

Functional amyloids: Some species of bacteria. Pathological
amyloids: Other proteins under specific conditions

Biofilms, hydroxyapatite, silk, alginate, nanocarbons

(graphene), inorganic nanoparticles (gold, titanium dioxide).

Silk
B-Sheets oriented along fibril axis, p-strands
oriented parallel to fibril axis

Supercontraction phenomenon (i.e., full recovery
of plastic strain possible)

Silkworm, spider

Silica, hydroxyapatite, biobased carbons,
microalgae, alginate, collagen, elastin, keratin,

15
oA of W LEY-_L_%

in literature See References 155,156

Mechanical E =0.2-14 GPa
properties of op=0.1-1 MPa
fibers

tensile strength of 270-340 MPa, and a yield strain of
0.13-0.25 are predicted, which are in the range of experi-
mental results."*"'°>!>! Note that strain rate in MD simu-
lation is usually much higher than experiment due to the
time scale difference in the molecular simulation.’** A
further MD study by Patel et al.'>® focused on the
mechanical properties of silk under different hydration
levels (0-70 wt%). Results revealed that the hydrophobic
effect has a dominating role at lower hydration levels
resulting in an enhanced interaction between protein
chains and mechanical strengthening. However, at
higher hydration levels, the osmotic pressure plays a
dominating role, resulting into screening of interatomic
interaction between protein chains thus giving a weaken-
ing effect.

More insights into silk failure are provided by consider-
ing the balance between protein chain unfolding and
stacked p-sheet separation, as determining factors of the
fiber failure.*’ Specifically, calculations motivate the
hypothesis of a two-stage deformation mechanism (see
Figure 6B,C): (1) shear failure pulls the stacked p-sheets
apart so that they form smaller nanocrystals (with a fewer
number of stacked sheets) which demonstrate a higher
strength and stiffness (require more energy to deform fur-
ther'?*'>*); (2) within a single p-sheet, chain unfolding
requires a higher amount of energy than the first mecha-
nism, and therefore appears as a secondary failure mode.
These two modes are proposed in addition to the amorphous
chain alignment in the more mobile regions of the silk fiber.
The same publication also provides a strength-map

amyloid-like proteins, sericin (gumming agent
that bonds natural silk strands), nanocarbons
(carbon nanotubes, graphene, graphene oxide),
synthetic polymers (nylon, poly(vinyl alcohol),
poly(acrylamide), poly(acrylonitrile),
poly(ethylene oxide) and others). See
References 151,157,158

E =7-20 GPa

oy = 600-700 MPa

schematic, which shows the balance between optimized
protein chain length within the p-sheet and amount of
stacked sheets. Interestingly, the highest and lowest strength
crystals appear rather close to each other in this map dem-
onstrating the intricate interplay between the two structural
factors on the final performance of the -sheet crystal.

For the crystalline areas of f-sheet cores in silk, a
modulus of 30-70 GPa has been reported. However, as
seen in this section, silk fibers have a substantial amor-
phous matrix component that ultimately reduces the
macroscopic mechanical properties, to such an extent
that they reach the same modulus as amyloid fibers. The
effects of sericin, at the mesoscale, coating and binding
elemental silk fibers are also important. Experiments by
Vepari and Kaplan showed a 15-17 GPa modulus for
B. mori silk without sericin, versus 5-12 GPa in absence
of sericin, and a tensile strength of 610-690 versus
500 MPa at the respective samples."*’

A comparison between silks and amyloids is pre-
sented in Table 5 and their respective mechanical proper-
ties are reported in Figure 3.

3 | BIOPOLYMERS IN MATERIALS
AND COMPOSITES

The main challenge when designing nanomaterials is to
transfer or integrate their attractive properties into mac-
roscopic materials. Typical physical interactions between
nanomaterials lead to aggregates, entanglements or other

8518017 SUOWILIOD SO 3(eotjdde aup Aq peuienob ae ssjole O ‘3N JO S9N Joj Aleld1T8UIUO AB]IA U (SUORPUOD-PUE-SLUBY WO A8 | M A.g 1 BUI|UO//SAIY) SUORIPUOD PUe SWS | 8U388S *[£202/70/TT] U0 ARigiTaulluO A1 ‘UoIBUIUSEM JO ANSRAIIN AQ 92T0EZ0Z 10d/200T OT/I0pAL0Y AB 1M Aleiqifeul [UO//SHY WOl papeolumoq ‘0 ‘69T+Zr9g



16 (o] (0]
5| WILEY— roun V0%

FREDRICKS ET AL.

Cellulose failure

i pu Ay T

)

E 300

=00

= - .

2

=100 ﬂ

= : ] ‘

= ¥ odl

o 0

= 4 5

Disélacemen% (nm)

B-sheet failure

(B) . ELONGATION
=]

[(r\; Semi-amorphous

2
polymer

Weoneaion

©) 1500

The first stage of nanocrystal failure
is seperation of the B-sheets

= 1000

500)

i
|
1

Force (Fp) [pN]

.6

2 4
Displacement (ALg) [A]

8 !ﬁyﬂ

The second stage involves
unfolding of the B-sheets

R

- ey
-
—l
~—

FIGURE 6 Failure mechanisms in cellulose and silk. (A) Molecular dynamics simulations of a pull-out experiment of a cellulose chain.
The dynamic breaking and reformation of hydrogen bonds is observed in the energy variation throughout the imposed displacement.
Adapted from Reference 46. (B) Proposed cascade mechanism for the failure of a silk fiber under uniaxial tension. First, the p-sheets separate
and subsequently unfold. Adapted from Reference 147 (Creative Commons Attribution 3.0 license). (C) Simulations of the transverse pull-
out experiment in a p-sheet configuration. The fiber (of given length) is confined between two rigid plates and the pulling force is monitored
throughout the displacement. For the longer fibers (6.5 and 10 nm), the fiber bends and snaps suddenly whereas for the shorter fiber (3 nm),
the p-sheet is pulled out and the authors report a stick-slip behavior. Adapted with permission from Reference 154 Copyright 2010
American Chemical Society. (D) A more recent study of the molecular dynamic lateral loading experiment on a p-sheet fiber where the
stick-slip behavior is also reported for short fibers (left) instead of the bending-induced snapping of longer fibers (right). Reproduced with

permission from Reference 123.

types of bundles. Aggregation imposes difficulties in the
controlled dispersion of nanomaterials which is a key
requirement to achieve a macroscopic assembly with
maximized filler-matrix interfaces. Increased dispersion
leads to higher amount of available filler-matrix inter-
faces, which ultimately facilitate molecular-level interac-
tions of the elemental building blocks. For example, for
CNFs, the mechanical properties of the processed

macroscale materials show 3-15 times lower values com-
pared to theoretical and experimental values of the corre-
sponding single fibers."*® In this section, we now discuss
how the dispersion, orientation and bonding of biopoly-
mers in the micro-scale allows controlling the macro-
scopic mechanical properties of biopolymer-assembled
materials and their composites for cellulose-, chitin-, and
protein p-sheet-based materials.
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FIGURE 7

Improving mechanical properties of cellulose-based materials. (A) Toughness and ultimate tensile strength of cellulose fibers

both increase for decreasing fiber diameters, D. Reproduced from Reference 46. (B) Experimental characterization of strength and toughness
for increasing degree of polymerization of cellulose. Data extracted from Reference 159. (C) Strategy to strengthen cellulose by aligning the
fibers of bacterial cellulose through the stretching and twisting of pellicles. Adapted from Reference 160. (D) Hydrodynamic alignment of
cellulose fibers in a liquid flow. Scale bars of the SEM snapshots, 3 pm and insets are 400 nm. Adapted from Reference 148 (CC BY 4.0).

(E) Strength of cellulose materials as a function of the degree of alignment of fibers based on literature data from References 148,161-165.
Note that the degree of alignment of Kafy et al.'*> was interpolated from their reported order parameter using an empirical relation between
order parameter and degree of alignment of Reference 163 as means of calibration.

3.1 | Cellulose-based materials

The remarkable combination of high strength and stiffness of
individual cellulose fibrils has yet to be achieved by a macro-
scopic material composed of cellulose fibers. In this section,
we describe examples of cellulose materials processed via var-
ious methods and assembled into nanopapers, microfibrils,
hydrogels and aerogels. We show that these materials exhibit
widely varying mechanical properties and we highlight the
connections between structure and properties.

3.1.1 | Effects of fiber diameter

A study by Zhu et al.*® on pure cellulose nanopapers
comprised of fibers with different diameters underline
the remarkable size effects in the mechanical behavior of
this material system. Specifically, tensile tests of isotropic
papers obtained from soft-wood extracted, TEMPO and
mechanically treated cellulose micro- and nano-fibrils of
different diameters (11 nm, 28 nm, 27 pm) show a

staggering 40-fold increase of tensile strength, from 6.7 to
275.2 MPa, when decreasing the fiber diameter, from
27 pm to 11 nm (see Figure 7A). Their results suggest
that the increase in strength is inversely proportional to
the square root of fiber diameter. In addition, decreasing
fiber diameter increases the toughness almost 130-fold
from 0.13 to 11.68 MJ m >, and the fracture toughness
over 10 times from 143.3 to 1481.4 J m % The reduced
defect size due to nanoconfinement as the mechanism
underlying this smaller is stronger behavior.

3.1.2 | Molecular-level interactions
controlling the mechanical properties of
cellulose fiber assemblies

The exceptionally high toughness of cellulose fiber
assemblies is proposed to arise from a molecular-level
mechanism, supported by experiments and MD
simulations,*® similar to the mechanism proposed for silk
fracture®®*'” (Section 2.3.3). The mechanism involves
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concurrent hydrogen bond breakage and reformation
events along with chain slippage and fracture during fail-
ure*®>'*® (Figure 6A). Under tensile loading, the
entangled chains of the CNF network align in the direc-
tion parallel to the applied force. As tension increases,
the CNF fibers slide past each other and subsequently
fracture, leading to ultimate failure. During chain sliding
and fracture, some inter-chain hydrogen bonds break
while others actively reform. Therefore, even if cellulose
chains fail under tension, the reformation of hydrogen
bonds keeps the fractured pieces bonded to neighboring
chains.*® MD simulations show that the number of
hydrogen bonds (per unit area) remains constant as
fibrils slide against each other during loading."*® In con-
clusion, (i) active bond breaking and reforming and
(ii) entangled chain unfolding are the two proposed
mechanisms which result in a significant increase in
energy dissipation, leading to the outstanding fracture
toughness of all cellulose materials.*®'*®

The first mechanism (active bond breaking and
reforming) has been theoretically confirmed by Meng
et al."*® The proposed multiscale crack-bridging model is
based on cohesion of the interfaces between neighboring
cellulose nanofibrils, connecting the hydrogen bonding
interactions at the atomistic level to the bulk macroscopic
properties at the fiber assembly level. This model con-
firms the experimentally observed relationships between
the fracture toughness and fibril size (diameter and
length) in cellulose nanopapers, as well as the proposed
molecularly-controlled interactions governing the tough-
ening. The predicted results show that smaller fibril
diameter and larger length lead to more efficient crack
resistance, and thus enhanced toughness (the lower and
upper bounds for toughness are provided by this model).
The smaller fibril diameter, for a fixed volume fraction of
CNFs, will lead to larger amount of interfacial area and,
as a result, increase the number of hydrogen bonds avail-
able for reformation, justifying the significant increase in
the fracture toughness with reduced fibril diameter. On
the other hand, the larger nanofibril length effectively
leads to a bridging zone with higher length and a thus
larger crack opening displacement (which enhances
toughness).

Prior to these studies, AFM testing of isolated BC
fibers with diameters ranging between 27 and 88 nm
reported no change in the elastic modulus.®®> The shear
forces were deemed unimportant and the nanofibers
behaved like a homogeneous material in the nanoscale
3-point bending experiment that was conducted. There-
fore, the aforementioned molecular-toughening observa-
tions and size-effects, which arise when -collective or
assembled cellulose fibril responses are probed in tension,
were not detected in a single fiber nano-bending test.

3.1.3 | Effects of degree of polymerization
Studies correlating cellulose DoP with the macroscopic
mechanical properties of cellulose papers show that at
low DoP ranges, between 410 and 1100, at approximately
the same film density, the DoP does not influence the
elastic modulus of the produced film but does affect
strength and toughness' (see Figure 7B). In the range
410-1110, DoP was found to increase the ultimate
strength from 129 to 214 MPa and toughness from 3 to
15.1 MJ/m?>. Because of this correlation, the failure mode
is proposed to be chain slippage, rather than covalent
bond breakage, which is expected at higher DoPs. This
hypothesis traces back to the early fundamental work by
Wainright et al."®® which documents that cellulose fiber
tensile strength increases with increasing molecular
weight up to about 2500. For DoP > 2500, no correlation
between DoP and tensile strength was reported, which
suggests that below 2500 the overlap fibril length is
shorter than a critical length and thus the fibers fail by
chain slippage. Above that threshold, they yield by chain
scission. Wainright et al. also highlighted that in natural
cellulose materials (plant fibers), the DoP is several times
greater than that critical value, indicating that in plant
cellulose fibers, failure happens through chain rupture.

3.1.4 | Effects of modulating bacteria
culturing conditions on the properties of
bacterial cellulose

While in static culture, BC is produced in a pellicle form,
in agitated cultures small, BC particles with spherical or
ellipsoidal shapes are obtained.'®” In both cases, a net-
work of random cellulose nanofibrils forms, with differ-
ences in the crystalline features and DoP of the produced
cellulose.’®”"'* We summarize the reported properties
and culture conditions in Table 6.

Results on K. xylinum show that BC synthesized in
agitated conditions exhibits lower degree of polymeriza-
tion, crystallinity, and lower amount of I, phase in total
when compared to statically-grown BC, which result in
an overall lower elastic modulus.’®'®®*"'"" The shear
stresses exerted on bacteria during agitation have been
proposed as an explanation for the lower degree of
elemental-level ordering in BC. Moreover, the BC fibrils
produced from agitated cultures are more entangled
and more wavy compared to the more elongated fibrils
obtained from static culture.’>'°>'”" In cases of inten-
sive agitation and aeration, cellulose synthesis may
even be inhibited as spontaneous -cellulose non-
producing mutants have been detected.'”" Interestingly,
there are reports of modified media (referred to as

95U8017 SUOWIWOD 9A1E81D 8 qeot[dde aup Ag peusencb a1e 8jo1e YO ‘9Sn Jo SojnI Joj AkeuqiT8UlJUQ A8]IM UO (SUONIPUD-pUE-SWR) 00" A3 1M AleIq1jeul Juo//SAny) SUORIPUOD pue Swie | 81 8eS " [£202Z/v0/TT] uo Akeiqiauliuo A|im ‘uoibuiysem JO AiseAIuN A 92T0E202 10d/200T 0T/I0p/W00 A8 | Aleiq 1 pul|uoy/Sdiy wolj pepeojumod ‘0 ‘69TrZr9e



FREDRICKS ET AL.

JOURNAL OF

POLYMER SCIENCE —WI ]_.EYJ—19

TABLE 6
comparison unbiased by the measurement method).

Culture conditions Young's modulus (GPa)

Stationary

Agitated

Stationary 2.6 34.1
Agitated 0.32 2.4
Stationary 333

Agitated 28.3

Stationary 2.7 92
Agitated 0.3 22.9

Yamanaka-mannitol, Zhou-sucrose and Zhou-mannitol
media by the authors) which allow pellicle formation
even in agitated cultures, even reaching the same BC
yield.'®® In these cases, a critical culture time was iden-
tified, following the initial BC spheres formation in agi-
tated cultures, after which an uneven pellicle actually
forms and connects the initial spheres together.

Strategies to alter the properties of BC by establishing
a co-culture, or incorporating other biopolymer additives
either during culture or after harvest have been
reported.'’*'7® Additives in the form of either glucose-
based exopolysaccharides (EPSs) synthesized from
E. coli'”'™* or hyaluronic acid (HA) synthesized from
Lactococcus lactis (L. lactis),'”*'”> when incorporated in
BC either by being introduced with the culture media, or
even when each of the bacterial strains were co-cultured
with Gluconacetobacter hansenii (G. hansenii), show anal-
ogous effects on altering the mechanical properties of the
biocomposites (though not numerically identical). Based
on the reported data, we identify the following competing
mechanisms governing the performance of the produced
BC-composites: the biopolymer additives at small
amounts cause an improvement in the mechanical prop-
erties of BC (stiffness and in some cases also strength'’?)
by effectively de-clustering the cellulose fibrils as they lie
in spaces between or on top of the fibril, thus promoting
better fibril isolation. Furthermore, reports on additives
increasing the fiber density and facilitating a closer pack-
ing between cellulose fibrils have been presented. Those
effects are observed when the additive amount is kept
below a certain threshold. Above a threshold value, the
presence of additive biopolymers, begins to act as a stress
concentrator, thus reducing the stiffness and load trans-
fer abilities of BC, while causing a plasticizing effect
(enhancing elongation to break).

In an elegant approach, Das et al.'”” utilized the sym-
biotic relationship between two unicellular organisms,
Acetobacter aceti (A. aceti) bacteria and Chlamydomonas

Strength (MPa)

Properties of bacterial cellulose (BC) depending on culture conditions (results are grouped by publication to enable a

DoP Crystallinity (%) I.(%) 1I3(%) Reference
89 76 24 169
84 71 29
170
14,400 80 73 50
10,900 72 61
171

reinhardtii (C. reinhardtii) microalgae, to create biocom-
posite biofilms. The ratios of each component were varied
to optimize microalgae distribution and immobilization
within the BC hydrogel matrix. The byproducts of (C.

reinhardtii) metabolism enabled the incorporation of BC
produced by (A. aceti) throughout the matrix instead of
concentrating it at the air-medium interface, thereby cre-
ating homogeneous biofilms. In turn, the byproducts of
BC synthesis were used as a carbon (nutrient) source for
the microalgae enabling its survival. The symbiotic
hydrogel has lower stiffness and strength compared to
the pure BC biofilm produced by A. aceti. With no detect-
able differences in the crystal phases of cellulose between
the two materials (though the degree of crystallinity was
unreported), the lower performance of the composite can
be associated with a lower concentration of cellulose
compared to pure BC hydrogel, and the presence of algae
in the BC pellicle creating large micron-sized aggregates
between the cellulose fibers.

3.1.5 |
materials

Alignment effects in cellulose

As mentioned before (Section 3.1.2), an increased fibril
alignment increases the surface contact area between
neighboring fibrils, thus enhancing inter-chain bonding
and ultimately, strength and modulus. In this section,
we report methods that enable controlling the fibril
alignment and therefore degree of orientation, which
allows tuning of the macroscopic mechanical properties.
A summary of literature on the strength of cellulose
materials as a function of the degree of alignment
(DoA) of their constituting fibers is proposed in
Figure 7E. Note that the DoA is calculated from wide-
angle X-ray diffraction (WAXD) data: 100% is perfectly
perpendicular alignment to the beam and 0% is per-
fectly random alignment.
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Through hydrodynamics

Hydrodynamic alignment is a well studied method to
improve significantly the CNF alignment within cellulose
microfibers. Hydrodynamic stresses generated from
extensional flows can break up fibril aggregates more
efficiently compared to shear flows.'** Surface-charge-
controlled gel transition in combination with hydrody-
namically induced fibril alignment showed impressive
results in controlling the CNF orientation into microme-
ter thick cellulose fibers'**'°" (Figure 7D). The proposed
hybrid processing method that allows for this flow-
focusing system'®! is mechanistically a two-part system:
(1) hydrodynamic alignment of fibrils followed by (2) fix-
ing fibrils in place by gel-transition. The hydrodynamic
alignment part occurs in the direction of the flow causing
the fibril alignment. A gel transition is induced to
“freeze” the fibrils in place with lowered repulsion and
better fibril alignment. Geometry-induced acceleration
and deceleration, which are also used in spider spin-
nerets, allows, by a flow channel radius change, for fibril
orientation along the perpendicular axis (in deceleration)
or along the main flow channel axis (in acceleration).'®!
As the microfiber diameter decreases from 38 to 28 pm,
there is an increase in the order parameter from 0.39 to
0.5 and consequently a 66% increase in strength and 38%
increase in modulus'®" (from 290 to 495 MPa for strength
and from 12.8 to 17.6 GPa for modulus). The introduction
of a second set of focusing flow channels allows further
control of the balance between fibril electrostatic repul-
sion and alignment due to supramolecular interac-
tions."*® This double flow focusing setup assembled the
CNFs into highly aligned microfibrils (diameter about
7 pm, degree of alignment 0.83-0.92, corresponding to an
order parameter range of 0.53-0.72) and achieved
remarkably high mechanical properties (elastic modulus
45-70 GPa and strength of 630-1200 MPa). Shorter
(in length) fibrils experience a faster alignment and disor-
ganization in that setup. However, they achieve lower
mechanical properties (45 GPa modulus, 630 MPa
strength) and the lowest fibril orientation degree of 0.83.
When CNF length increases from 390 to 600-700 nm, the
orientation index is maximized (0.92) as are the stiffness
and strength (elastic modulus about 70 GPa and strength
of 1200 MPa). Further, preconditioning the fibrils in low
humidity conditions (14% vs. 50% RH) increases more the
obtained properties which reach 82 GPa and 1320 MPa
for modulus and strength, respectively, at a cost of strain
to break which was reduced more than 50%. The
improvement of stiffness and strength at a cost of elonga-
tion to break at lower humidity conditions has been
observed in many cases. The strengthening of interfibril-
lar interactions is promoted by the removal of water mol-
ecules from the inter-fibrillar space thus freeing up more

hydroxyl groups for inter-chain interactions. At the same
time, water works as a plasticizer between cellulose
chains, thus facilitating larger deformations. Finally,
chemical cross-linking of the fibers (with 1,2,3,4-butane
tetracarboxylic acid or BTCA) was also found to improve
the strength (not the stiffness) reaching a remarkable
1430 MPa, as it improves the connectivity and load trans-
fer between the cross-linked chains. The deformation
behavior follows the same molecular model described in
Section 3.1.2, with high toughness stemming from hydro-
gen bond breakage and reformation.

Through spinning

Wet and dry spinning have also been explored to create
microfibers from CNFs'%%'0%1787180 with significantly
lower mechanical property improvements compared to
hydrodynamically-aligned microfibers."**'°* Dry spin-
ning of CNFs with diameters between 8 and 35 nm,"”’
results in microfibers with orientation indexes of 0.62-
0.68, in no particular correlation to the fiber diameter,
which at best have an elastic modulus of 12.6 GPa and a
strength of 222 MPa (at the smallest fiber diameter of
154 pm).'” Wet spinning CNFs from wood pulp and
tunicates having different aspect ratios, 2 nm diameter
and 200-500 nm length for the wood-CNF and >10 pm
length and 8 x 20 nm cross section for the tunicate-CNF
followed by heated drying under weak tension (unde-
fined amount), leads to more significant changes in struc-
ture and properties of the fibers.'”® In the case of thin
and short CNFs (from wood) the modulus and strength
increase significantly as the degree of alignment increases
(at higher spinning rates) with simultaneous (small)
increase on the elongation to break. Increases as high as
180% on Young's modulus and 168% on strength (corre-
sponding to 23.6 GPa and 321 MPa, respectively, at an
orientation index of 0.72) are noted for the fibers with
highest orientation index. On the other hand, the long
and thick CNFs exhibit a non-significant change in their
mechanical performance in response to a change in their
orientation. The thin and short CNF fibrils “respond” to
the spinning rate with significant improvements in align-
ment, stiffness, strength and toughness, for the same rea-
sons mentioned previously—more enhanced interfibrillar
interactions. The longer and thicker CNFs are not able to
follow the same trends. Even if their alignment is
improved with higher spinning rates, it is not enough to
affect fibrillar bonding substantially to get observable dif-
ferences in the mechanical properties.

When spinning is followed by a 5%-10% wet stretch-
ing of the CNF-spun microfibers,'®* the degree of orienta-
tion can be improved (0.6-0.73) and higher modulus and
strength values can be achieved (13-23.9 GPa and 224-
383 MPa, respectively). The higher spinning speed and
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drawing ratio lead to the stiffest and strongest fibers,
albeit the least extensible ones since the strain at break is
reduced with increased degree of alignment. The applica-
tion of spinning and stretching in cellulose fibrils of short
length (below 1 pm, which is smaller than for example to
the microfibers made by Wang et al.'*®), together with
the fact that pre-stretching un-entangles CNFs, justify the
decrease in elongation to break upon stretching. The
CNF un-entanglement, on the one hand, improves their
hydrogen bonding interactions, so strength and stiffness
increase, but when subsequently stretched, there is less
chain unfolding available for future energy dissipation
upon loading, thus fiber fracture occurs earlier. In a vari-
ation to the above method, when wet spinning in a coag-
ulation bath is followed by stretching in a humidified
chamber instead of a solution,'® larger drawing ratios
are possible. A 10%-20% stretch gradually improves the
degree of alignment (from 0.77 to 0.86), while simulta-
neously improving the modulus from 24.3 to 37.5 GPa
and strength 492 to 543 MPa, at a cost of strain to break
(12%-3.7%). The same study confirms that there is an
optimum spinning speed as the maximum attempted
(2310 cm/min) actually reported less stiff and strong and
more ductile fibers compared to fibers spun at lower
speeds.

Through templated growth of bacteria

Another way to control the cellulose fiber alignment in
the case of BC is by utilizing bacterial adhesion and
movement along patterned substrates.'®*'*1%* Examples
of patterned substrates with hexagonal,"® ridged'®* and
linear repeating groove'®*'®* shapes have been proven to
result in BC membranes templated in the shape of the
substrate. Experiments with concave honeycomb scaf-
folds'®" show no BC on the top of the walls, regardless of
the scaffold material, and bacteria populating the edges
of the walls, indicating that bacterial movement is physi-
cally constrained. The dimensions of the scaffold path
along which the bacteria are intended to align are also
critical in ridged substrates, with a ridge size of 4.5 pm
(equal to the length of the tested K. xylinus cells) produc-
ing films with the highest degree of orientation for K
xylinus.'®* The patterned membranes produced from sub-
strates with that critical ridge size outperform unoriented
membranes (produced on a flat substrate) in strain to
and strength at failure (by about 2 and 2.3 times higher
values respectively).'®?

Substrates patterned with linear grooves show that
the well width can cause BC alignment effectively as long
as the well depth was at least 0.6 pm, below which there
was no preferred alignment.'®* Substrates with a wave-
length of 2 pm and depth of 1 pm show the maximum
degree of BC alignment along the wells, yet the

mechanical properties of the aligned films showed a non-
statistically significant difference compared to those of
the randomly oriented BC when tested in the principal
alignment direction, indicating that better alignment did
not lead to mechanically superior substrates.'®*> In con-
trast, the same geometry (rectangular parallel wells),
when scaled in larger dimensions of 2 mm width and
1 mm depth, was able to deliver aligned BC films with
significantly enhanced properties compared to unor-
iented BC films.'®* The patterned BC sample shows a
230% improvement in Young's modulus (10.9 GPa) and
144% improvement in tensile strength (179 MPa) along
the aligned direction compared to the pellicle (3.3 GPa
and 73 MPa, respectively).'® A promising and effective
patterning approach for BC alignment along a wrinkled
substrate, with a wavelength of about 1 pm and about
300 nm height, shows significantly improved tensile
strength and modulus, 178 MPa and 4.6 GPa versus
97 MPa and 2.5GPa for the wrinkled versus flat-
templated BC.'® The wrinkled patterning also leads to a
higher degree of crystallinity in the BC, which supports
the film's superior stiffness and strength. The mechanical
performances of aligned BC films are summarized in
Table 7.

Through stretching

Wet-stretching cellulose nanopapers, hydrogels, pellicles
or fibers has been used either in conjunction to other pro-
cessing methods,'®*'*° as seen in the previous section, or
as a standalone method'**'**'*® to control cellulose fiber
orientation. Wet-stretching CNF hydrogels by 20%, 40%,
and 60% improves the fibril alignment drastically from
30% to almost 82% (in plane).'®® Stiffness and strength
also increase significantly, in a monotonous trend with
draw-ratio, while the strain to failure progressively
decreases. The maximum improvements are over 220% in
modulus, and 110% in strength, reaching 33.3 GPa and
428 MPa, respectively. The elongation to break was
reduced by 65%, from 5.3% to 1.8%.

The record high in terms of strength of a cellulose
nanopaper'®® and stiffness of cellulose macro-fiber'® are
achieved from wet-stretching induced alignment on BC
fibers (see Figure 7C). A 40% stretching degree of BC pel-
licles, without damaging the cellulose fibril network, is
achieved by introducing an intermediate relaxation step
following the initial 20% pre-stretching.'®® This work
reports a progressive increase in the degree of fibril align-
ment with the degree of stretching (qualitative depen-
dence). Subsequently, the elastic modulus also increases
progressively from 11.4 to 18.1 GPa, and the tensile
strength reaches a groundbreaking 1 GPa of strength,
starting from almost 195 MPa in the non-stretched nano-
paper. The elongation at break is almost not affected,
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TABLE 7
Through-plane

Material DoA (%)

Unstretched, statically-grown BC 25, 29, 29

Unstretched BC-SPI - -
Stretched, statically-grown BC 63 71
Stretched BC-SPI = =
Unstretched BC array 50 62
Stretched BC array 71 85
Unstretched TBC 48 58
Stretched TBC 68 82

Unstretched TBC-SPI - -
Stretched TBC-SPI - -

In-plane
DoA (%)

36, 38, 38

Effects of templated growth and wet-stretching on the mechanical properties of bacterial cellulose pellicles.

Young's Max tensile stress

modulus (GPa) at break (MPa) Reference
3.3,3.2,3.0 73.2,71.3,70 164,187,188
1.9, 2.0 40.0, 40 187,188

6.5 132.0 187

3.6 66.3 187

10.9 178.6 164

16.8 260.4 164

8.0 155 188
2x10°° 0.59 184

13.0 230 188

4.0 95 188

8.0 150 188

Abbreviations: BC-SPI, soy protein isolate resin-impregnated BC pellicle; DoA, degree of alignment, calculated from WAXD data using w % 100, where
100% is perfectly perpendicular alignment to the beam and 0% is perfectly random alignment; TBC, tubular bacterial cellulose.

while the nanopaper density increases from 0.64 to
1.18 g/cm’® for the 40% stretched nanopaper. This perfor-
mance surpasses CNF-hydrodynamically aligned microfi-
brils and previously reported wet-stretched CNF
nanopapers in terms of strength (428 MPa,'*® and
490 MPa'®") which may be associated with the higher
aspect ratio of BC fibrils. Combining wet-drawing to
reach extensions of up to 30% with twisting them, enables
the fabrication of micron-thick but macroscopically long
fibers with a high degree of cellulose alignment (index
not reported), and the record high tensile strength
(826 MPa) and Young's modulus (65.7 GPa) for cellulose
microfiber materials.'® The significant effects of stretch-
ing are clearly illustrated by comparing the properties of
unstretched fibrils (modulus of 3.5 GPa and strength of
115 MPa), which are almost 19 and 7 times lower com-
pared to the stretched fibrils respectively.

Through electrokinetics

A less studied approach to control the growth and orien-
tation of BC during the culturing period involves the use
of electric fields."®”'®° Electrokinetic forces capable of
influencing cell movement, as demonstrated in the case
of K xylinum, are able to produce BC pellicles with
increased degree of alignment compared to control sam-
ples cultured in absence of external fields.'®® Experiments
in static cultures show that the cell movement velocity is
influenced by the applied field, and when the cell speeds
are greater than the cellulose production speeds, the pro-
duced BC shows better degrees of fibril alignment. More-
over, the same study identifies an upper limit to the
applied electric field (0.45 V/cm), above which cellulose
production ceases. On the other hand, alternative current

(AC) external fields above a specific threshold (600 V) in
conjunction to a double flow focusing hydrodynamic
alignment setup are able to enhance orientation of CNFs
by 16% which leads to a modulus improvement from
20 to 25 GPa, a 63% increase in tensile strength (reaching
260 MPa), and a 46% increase in elongation to break
(up to 2.8%).

3.1.6 | Effects of crosslinking
Introducing physical or chemical crosslinks is another
effective way to modulate the mechanical properties of
cellulose-based materials, and has been achieved using syn-
thetic polymers,'®**** biomolecules or biofibers,'”-85-195
7 jons (monovalent or multivalent metal ions, such as Ag,
Ca, Zn, Cu, Ca, Na, Fe'**°") among others, as crosslinking
agents. Polymers like polyethylene glycol diacrylate
(PEGDA), polyethylene glycol (PEG),'”! polyacrylamide,'**
glyoxal,”** gelatin fibers,"”>”” and proteins,'®”'®® have
been explored extensively in literature to crosslink
cellulose-based scaffolds, pellicles and hydrogels. In gen-
eral, there is a positive correlation between increasing
degree of crosslinking and obtained mechanical properties
(primarily compressive properties are tested)'”'**19%1% jn
physical, chemical and hybrid (double networks) cross-
linked cellulose materials. The improved compressive
strength and modulus are coupled with a decrease in strain
to break indicated in the embrittlement of the
hydrogels.191’194’197’203

A study of the effectiveness of ions with different valence
states in crosslinking 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO)-oxidized (charged) cellulose, shows that trivalent
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cross-linking leads to better bonding and higher mechanical
properties compared to divalent ion cross-linking.**" Specifi-
cally, Fe>"-crosslinked cellulose fibers show an elastic modu-
lus of 22.9 GPa and a tensile strength of 357.5 MPa, while
Cu*" cross-linking leads to a modulus of 20.2 GPa and a
strength of 317 MPa and Na™ leads to a modulus of 16.4 GPa
and a strength of about 250 MPa, respectively. Comparing to
monovalent or divalent cations, ions with three valance elec-
trons experience higher electrostatic force from the charged
surface groups of cellulose fibrils. Therefore, the higher inter-
fibrillar interactions in presence of the trivalent ions give rise
to the highest mechanical properties.

The effects of covalent crosslinking are more pro-
nounced in the wet-tested BC samples, compared to dry-
tested BC, when glyoxalization was applied as a case
study.?** Specifically, while glyoxalized BC has an unaf-
fected degree of crystallinity and crystal morphology
compared to the control BC, it has a higher elastic modu-
lus, 6.1 compared to 1.9 GPa of the control, and tensile
strength, 76.8 versus 10 MPa, in the wet-tested samples,
at a cost of extensibility as the strain to break is reduced
from 9.3% to 1.5%. In the dried samples, there is a non-
significant difference between the moduli of the cross-
linked and non-crosslinked BC, while there is a clear
embrittlement upon glyoxalization, as evident from a
drastic reduction in strength and toughness. Thus, the
effective covalent crosslinking, at the dry state embrittles
cellulose by occupying hydroxyl bonds that otherwise
would be free to interact with themselves, but in the wet
state it actually preserves the (reduced compared to dry)
load-transfer abilities of bonded cellulose chains, thereby
reducing the negative impact of the presence of water on
the material.

Some studies focus on creating an “artificial plant cell
wall” paper, with BC embedded in matrix of hemicellu-
loses and pectin, which are the natural binders in plant
cell walls, but as expected, the properties achieved are far
from comparable to pure BC or pure cellulose extracted
from plant/wood nanopapers. Gu and Catchmark®**
introduced xyloglucan and pectin in the culture media of
G. xylinus and report that compared to pure BC films, the
“cell wall” composite in which the added polysaccharides
were uptaken and incorporated in the BC pellicle, have
lower elastic modulus and strength. The composites with
xyloglucan show the lowest modulus, strength and strain
to break. The “cell wall” composites have lower crystal-
linity and the crystal size compared to pure BC. The pres-
ence of xyloglucan and pectin decreases the cellulose
node density, hindering cellulose inter-chain bonding,
thus weakening the composite. Other papers also report a
decrease in stiffness and strength but improvement of
extensibility of the BC/pectin and/or hemicellulose.**> %’

Conflicting results reported by Dayal and Catchmark®’®

who found that introducing pectin to the media of G. xyli-
nus improves the mechanical properties of the pellicle,
while maintaining the same degree of crystallinity but a
reduced crystal size. However, in this study, the hydro-
gel's wet properties were tested in contrast to the previ-
ously mentioned results, which were all from dried BC
films. The hydrogel elastic modulus improved from 7.6 to
16.7 MPa when 1 wt% pectin was added to the growth
medium, and the compressive modulus from 7.4 to
~140 kPa in the 3 wt% added pectin in the medium.

3.1.7 | Effects of humidity

In presence of water molecules, the hydrogen bonds
between cellulose chains are reduced as water molecules
occupy the pendant hydroxyl groups of CNFs, while a
plasticizing effect is also observed allowing extended
deformations to the polymer chain before failure.'*® The
elastic modulus can vary from 20 to 0.7 GPa, the tensile
strength from 360 to 5 MPa, both over an order of magni-
tude reductions, for dry versus wet CNF nanopaper, with
the strain to break affected only in the case of samples
being soaked in water.’”” The transition in the mechani-
cal behavior of cellulose nanopaper from linear elastic
with a brittle failure in the dry state, to predominantly
plastic with a fibrillar pull-out as a consequence of poor
interfibrillar interactions in the hydrated state, is clearly
observed.”” The amorphous regions are more prone to
water-induced plasticizing effects, since water diffuses in
these areas more easily than in crystalline regions. The
hydrogen bonding network disruption and lower friction
among cellulose fibers as a consequence of the presence
of water between them, are the main reasons for the
observed stiffness and strength deterioration. In addition,
the swelling of the material in presence of water reduces
the film density and the contact points between fibrils,
thus reducing the load transfer capabilities.

3.1.8 | Effects of hot-pressing

Applying heat and pressure on cellulose membranes
enables their densification, thereby increasing stiffness
and strength. For example, Fredricks et al.'®® studied the
effect of hot-pressing bacterial cellulose in the presence
and in the absence of lignin as an additive. At the optimal
pressing conditions (temperature 120°C, pressure 5 MPa
for 20 min), the pure cellulose sheet reached an ultimate
tensile strength of 190 MPa, at a density of 1.3 g/cm®.
The authors proposed a path to further enhance mechan-
ical properties by impregnating the BC mats with lignin.
At optimal pressing conditions (temperature 120°C,
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pressure 15 MPa for 30 min), the resulting composite
sheets had ultimate tensile strength 220 MPa with a
higher density, 1.9 g/cm’. The authors hypothesized that
lignin acts as a binder, enabling the load transfer between
the structural cellulose fibers. This mechanical improve-
ment required more extreme pressing conditions
(by either increasing the temperature, pressure, or press-
ing time) to ensure lignin bonding. Hot-pressing layered
BC was also proposed by Guan et al.>' to fabricate large
cellulose-nanofibril plates (thickness in the cm scale with
width and length in the tens of cm scale). Using
three-point bending tests, the authors reported a flexural
modulus in the range 13-16 GPa and strength 200-
250 MPa depending on treatment, at a density of
1.35g/cm®. These layered plates show remarkable
machinability, as well as attractive specific impact tough-
ness of 67 kI m~%/(g cm ™).

3.2 | Chitin-based materials

After discussing cellulose-based materials, we now focus
on chitin-based materials. We describe the structure and
properties of nanopapers obtained from chitin fibrils
extracted from crabs, prawns, lobster, squid, tubeworms
and mushrooms. Typically, the mechanical properties
for chitinous materials range between 0.2 and 7 GPa for
Young's modulus, and between 30 and 200 MPa for
strength.

3.2.1 | Effects of chemical treatments and
degree of acetylation

In a native state, the amine groups of chitin chains are
partially de-acetylated.'®® Complete de-acetylation trans-
forms chitin into chitosan. This critical molecular differ-
ence has major effects in the structure and properties of
the chitin and chitosan (see Figure 8A). The acetyl group
in chitin's macromolecular backbone provides hydropho-
bicity, while the remaining amino groups in chitosan are
more charged. Consequently, as chitosan lacks the hydro-
phobic acetyl group of chitin, it is soluble in aqueous
media, when chitin remains insoluble.

Studies on p-chitin films from squid pens report a
general trend for high degrees of acetylation resulting in
stiffer and stronger papers, while reducing degrees of
acetylation allow more extensibility.”'>*'® Specifically,
high acetylation degrees (83%-89%) result in Young's
modulus values between 200 and 300 MPa, and tensile
strength 15-17 MPa.*"> B-Chitin fibrils dissolved in hexa-
fluoroisopropanol show the same trends with respect to
degree of acetylation, with different numerical values—

2.5 GPa elastic modulus and 150 MPa tensile strength for
the acetylated sample, which are reduced to 0.9 GPa and
60 MPa, respectively after deacetylation.*'®

3.2.2 | Effects of the presence of other native
cell wall components in chitin nanopapers

Chitin fibers from crustaceans (Homarus americanus)
when processed with a mild treatment*’ that allows
retaining 4.7%-12.4% of native proteins along with the
very high aspect ratio of chitin nanofibers (thickness 3.6-
3.9 nm, length 1.0-1.5 pm), produce nanocomposite films
with a very high degree of acetylation (86%) and a very
high degree of crystallinity 90%. The obtained films have
densities between 1.09 and 1.21 g/cm’, elastic modulus
between 7.3 and 8.3 GPa, tensile strength 110-153 MPa
and a strain to break 4%-8%. Increasing protein concen-
tration correlates to samples with lower ultimate strength
and deformability while the elastic modulus is not
affected by protein amount changes. Therefore, the low-
est protein amounts facilitate more effective transfer
loading to chitin nanofibrils (higher strength) and act as
plasticizers to enable chain movement during loading,
but when they exist in higher concentration they hinder
load transfer (weaker composites) and failure happens at
lower deformations.

Studies on retaining native cell wall glucans along
with ChNFs in two different model systems, a crab (Can-
cer pagurus), and a mushroom (Agaricus bisporus,
A. bisporus), elucidate the roles of glucans in such com-
posites in a study by Wan Nawawi et al.*'' (see
Figure 8B). C. pagurus extracts provide a high chitin/
glucan ratio (in fact it lacks glucans), while fungal-
extracts from A. bisporus stalk have a 50/50 ratio and
extracts from A. bisporus cap have a 35/65 ratio. Samples
from mushroom extracts (either stalks or caps) result in
composites with the maximum density, strength, modu-
lus and elongation to break (and subsequently toughness
too). The samples with no glucans, from C. pagurus, have
the lowest density, stiffness, strength and toughness. The
amorphous glucan phase serves as a binder for the
ChNFs—just as it does in the native state—thus enabling
exceptional tensile strength and modulus of the compos-
ite films which in the case of 50%-65% glucans in ChNFs
reach 200 MPa and 7 GPa, respectively. The presence of
amorphous glucans leads also to a substantially lower
degree of crystallinity, around 65% as opposed to the chi-
tin samples, which have 85% crystallinity. This contrast
of having composite samples with lower crystallinity but
higher mechanical properties compared to more crystal-
line pure chitin nanopapers, suggests that having the glu-
cans in an “optimum” amount to serve as plasticizers and
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FIGURE 8

Materials using chitin and protein p-sheet structures. (A) Molecular structure of chitin (left) and chitosan (right).

Reproduced from Reference 103 Copyright 2006, with permission from Elsevier. (B) Chitin nanopapers produced from mushroom extract.

Reproduced from Reference 211 (Creative commons CC BY). (C) Chitinous nanopapers using waste-derived mycelium. Reprinted with

permission from Reference 212 Copyright 2019 American Chemical Society. (D) Mechanism responsible for the supercontraction of silk

under saturated humidity conditions. Reprinted with permission from Reference 213 Copyright 2021 American Chemical Society.

(E) Example of amyloid-based functional material where gold nanoflakes are embedded in an amyloid aerogel. Adapted from Reference 214.

crosslinking agents promotes load transfer, as seen in the
example discussed above that involved proteins instead
of glucans.*"’

Jones et a studied the mechanical properties of
nanopapers obtained through by hot-pressing different
fungal sources (see Figure 8C). Specifically, the contribu-
tions from glucans, chitosan and ChNFs were studied
using four different model fungal systems: Trametes versi-
color (T. versicolor) composed primarily of chitosan and
glucan fibrils, Allomyces arbuscula (A. arbuscula) with
slightly higher chitin content but lower glucans amount
and only 2.3% chitosan, Mucor genevensi (M. genevensis),
containing higher chitin content and 10% chitosan, and
A. bisporus with maximum amount of chitosan and chitin
as well as the second maximum glucans amount (7. versi-
color has the maximum glucans amount).”'* Nanopapers
of A. bisporus show the highest tensile strength and mod-
ulus from all prepared materials, at a density of
1.7 g/cm?, they have a Young's modulus of 6.5 GPa and a
strength of 98 MPa. These nanopapers have the highest
amount of chitin and chitosan (30.8% and 11.5% of the
sugars, respectively) but relatively high amount of

1 212

glucans, as well and a low, compared to other tested
nanopapers, degree of acetylation (72.8%). M. genevensis
nanopapers have the second highest strength (24.7 MPa)
and they share the same elastic modulus of 1.9 GPa, low
density (1.3-1.4 g/cm?) and glucans content with nanopa-
pers from A. arbuscula. M. genevensis nanopapers have a
slightly higher chitin content compared to A. arbuscula
but also higher overall chitosan amount, which may
account for their difference in strength compared to
A. arbuscula. Both M. genevensis and A. arbuscula nano-
papers are over 2 times stiffer compared to T. versicolor
nanopapers, and their strength, which ranges between
14 and 25 MPa, is 16-27 times higher. Interestingly the
latter presents the lowest stiffness, strength and strain to
break values at the maximum density (2.0 g/cm®) out of
all discussed nanopapers of that report. However, the bio-
matter of T. versicolor presents the lowest chitin and
highest glucans content out of all the tested samples.
From the presented sugar analysis results, there is a posi-
tive correlation between the total amount of chitin and
chitosan (collectively) and the obtained mechanical prop-
erties of the nanopapers. There appears to be a delicate
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balance between the glucans and chitin/chitosan
amounts when optimizing for strength and stiffness.
Indeed, there is a threshold for glucans concentration
below which they act as plasticizers and crosslinking
agents (seen also in Reference 211), but for higher values,
glucans hinder chitin/chitosan chain interactions,
thereby negatively affecting the mechanical properties of
the composite films. Note that the actual numerical value
of that threshold cannot be defined by the very limited
existing literature.

3.3 | Protein f-sheet structure-based
materials and composites

The attractive properties of silks and amyloid fibers have
been leveraged to design functional macroscopic mate-
rials. In this section, we review some of the methods to
tune and take advantage of these protein building blocks.
Namely, we focus on the effects of drawing and super-
contraction, the effect of temperature and humidity, and,
finally, we review some of the recent work on amyloid
composites.

3.3.1 | Effects of drawing and
supercontraction

A common method to process silk materials under artifi-
cial conditions is wet-spinning, whereby a dope or sus-
pension of silk fibroin is extruded through a small
opening through coagulating or stabilizing baths. Wet-
spinning mimics the natural process by which silkworms
or spiders produce silk fibers. However, extruded fibers
can be additionally processed in a wet-spinning set-up to
modify their properties. One such additional processing
step is post-drawing the produced fibers in solution.*'*>"?
Luo et al.*'® showed that drawing fibers from a regener-
ated silk fibroin (RSF) suspension by a factor of 2, dramat-
ically changes their secondary structure. A clear
conformational transition from the disordered random
coil, a-helix and intermediate states to ordered fp-sheets
was revealed from Raman spectra. Specifically, the
increase of ordered phase in tested filaments, as a result
of the drawing process was over 130%. The fiber post-
drawn from a 100-pum wide channel (PD-100) shows
higher amount of B-sheet (and lower amount of the disor-
dered phases) compared to fiber post-drawn from a
250 pm wide channel (PD-250), which may be related to
the smaller mean fiber diameter of that bundle, 2 versus
6.5 pm for PD-100 and PD-250, respectively. This increase
of B-sheet content in the drawn fibers results in a sub-
stantial increase of the mechanical properties of the

fibers. The PD-250 fibers have a strength of ~50 MPa,
which increases 4-fold to 210 MPa post drawing. The PD-
100 fibers show a further strengthening to 614 MPa. PD-
100 is reported to have a Young's modulus as high as
19 GPa, which exceeds those of natural spider dragline
silk (11-17 GPa) and degummed cocoon silk (5 GPa).
Thus, a remarkable drawing-induced strengthening and
stiffening (surpassing natural silk properties) is possible
as a consequence of conformational changes of silk ultra-
structure and specifically of the increase of f-sheet struc-
tures, and the effects are more pronounced in the smaller
fiber diameter.

In a two-step stretching setup, with a coagulation
bath in which the fiber is pulled by a roller after its extru-
sion, followed by a water-immersion step driven by
another roller, which is introduced to cause drawing on
the spun fibers, the impact of roller speed in steps 1 and
2 was studied.”*® Using a parameter DR defined as the
ratio between take-up speed and extrusion speed for each
of the rollers, 1 or 2, this study demonstrates that condi-
tions of high DR; with high DR, are untestable as fibers
break before the end of processing. High DR, necessarily
implies low contact time with the coagulation bath, while
high DR, implies a greater degree of wet-stretching. Ten-
sile tests show optima for fracture strength and extensi-
bility, with maximum values of 360 MPa and 9%, at high
DR,, but only when DR; is sufficiently high. Combina-
tions of one high and one low DR parameter generally
result in lower fracture strain, though higher DR, corre-
lates to higher fracture strength and stiffness in general.
Unsurprisingly, higher DR; correlates to smaller fiber
diameters, though no clear trend is observed.

The same setup allows studying the effects of super-
contraction on the spun silk fiber's mechanical proper-
ties.”'? Supercontraction describes a process observed in
natural silk fibers in response to a polar solvent
(e.g., water) which causes them to soften and reduce their
length up to 60%°"* (see Figure 8D). This process reflects
an ultrastructural transition in silk from an oriented
glassy phase to a disoriented rubbery phase.*" In effect, a
supercontractable material differs from a contractable
material by the existence of a “ground state” which erases
loading history and allows the material to perform as if it
were pristine when returned to the original length.*"’
Examples in spider dragline silk show that when a fiber
is supercontracted and then stretched back to its original
length, the tensile properties remain almost unchanged,
even though the two states differ in their ultrastructure
(amount and distribution of p-sheet, a-helix, and random
coil conformations) significantly,>'*2%>*!

Regenerated silk fibers also demonstrate this behav-
ior, with sample length measurements showing that wet-
stretched samples that are kept immersed in water for
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24 h before drying, to allow their contraction, shrink by
approximately 12% of their length immediately after
stretching and immersion in water, or by a maximum of
24% after drying.”'® In fact, fibers loaded in tension and
unloaded before failure, when reimmersed in water can
reach full length recovery which due to the ground state
recovery allows them, when they are tensile tested for the
second time, to produce identical stress—strain curves as
their first-time loading. Intermediate stress-strain pro-
files between those obtained from uncontracted and fully
supercontracted samples could be achieved by controlling
the degree of supercontraction.*’” The proposed deforma-
tion behavior of supercontracted samples includes
(1) breaking of hydrogen bonds, (2) unfolding of second-
ary structures, and (3) nanocrystals and ordered regions
surrounding them carrying the supplied load, in agree-
ment to pure silk fracture behavior reported in
Section 2.3.'2%147222

The ultrastructural changes during supercontraction
in natural spider silk include a notable p-sheet content
increase and random coil and a-helix structures decrease,
while their orientation remains almost unchanged.**
The random coil and helix conformations are considered
to extend and form thermodynamically favorable p-sheets
upon supercontraction and subsequent stretching, and
then spatially rearrange to form clusters of p-sheet crys-
tals. AFM studies show f-sheet clustering which would
lead to sub-optimal load-transfer throughout the fibers,
explaining why properties do not change while crystal
content increases.

3.3.2 | Effects of temperature and humidity
Another physical processing method to alter the ultra-
structure of silk fibroin proteins, coined as temperature-
controlled water vapor annealing (TCWVA),*** includes
heating silk fibers in presence of humidity. Higher
annealing temperatures or times promote p-sheet crystal-
lization so that the silk fiber's crystalline (B-sheet) versus
amorphous (a-helix, random coil) content can be tuned.
Crystallinity can vary from 14% to 60% by varying the
annealing temperature from 4 to 100°C.***> Following the
B-sheet content increase with increasing annealing time
and temperature, the tensile modulus and strength also
drastically increase from about 10 to over 70 MPa and
from 2 to almost 8 MPa, respectively (minimum value for
non-annealed sample and maximum value for the 95°C-
annealed sample). The gradual increase in stiffness and
strength, as well as p-sheet amount as a function of
annealing temperature, demonstrates the phase transi-
tion between o-helix and random coil to p-sheet
(crystallization).

The same method in nacre-like graphene oxide (GO)-
silk composites essentially utilizes the presence of GO
nanoflakes as hydrophobic nucleation sites to promote
the p-sheet crystallization of silk fibers.*** In presence of
GO, the effects of TCWVA on silk crystallization are
higher than when no GO is present, demonstrating the
catalytic activity of GO platelets. As a consequence of the
higher B-sheet content, the annealed GO-silk nanocom-
posites also demonstrate significantly higher stiffness,
strength and toughness compared to the pure SF control
materials. A progressive increase with GO amount is seen
for the Young's modulus, from 13 to 95 GPa, and the ulti-
mate strength, which goes from 120 to 326 MPa—in both
cases the highest value is at the highest GO concentration
(53.7 vol% GO). As expected with the reduction of amor-
phous content, the elongation to break is decreased with
increasing GO amount, from about 1.2% to about 0.5%.

3.3.3 | Amyloid composites
Using amyloid fibrils to mechanically reinforce alginate
hydrogels was recently reported.””> Genetically engi-
neered E. coli was used to express CsgA-TFF2 curli fibers,
which had a Young's modulus of 1508 + 882 MPa. The
curli fibers were introduced into an alginate solution
before crosslinking with calcium salt and then swelling
in water. The alginate matrix alone has a Young's modu-
lus of about 40 kPa. 10% of curly fibers result in a nearly
triple Young's modulus, compared to the pure alginate
hydrogel, while increasing curli fiber content up to 40%
leads to a stiffness of about 160 kPa, or a 4-fold increase,
over the alginate matrix. Furthermore, swelling ratio tests
of the hydrogels showed that addition of amyloids does
not interfere with water absorption or disrupt the cross-
linking process of the hydrogel, making amyloids a suc-
cessful reinforcing agent for alginate hydrogels.

An interesting use of amyloid fibers is their serving as
a protein matrix binding inorganic nanoplatelets such as
gold®'* (see Figure 8E) or graphene in nacre-like hierar-
chical nanocomposites.*****” Inspired by human bone
being primarily composed of an organic matrix of strong
hydroxyapatite (HA) crystals and tough collagen fibers,
biomimetic, bone-like composites by replacing collagen
with amyloid fibers were proposed.”** Amyloids synthe-
sized using f-lactoglobulin and lysozyme proteins, were
solution-mixed with nanoplatelets of brushite or HA and
converted into a film by vacuum filtering and air-drying.
The incorporation of amyloid fibrils in the HA or brush-
ite aqueous suspension stabilizes the solution, which oth-
erwise would precipitate. Using either negatively charged
B-lactoglobulin or positively charged lysozyme results in
stable composites in suspension, which enabled the
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fabrication of stable nanocomposite films with amyloid
concentrations of 10-60 wt%. The films have a nacre-like
hierarchical structure with layers of platelets separated
by the organic amyloid filler. This structure resulted from
the preferential lamellar stacking of inorganic platelets
during the filtration process. The lamellar stacking was
more uniform with brushite platelets due to their larger
aspect ratios. Tensile testing of the nanocomposite films
showed that increasing amyloid content results in
decreasing void fraction and progressively increasing
stiffness due to better adhesion between plates. Both den-
sity and Young's modulus peaked around 40 wt% amyloid
content for both HA and brushite composites, at
1.16 g/cm® and 1.35GPa for brushite-amyloid and
1.02 g/cm® and 0.8 GPa for HA-amyloid composites,
respectively. In context, these bone-mimicking amyloid
composites achieve the same stiffnesses at lower densities
compared to artificial bone cements and overlap in prop-
erties with natural cancellous bone. For amyloid concen-
trations higher than 40 wt%, the elastic modulus drops,
as expected by the rule of mixtures.

Replacing the mineral platelets with graphene sheets
and using f-lactoglobulin fibers, at concentrations from
0.5 to 8 times the GO amount,??’ confirmed the same
effects as when the amyloid fibers were introduced in HA
and brushite.*”® Increasing amounts of amyloids
improves the stability of the solution and prevents GO
aggregation and subsequent precipitation. The lamellar
microstructures comprise of stacked GO sheets separated
by amyloid fibrils, similar to that seen in their previous
amyloid-HA/brushite composites, and they were able to
be formed up to composites with 1:5 (GO:amyloid) ratio.
Tensile testing showed a maximum Young's modulus of
7.6 GPa for the 1:2 ratio composites, which dropped to
2.5 GPa for the 1:5 and 1:8 composites. Therefore, the
tested higher amounts of amyloid fibers result in weaker
lamellar structures. Finally, the plasticizing effects of
water uptaken by the amyloid fibers were demonstrated
through tests conducted at samples preconditioned at dif-
ferent relative humidity levels. A gradual increase in the
strain to break with a simultaneous decrease of elastic
modulus are presented in the tensile results, consistent
with water plasticizing effects in the amorphous protein
domains.

4 | UNTREATED BIOMATTER IN
MATERIALS AND COMPOSITES

An emerging strategy in creating sustainable biocompo-
site materials consists in utilizing the whole microorgan-
ism (genetically engineered or not) as a material building
block. Such hybrid bottom-up approaches create

hierarchical biocomposite materials effectively utilizing
the natural molecular engineering provided from biosyn-
thesis processes. This class of Biomatter-based Materials
of a microorganism assembly serving as a heterogeneous
biopolymer matrix. Using the whole microorganism
allows for less harsh and environmentally friendlier pro-
cessing methods, since no extraction or purification pro-
cesses are required. As a result, no biomatter is wasted
and in the literature-reported examples, there is minimal
solvent waste.*****! In addition, microorganisms can be
cultured in-situ, without requiring large or arable land
usage, and allow the flexibility of tuning composition and
microstructure on site.

4.1 | Plant-cell based materials
Combining entire cultured plant cells to make hybrid
biological matrix materials was first demonstrated for
tobacco plant cells.”*****> The cells were solution-mixed
with carbon nanotubes (CNTs) and cast into films. The
resulting biocomposite films have a tensile modulus of
about 91 MPa and a tensile strength of 3 MPa. It is
important to note that the plant cells used in these stud-
ies are undifferentiated, unlignified and they are obtained
from an in-vitro, fast-growing unicellular lab culture.
Follow-up work on the same type of plant cells
showed that by changing the processing method from
casting and air drying to cold compression molding, bulk,
three-dimensional biocomposites can be obtained that
are able to self-bind without requiring the use of surfac-
tants, adhesives or additive particles to assemble struc-
tures (see Figure 9A). These cultured, self-binding,
biomatter-based composites reach a tensile modulus of
2.5 GPa and an ultimate strength of 21 MPa, at a density
of about 1 g/cm®. Comparing the properties of this pure
cell material with the films made of the same cells with a
surfactant and CNTs,****** we note a 27 times improve-
ment in modulus and 7 times increase in strength, which
arises from the ability to facilitate higher inter-cellular
adhesion from the applied compaction process. The cul-
tured tobacco cells, used in both cases, develop a thin pri-
mary cell wall composed of about 15 wt% cellulose fibrils,
immersed in a heterogeneous matrix of hemicellulose,
pectins, phenolics and proteins. When the cultured cells
are compressed inside a permeable mold, at a rate that is
determined from the cell dehydration rate, the water is
progressively removed, and the cells get compacted. This
compaction in presence of water activates a set of self-
binding mechanisms. As the hydrated cells are com-
pacted, polymer chain diffusion between the adjacent cell
walls causes a fibrillar interlocking. As a result, the inter-
penetrating polymer nanofibrils of neighboring cell walls

230
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FIGURE 9 Plant-cell and wood-based materials. (A) Plant cell-based beam produced by slow-pressing of tobacco cells. The native cell

wall components enable the bonding and resulting appealing mechanical properties of the produced materials. Adapted from Reference 230.
(B) Growing plant tissues into the target near-final form using 3D-printed solid culture medium containing Zinnia elegans cells. Reproduced
from Reference 234 (CC BY). (C) Chemical treatment enabling the fabrication of elastic wood. Upon compression, the resulting wood cells
do not rupture, but instead recover upon unloading. Adapted with permission from Reference 235 Copyright 2020 American Chemical
Society. (D) Eco-friendly lignin extraction of wood fibers to produce holo-cellulose (containing cellulose and hemicellulose), to fabricate

strong materials. Adapted from Reference 236.

interact with each other through hydrogen bonding and
van der Waals bonding. These two mechanisms ulti-
mately create a bulk, self-bonded heterogeneous polymer
matrix. On the contrary, when the same cells are cast and
air dried in absence of an external compaction force, they
form weakly bonded, porous networks, with less cell con-
tact area which is not able to activate those self-binding
mechanisms seen upon application of a compression
force. Even though the added CNTs facilitate binding in
the thin films case, the obtained mechanical performance
is inferior compared to the self-bonded materials. The
pure plant cell biocomposites demonstrate a strategy to
utilize in-situ, fast grown biomatter, that requires no
chemical treatments, no extraction processes, and creates
no waste (the entire grown biomatter is used) to produce
bulk polymers with commodity plastic-like mechanical
properties in terms of stiffness, strength and density.**
The presence of other cell wall biopolymers (pectin,
hemicellulose, phenolics, and proteins) leads to the lower
strength and stiffness values compared to pure nanocellu-
lose materials.

Another approach proposed by Beckwith et a on-
sists in growing plant tissues directly into the target near-
final form (see Figure 9B). Using 3D printing, Zinnia

1‘234 C

elegans cells and their solid culture medium were
extruded in a 3D-pattern and were able to maintain a cell
viability over 70% after 10 days of incubation. After the
printing process, the viable cells grow and multiply into
clusters, filling the 3D-printed forms. The possibility or
retaining cell differentiation enables also tissue-like for-
mations, as demonstrated in that work. One advantage of
this technique is the possibility to tune the culture
parameters to improve the target properties. Natalio®’
showcased a plant cell culture technique that permits
adjusting the ultimate material properties by assimilating
functional additives straight from the culture medium.
For example, the synthesized cellulose fibers from cul-
tured ovules could acquire properties like fluorescence
and magnetism depending on the functional
molecule used.

4.2 | Wood-based materials

Wood derivatives are also commonly used to fabricate
sustainable alternatives to petroleum-derived materials.
As described in Section 3.1, cellulose extracted from
wood can be shaped or blended into functional materials.
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Alternatively, milder extraction approaches have been
recently suggested allowing the preservation of the struc-
ture and some of the native constituents of wood feed-
stocks, for example, hemicelluloses or lignin.

A first approach is to preserve the native cellular
structure of wood and apply treatments to induce addi-
tional functions. Chen et al.**® fabricated an “elastic”
wood by partially removing lignin and hemicellulose
from natural wood (see Figure 9C). Upon mechanical
loading and unloading, this material recovers its original
shape (height loss close to 0% after uni-axial loading). In
another study, by Li et al.,**® the authors fabricate a cel-
lular cellulose material by completely delignifying native
wood while preserving only a small proportion of hemi-
cellulose (~3%). The resulting light-weight material,
coined nanowood, has extremely low thermal conductiv-
ity, 0.03 W/mK in the transverse direction (even rivaling
the low thermal conductivity of styrofoam). On the other
hand, high-density woods were produced by first partially
removing lignin and hemicellulose, and subsequently
hot-pressing to obtain densified woods showing strength
values as high as 587 MPa.>*® The optical properties of
woods can also be enhanced to modify color and enable
photonic applications as suggested in a study by Xia
et al.>** The authors describe a process to remove the
chromophore groups of lignin, responsible for wood's
brown color. The decolored wood contains 80% of its
original lignin contend, thereby preserving its strength
and water-repellent properties. Recent reviews will pro-
vide further information about modified woods.**"***

Another approach to leverage the good properties of
wood consists in casting or pressing modified wood pow-
ders into functional shapes. For example, Yang et al.**°
made use of delignified wood fibers in which the native
hemicellulose is conserved (see Figure 9D). After
mechanical defibrillation, the resulting holocellulose
nanofibers are cast into films, which show appealing
transparent properties, and relevant mechanical proper-
ties (Young's Modulus of 21 GPa and tensile strength of
320 MPa with an elongation to break around 4.5%). The
authors argue that the natural hemicellulose coating the
CNFs enables for more stable aqueous suspensions.
Another article further showed the value of maintaining
native wood constituents in hot-pressed cellulosic
films.>** In this study, the authors intentionally preserved
a controlled fraction of the lignin present in wood feed-
stocks by adapting the Kraft pulping and bleaching
stages. Despite the presence of lignin, they reported good
mechanical properties of hot-pressed films of micro-
fibrillated lignocellulose. The best performance was
obtained for the composition with 5.1 wt% lignin; the
film had a Young's Modulus of 18.9 + 0.8 GPa and tensile
strength of 263 + 17 MPa with an elongation to break

3.9 + 0.1%. More importantly, the authors showed that
the presence of lignin conferred water resistant properties
to the natural composites, as exemplified by the 83 MPa
strength after 8-day immersion in water of a film contain-
ing 16.9 wt% lignin (in contrast to the ~30 MPa strength
of an immersed film containing only 1.8 wt% of lignin). A
recent review on pressed wood materials with all-natural
compositions will provide the interested reader with
extensive information.®** In a recent study, Pascoli
et al.>* turned to wheat straw as lignocellulosic feed-
stock. To partially remove lignin and hemicellulose, the
authors made use of an alkaline peroxide treatment com-
bined with a mild peracetic acid (PAA) pretreatment,
thereby producing lignocellulosic fibrous nanomaterials.
They showed that the resulting nano and microfibers can
have different amounts of residual lignin and hemicellu-
lose which could be controlled by the processing. Addi-
tionally, the resulting heterogeneous lignocellulosic
fibrils were demonstrated as a reinforcing filler in a bio-
degradable hydrophilic polymer matrix such as
poly(vinyl alcohol) (PVA). Specifically, the authors pro-
duced PVA-lignocellulose nanocomposites with specific
elastic modulus and specific strength of 2.6 GPa/(g cm ™)
and 59.5 MPa/(g cm ™), respectively, and an elongation
to break of 138%, which respectively marked 34%, 61%,
and 91% improvements in modulus, strength and elonga-
tion to break over pure PVA.

4.3 | Bacteria cell-based materials
Bacterial cellulose (BC) composites in which the cultured
bacteria are maintained in the produced cellulose net-
work have recently been reported by Wan et al.**® (see
Figure 10A). This bacteria/BC (BA/BC) biomatter-based
composite material was characterized after freeze-drying
to create an aerogel. The reported mechanical properties
include a tensile strength of 550 kPa, compared to
440 kPa for the pure BC aerogel, and a compressive
strength (to 60% deformation, not to break) of 31.5 versus
17.8 MPa for the BA/BC and BC, respectively. Both ten-
sion and compression tests show that the BA/BC is still
able to experience very large strains before failure, for
tensile tests—about 35% (vs. about 43% for pure BC). A
mechanism in which the cellulose nanofibrils use the
bacteria cells as reinforcing particles/junctions, a result
that overcomes the reduced crystallinity of the composite
with respect to the BC (85% and 91%, respectively) to
yield stronger and stiffer composites is proposed to gov-
ern the performance of BA/BC composites.**®

Research on engineered living materials (ELMs) con-
tinues to grow beyond the soft material nature of living
cells, particularly through the use of bacteria-based
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FIGURE 10

Bacteria and mycelium-based materials. (A) Bacteria/bacterial cellulose (BA/BC) composites. The bacteria (K. xylinus X-2)

remain in the fibrous matrix and provide reinforcement by serving as a junction, thus interlocking the BC nanofibers. Reprinted from

Reference 246 Copyright 2019, with permission from Elsevier. (B) Fabrication of stiff living materials (SLMs) using different strains of

bacteria following a circular material economy. Reproduced from Reference 228. (C) Vegan mushroom-based leather using the fruiting body

of P. ellipsoideus. Adapted with permission from Reference 247 Copyright 2020 American Chemical Society. (D) Three-point bending stress—

strain curves for P. ostreatus mycelium grown on rapeseed straw without pressing (dotted line), and cold (striped line) or hot (solid line)

pressing. The photographs correspond to P. ostreatus grown on cotton and hot-pressed. Reprinted from Reference 248 Copyright 2019, with

permission from Elsevier.

composites. A new category of ELMs, stiff living mate-
rials (SLM), was recently coined to include biocomposites
created by drying out the cultured bacteria and their pro-
duced biofilms. In the first demonstration of the SLM
class, E. coli (EC), Lactobacillus rhamnosus (LR) or S. cer-
evisiae (SC) suspensions were used by Manjula-
Basavanna et al.**® (see Figure 10B). These bacteria cell-
based materials are the stiffest presented ELMs, and
maintain the ability of self-regeneration, as a population
of living cells remains embedded in the matrix for more
than 1 month after their fabrication. Nanoindetation-
extracted Young's modulus values range for EC-SLM
between 5 and 42 GPa, for LR-SLM between 5 and
30 GPa and for SC-SLM between 1 and 30 GPa. The wide
variation in modulus highlights the heterogeneity of the
materials when tested locally. The ability to regenerate
these materials upon immersion in growth media is dem-
onstrated for the EC-SLM samples, and the authors note
that the material disperses in the media and creates a
new turbid culture, therefore looses its structural integ-
rity and dissociates back to individual cells, which can
then be re-assembled for a subsequent generation of

SLMs. The mechanical properties of the second and third
generations of EC-SLMs were identical to the first gener-
ation (with the same large variation 5-41 GPa), demon-
strating the robustness of these cell-based materials.

In a similar approach by Duraj-Thatte et al.** bio-
films created from genetically engineered EC, coined
aquaplastics as they are water-processable and able to be
shaped through molding in presence of water, were
reported. The engineered EC synthesize CsgA-based curli
fibers in a hydrogel mesh, which is harvested, mixed with
sodium dodecyl sulfate (SDS) to induce gelation, cast in a
mold and dried in ambient conditions, finally resulting in
aquaplastics with the shape of the selected mold. The
authors compare the properties of the native biofilms, in
which the microbial cells (some of which are still viable)
remain embedded in an extracellular curli matrix, with
pure curli biofilms, which are the remaining gels after
the cells have been removed from the matrix. As
expected, when the cells remain embedded in the matrix,
the “native” biofilm is weaker than the pure curli fiber
control. Through nanoindentation, the authors find a
2.2 GPa elastic modulus for the native biofilm versus
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4.3 GPa for the pure protein film. Tensile testing shows
the native film having a modulus of 1 GPa and ultimate
strength of 18 MPa, thus classifying these cell-based bac-
terial composites in the SLM category. The pure curli
films have a modulus of 1.2 GPa and strength 29 MPa in
tension, higher than the native film, as expected. A criti-
cal advantage of these cell-based materials is their self-
healing ability, demonstrated in this work upon rehydra-
tion of the damaged region. Scratches and full thickness
cuts made on the native biofilm are completely repaired
by spraying water onto the damaged region and followed
by ambient drying. Curli biofilm controls also have
water-healing abilities but the resulting films are slightly
less smooth, with some “marks” of the scar remaining on
the film. Tensile tests on damaged and water-healed
native films show a 40% reduced modulus (605 MPa) and
a 33% reduced strength (12 MPa) indicating that the
native films post-healing lose some of their strength and
stiffness but still are able to have a performance compara-
ble to commodity synthetic plastics.

Bacteria-driven biomineralization is another fast-
growing field of research for biomatter-based materials
and composites. For example, CaCO; precipitation of cer-
tain bacterial strains when grown in favorable conditions,
is an emerging research field with applications in self-
healing materials, such as bioconcrete, other structural
applications, as well as heavy metal removal.*** We refer
the reader to recent reviews on this topic**>>* as these
works focus on utilizing the inorganic product catalyzed
by the bacterial activity rather than the actual microorgan-
ism as a building block by itself, which is the thesis of our
review. In the same trajectory, the emerging class of living
building materials (LBMs), which combine photosynthetic
cyanobacteria that precipitate CaCO; in the presence of
structural scaffolds, paves the way towards integrating liv-
ing microorganisms in the built environment.*> Again,
this goes beyond the scope of our review and the reader is
referred to other reports on this topic.>>**>

4.4 | Fungal materials

Mycelium-based materials can be tuned over a wide
range of mechanical properties and density, which, com-
bined with fast (compared to other microorganisms)
growth times and low cost fabrication, makes this partic-
ular class of biomatter-based materials highly attractive
to a plethora of commercial applications. The remarkable
range of mechanical properties offered by mycelium-
based materials is summarized graphically in the dia-
grams of Figure 11. For densities ranging between 0.06
and 2 g/cm?, literature reports elastic moduli in the range
0.02-3000 MPa and strengths in the range 0.05-40 MPa.

Fungi are attractive as a biobased material platform
not only because of their fast growth, but also for their
ability to grow by degrading lignocellulosic waste such as
sawdust and straw (among other materials)—all consid-
ered agricultural waste or biomatter-processing waste.***
Mushroom fungi are known to colonize their substrate
by growing filamentous cells, called hyphae, which typi-
cally measure about 2-10 pm in width. Hyphal cells grow
by consuming lignocellulosic feedstock material, result-
ing is a three-dimensional fibrous network comprised of
cells branched with their feedstock material essentially
“molded” into the shape of feedstock material. As men-
tioned in Section 2.2, the main cell wall components of
hypha cells are chitin, p-glucans and proteins, with
B-glucans serving as mucilage in the outer part of the cell
walls and the chitin fibrils covalently cross-linked or
hydrogen-bonded with other biopolymer matrix compo-
nents in the inner part of the wall.'****' Mycelium-based
materials have properties that are defined by the individ-
ual cell-based filaments as well as their network-based
organization, connectivity (interactions between fila-
ments) and, in case of composites in which the feedstock
material remains in the product, the type and amount of
feedstock. Independently of whether the feedstock is
maintained in the final product, mycelium-based mate-
rials, after their growth or culture phase, are subjected to
a final heating step to cease growth. That step results
either in preserving the fungus in a “hibernated” state,
which allows for the possibility of a subsequent regrow-
ing cycle when survival moisture conditions are met, or
in permanent ceasing of the fungus, depending on the
temperature and heating duration.>*® In this section, we
present examples in which the growth substrate and pro-
cessing method allow for a modulation of the microstruc-
ture and mechanical properties of mycelium-based
materials and composites. We first focus on pure myce-
lium films before discussing mycelium-based composites.
For comprehensive reviews focusing on mycelium-based
materials, we direct the reader to References 262-264.

441 | Pure mycelium films: Effects of
culture conditions

The growth media and environmental conditions have an
important effect on the resulting mycelium-based mate-
rials films. For example, culturing Ganoderma lucidum
(G. lucidum) and Pleurotus ostreatus (P. ostreatus) in
either pure cellulose or cellulose-potato dextrose broth
(PDB) substrates shows that both types of fungi contain
higher chitin content and lower amount of lipids when
grown in pure cellulose substrates.”®> In accordance to
these differences, since chitin is the main structural
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biopolymer on the fungal cell wall while amorphous
lipids provide extensibility via plasticizing the walls, the
mycelia films grown in pure cellulose media are consis-
tently stiffer, stronger and less ductile compared to those
grown in cellulose/PDB. Specifically for G. lucidum, the
cellulose-grown films show a 200% increase in elastic
modulus (from 4 to 12 MPa), 38% higher tensile strength
(0.8-1.1 MPa) and 58% lower elongation to break com-
pared to cellulose-PDB-grown films (from 33% to 14%),
while for P. ostreatus the elastic modulus is increased by
65% (17-28 MPa), the strength is reduced by 36% (1.1-
0.7 MPa), and elongation to break is reduced by 55%
(9%-4%). In another study from the same group, Antinori
et al.”® reported the effect of adding either glucose or lig-
nin to the PDB on the growth and morphology of G. luci-
dum. They showed that the p-glucose-enriched medium
(44.4 wt% PDB and 55.6 wt% p-glucose) accelerated the
mycelium growth by a factor 2.5 in mass compared to
pure PDB. On the other hand, the study shows that the
lignin-enriched medium (92.3 wt% PDB with 7.7 wt%
alkali lignin) favors a concentric growth of a dense myce-
lium film, in contrast to the growth of sparse colonies in
the two other cases.

The effects of light and CO, levels in mycelium cul-
turing were studied for Schizophyllum commune
(S. commune)*® in wild type and upon deletion of the
hydrophobin gene (sc3), which is known to impact the
amount of cell wall glucans. When either the wild type or
mutant mycelia are cultured in dark, those with low sup-
plies of CO, produce films of higher density and better
mechanical properties. When grown under light, high
CO, results in higher density and mechanical properties
for both strains tested. The highest difference for the
mutant is noted when it is cultured in dark in high versus
low CO, flows, with resulting films showing a modulus
of 1.2 versus 2.5 GPa and strength 15.6 versus 33.9 MPa
for high and low flows, respectively. For the wild type,
the differences are smaller but still the CO, flows cause

the biggest impact, with films cultured in light having a
modulus of 438 versus 913 MPa and strength 5.1 versus
9.5 MPa for low and high flows, respectively. Thus, the
different light conditions and CO, supplies allow a large
variation of mycelium film density and mechanical prop-
erties in S. commune wild type and the tested mutant.
The sc3 gene deletion in S. commune results in the high-
est reported density and mechanical properties among all
pure mycelium films.

In a study by Bustillos et a the fabrication
method of a vegan leather is proposed, containing only
Phellinus ellipsoideus (see Figure 10C). This material
combines thermal stability up to 250°C, mechanical
robustness (elastic modulus of 1.2 MPa, ultimate tensile
strength of 572.5 kPa and strain to failure of 101%) and
scratch resistance. Interestingly, the high strain to failure
is attributed to the natural balance between (hard) chitin
and the (soft) protein content in the mycelium.
The authors also report enhanced damping capabilities in
the frequency range 5-20 Hz, which they attribute to the
alignment of mycelium fibers under loading.

1"247

442 | Mycelium-based composites: Effects
of feedstock substrates, additives and processing
methods

We now highlight selected results that help establish a
fundamental understanding of the impact of processing
method and substrate on the mechanical properties of
mycelium-based composite materials.

Appels et al.*** compared the compression method in
mycelium-based composite foams on P. ostreatus and
Trametes multicolor (T. multicolor) grown in straw, saw-
dust or cotton substrates and formed using no pressure
versus cold or hot pressing. Their results clearly show
that hot pressing results in more homogeneous compos-
ites with higher density and mechanical properties at all
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tested conditions—both in tension and bending (see
examples in Figure 10D). Specifically, the elastic modulus
and flexural strength for the hot pressed composites are
5-35 and 3-8 times higher than unpressed or cold-
pressed foams in all tested conditions. Between P. ostrea-
tus and T. multicolor, in non-pressed as well as in hot-
pressed samples, T. multicolor composites have higher
mechanical properties compared to the P. ostreatus ones
even at similar densities (within maximum +0.03 g/cm®
uncertainty).>*® The range of densities in that study was
0.1-0.39 g/cm?, resulting in Young's modulus 2-100 MPa,
tensile strength 10-240 kPa, at elongations 0.5%—4.7%,
flexural modulus 1-80 MPa and flexural strength 50—
870 kPa. These results confirm that fungal materials are
more resistant to bending compared to tension, which is
seen also in plant cell biocomposites.”** Comparative
tests on foams from Coriolus versicolor (C. versicolor) and
P. ostreatus with wood chips, hemp hurd, loose hemp
fiber and non-woven mats of hemp fiber substrates,’
show that on the same substrate, C. versicolor gives stron-
ger and stiffer composites compared to P. ostreatus.

Comparing the effects of cotton versus straw as the
substrate material in P. ostreatus hot pressed foams,**®
shows that cotton results in foams with lowest Young's
modulus (34 vs. 97 MPa), strength (130 vs. 240 kPa), flex-
ural modulus (34 vs. 72 MPa) and flexural strength
(620 vs. 870 kPa), at similar densities of 0.35 versus
0.39 g/cm?®, compared to same species grown in straw.
This difference is consistent with the composition of the
natural fibers, with straw having higher lignin and simi-
lar cellulose content compared to cotton.”***”° For the
same species and growth conditions, cold pressing practi-
cally eliminates any difference between the cotton versus
straw substrate in terms of composite performance. This
can be related to the lower density (0.24 g/cm® for cold-
pressed samples grown in either substrate, versus 0.35
and 0.39 g/cm® for hot-pressed samples grown in cotton
and straw, respectively) and thus lower cohesion of the
cold pressed versus hot pressed samples. Non-pressed
films of T. multicolor grown on sawdust have higher
properties than those grown on straw,>** which can be
related to the beech sawdust's higher lignin content com-
pared to rapeseed straw.?’"?72

Another important factor in mycelium-based compos-
ites is how the non-mycelium materials are incorporated
in the composite. In composites of basidiomycete myce-
lium with wood particles (mixture of spruce, pine, and fir
[SPF] particleboard particles),*’ it has been shown that
when the mycelium first is grown on culture media and
is then subsequently mixed with wood particles (“pas-
sive” mixing), the produced composite is weaker and
softer compared to the same species grown directly on
the wood particles. Specifically, the wood particle-grown

mycelium is 6.2 stiffer (from 36 to 223 MPa in flexural
modulus) and 2.66 times stronger (from 0.45 to 1.2 MPa
in flexural strength) compared to passively mixed myce-
lium with wood particles, at the same composite density
(0.6 g/cm?). The same work shows that the incorporation
of just 2.5 wt% CNFs induces a significant enhancement
of mechanical performance (modulus increase from
223 to 514 MPa and strength increase from 1.2 to 3.5 MPa
for the wood particle-grown mycelium), still at a sample
density of 0.6 g/cm®. Further increase in CNF content
only slightly improves the modulus of rupture of the
composites and the rest of the composites maintain the
same properties. These unaltered properties demonstrates
that the optimum level of CNF to promote better interfa-
cial bonding is no more than 2.5 wt% for these systems.

Similarly, the effects of another organic additive, car-
bohydrate fillers (proprietary composition) when incor-
porated at different stages of the composite processing
cycle are also able to drive significant changes in the
mechanical properties of the composite foams.?”* The
comparison of samples in which varying amounts of car-
bohydrate fillers are introduced in corn stover substrates
either during the initial inoculation or after a homogeni-
zation step that happens at the middle of the growth
cycle, shows that when the nutrition change happens
during homogenization step, it notably enhances the
mechanical properties of the composites regardless of the
size of the stover particles. Increasing amounts of carbo-
hydrates ensuring the homogenization step from 0 to
35 wt% leads to a significant increase in specific flexural
modulus (from 14 to 22 kPa/(g cm ™)) and strength (from
2 to 4.5 kPa/(g cm™?)). On the other hand, a similar car-
bohydrate addition during the inoculation step does not
drive a similar correlation. A positive correlation between
the filament branch density and the mechanical proper-
ties of the composites is only possible when nutrients are
added in the homogenization step. Indeed, when carbo-
hydrates are added at the homogenization stage a denser
hyphal branching is observed, which supports the
improved mechanical properties. When the same fillers
are added in the inoculation but subjected to homogeni-
zation at the middle of the growth cycle, the networks
they have formed break up, resulting in inferior mechani-
cal properties. Furthermore, we propose that the effects
of the carbohydrates as “intact fillers” ought to be consid-
ered for this particular case. Introducing carbohydrates in
the homogenization step leaves less time for the myce-
lium to digest them, so they serve primarily as fillers and
improve the mechanical properties of the composite,
whereas when they are introduced during inoculation a
higher amount of them can be digested.

Another study on the effects of carbohydrate-rich
additives when introduced at the beginning of the growth
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cycle in P. ostreatus composite foams®*° shows that there
are additives able to drive changes in mechanical proper-
ties even when added during inoculation. In that case
study, sawdust, straw and 1:1 sawdust:straw mixture sub-
strates were supplemented with 10 wt% wheat bran. The
saw dust composites, with and without the supplement,
result in the denser foams (density about 0.5 g/cm?),
while the straw composites result in the lowest density
(about 0.2 g/cm?), and their mixtures lie in between. The
supplement causes a 10% and 30% reduction in the den-
sity of the saw dust and straw foams, respectively. When
introduced in the composite substrate, the supplement
leads to a 7% reduction in density. Remarkably, the com-
pressive strength follows the opposite trend as density.
When the supplement is added, the compressive strength
of the sawdust composites is increased by almost 35%
(from 1018.4 to 1380.6 kPa), that of the straw composites
by 130% (from 72.7 to 169.2 kPa). Interestingly, the mixed
composite has almost no change in density and only a
9.5% improved compressive strength (from 105.9 to
116.1 MPa) with the addition of the supplement. More-
over, the authors highlight that the supplement improves
the foam homogeneity within the saw dust samples.
Indeed, without the supplement, samples were disinte-
grated upon compression, indicating inhomogeneous cul-
tivation, while samples with the supplement deformed
but did not disintegrate.

Composites of P. ostreatus grown on sawdust, sugar-
cane and mixture of these substrates®® show that the
sawdust and the mixed substrates result in foams with
the highest density and strength, 0.29-0.33 g/cm® and
6.7-7.5 MPa, respectively. The sugarcane-grown foams
had the lowest density and strength, 0.11 g/cm’® and
6.0 MPa, among the studied composites. The results con-
firm the ability of sawdust to promote denser and stron-
ger P. ostreatus foam formation, as found also by the
previously mentioned reports.****°

The fibrous substrate physical form is another impor-
tant consideration in mycelium composite foams. It has
been shown that when hemp, flax and flax waste fibers
are used in loose, chopped, dust, pre-compressed or tow
forms, in T. versicolor-based composites, the obtained
mechanical properties vary significantly.”®  Pre-
compressed substrates result in significantly higher com-
pressive modulus values for all types of substrates, while
loose natural fibers consistently give the weakest foams.
When the elastic modulus of loose fiber composites is
compared to the rest, a 4.7 times increase is achieved by
pre-compressing the flax substrate, a 3.7 times increase in
flax waste and 2.3 times increase in hemp, at the same
densities. Interestingly, introducing chopped fibers seems
to also improve the performance of the foams compared
to loose fibers, but does not exceed that of pre-

compressed fibers. Specifically, chopped flax substrates
give 4.2 times stiffer composites compared to loose flax,
and chopped hemp 1.5 times stiffer composites than loose
flax. When comparing the loose fiber composites from
hemp, flax and pine wood, we observe a consistently
higher performance of flax and hemp which can be
related to the notably higher cellulose content on these
two fibers (in their initial form) compared to softwood, as
discussed in Reference 265. The size of feedstock particles
on the other hand, is not able to influence the compos-
ites’ performance by itself. A study on a proprietary fun-
gal/agro-waste particle system, scanning the effects of
varying the size of agro-waste particles between 0.4 and
6.7 mm,%*! shows that all foams, regardless of the sub-
strate particle size, when prepared with the same
method, have approximately the same density and their
compressive stress-strain curves are almost coinciding.
Therefore, the density as well as the calculated compres-
sive modulus appears to be insensitive to the feedstock
particle size for this particular system.

Yeast cells have also been shown to be an alternative
biomatter matrix material of the fungal kingdom, with S.
cerevisiae being the only type of yeast reported for such
biocomposites so far.””* The limited literature focuses on
S. cerevisiae-based hierarchical composites created through
yeast fermentation in presence of silk fibers, CNTs, gra-
phene nanoplatelets (GNPs) or synthetic polymers high-
lights the potential of this material class.”’*>”” Porous
structures obtained from CO, production during yeast fer-
mentation have also been utilized, alone or in conjunction
with introducing synthetic nanoparticles, to alter the den-
sity and mechanical properties of such composites.*”*

4.5 | Algae-based bioplastics

The rapid growth of algae compared to land plants com-
bined with high yields, the absence of competition with
agricultural land, the possibility to cultivate without
intensive agricultural requirements such as fertilizers and
irrigation, and the extensive environmental tolerance of
algal species,”’®*”® make algae a promising candidate for
natural biomatter feedstocks. Even though the potential
of algae as a source to extract a variety of individual com-
pounds (polysaccharides, fatty acids, lipids, pigments,
and proteins) is significant, the intensive pre-treatments
which include lengthy wet processing in harsh chemicals
and often high temperatures, mark the need for new pro-
cessing methods, for this biomatter source to reach its full
potential.> For literature on biocomposites with cellulose
fibers extracted from algae biomatter and subsequently
used as a filler in other polymer matrices, we direct the
reader to References 278-280.
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In this section, we first detail the biopolymers present
in algal cell walls before reviewing applications where
algae biomatter is used with little or no pre-processing to
fabricate functional materials such as plastics alternatives
using different methods. Note that, according to the
International Union of Pure and Applied Chemistry
(IUPAC),*® “bioplastic” is a plastic that is “derived from
the biomatter or issued from monomers derived from the
biomatter and which, at some stage in its processing into
finished products, can be shaped by flow.” Although the
IUPAC discourages the use of the term bioplastic and
proposes “biobased polymer” instead, which is defined as
“composed or derived in whole or in part of biological
products issued from the biomatter (including plant, ani-
mal, and marine or forestry materials),” in the following
we will be using the term bioplastic as mentioned origi-
nally in the featured papers, and in all these cases, the
term refers to algae-comprised biomatter that at one stage
of its processing life can be shaped by flow.

451 | Algal cell wall biopolymers

As mentioned in Section 2.1, algae species with organic
cell walls have structural polysaccharides such as cellu-
lose, alginate, agar and carrageenan.>’***’ There is a gen-
eral classification of algal species based on their color
and sizes, resulting in green algae (Chlorophyta), brown
algae (Phaeophyta), and red algae (Rhodophyta) when
color-classified. Size classification of algal species divides
them to macroalgae (seaweed), which are multicellular,
above micron sized organisms, and microalgae which are
microscopic single-celled organisms, which may be pro-
karyotic, similar to cyanobacteria, or eukaryotic, similar
to green algae (Chlorophyta).”®® In green macroalgal spe-
cies (size ranges from microscopic up to tens of
meters>’®), the cell wall consists of mainly sulphated
polysaccharides such as ulvans and sulphated galactans,
xylans, and mannans immersed in a primarily starch-
based matrix.”®” The cellulose content in some filamen-
tous green algae can be as high as 20-45wt%.””° In
brown algae, cellulose microfibrils are immersed in an
alginate and fucose-containing sulfated polysaccharide
matrix.>*® In species such as Macrocystis pyrifera, Lami-
naria hyperborean and Phaeophyta sp., alginate is pro-
duced in amounts as high as 22%-44% of the dry cells
weight.”’® In red algae, a sulphated galactan polymer
matrix, of agar, funoran, furcellaran or porphyran hosts
the cellulose, mannan or xylan microfibers.>* In red algae
species such as Chondrus crispus and Mastocarpus stellate
carrageenans are produced in amounts ranging between
30% and 50%.>”® The wide range of biopolymers produced
in macroalgae, and in particular alginates, carrageenans,

fucoidans, ulvans and laminarins have long been utilized
in the food, pharmaceutical, and cosmetics industries,
after extraction and purification.**"*° In addition, as will
be discussed in this section, macroalgae has been used as
a filler material upon drying and grinding. On the other
hand, microalgae are used as a source of cytoplasmic pro-
teins, lipids, pigments and cell wall
polysaccharides.”>%*> In addition, as described in
Section 3.1.4, microalgal species have been introduced in
symbiotic cultures with bacteria to create hybrid and liv-
ing composites, which opens up possibilities for the inte-
gration of microalgae in ELMs.'”72%%2%7

452 | Algal biomatter-based materials and
composites

Devadas et al.**® and Onen Cinar et al.**° recently
reviewed literature on algae-based biomatter materials,
highlighting that in the majority of cases harvested algae
is dried, pulverized and used either as a powder filler
material in synthetic polymer matrices, or are further
treated to remove proteins, lipids and other components
and retrieve the main carbohydrates, or mixed with plas-
ticizers/additives to create bioplastics. Below, we feature
cases in which algae biomatter has not been disintegrated
so that the cell structure is present in the final products
and composites, as well as examples of pulverized bio-
matter where algal cell structure is no longer present in
the final material.

Chlorella biocomposites with polyethylene (PE) were
the first algae bioplastics reported in literature by Otsuki
et al.”®* (see Figure 12D). Processed through melt mixing
powdered algae with PE, these bioplastics pave the way
towards biomatter-commodity plastic composites process-
able with industrially available methods. In this study,
the matrix was modified using a compatibilizing agent to
produce maleic anhydride grafted PE (MA-g-PE), to
improve the filler-matrix adhesion.”® Comparing bio-
composites with and without compatibilizer, the tensile
strength and modulus in all cases is notably higher when
MA-g-PE is present. A monotonic decrease in strength,
modulus and elongation to break with increasing micro-
algae amount is seen when no MA-g-PE is introduced,
with both modulus and strength seeing more than a 50%
reduction at the maximum attempted algae content
(40%). However, when MA-g-PE is employed, the com-
posites have a constant tensile strength of about 20 MPa
which is about 5 MPa lower than pure PE, and the elon-
gation to break, though incomparably lower to pure PE,
is almost 10% higher for the same Chlorella amount with-
out MA-g-PE. On the other hand, the elastic modulus
sees a progressive increase with increasing algae amount
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FIGURE 12

Algae-based materials. (A) Bioplastics from hot-pressed algae (ongoing research from the authors). (B) 3D-printed

biopolymer plastics from the Algae Lab (By Erik Klarenbeek And Maartje Dros).?** (C) Bioplastics made from algae by Kathryn Larsen?
(Creative Commons CC BY). (D) Mechanical properties of polyethylene-chlorella biocomposites with and without maleic anhydride
treatment. Reproduced from Reference 284. (E) Mechanical properties of PLA-spirulina biocomposites with and without sonication

pretreatment to the spirulina filler.”® (F) Printing photosynthetic living materials using bio-ink containing microalgae encapsulated within
an alginate hydrogel matrix. Reproduced from Reference 286 (Creative Commons CC BY). (G) 3D-printing of spirulina-based slurries. The
introduction of cellulose fibers drastically enhances the compressive strength of the 3D-printed cube. Reproduced from Reference 231.

in presence of MA-g-PE, exceeding the value for pristine
PE. The maximum enhancement of about 75% is
achieved in the 40% Chlorella composite. The paper docu-
ments the ester bond formation between the MA-g-PE
and Chlorella, in agreement with the improved com-
pounding of the composite and the significantly higher
mechanical performance of the compatibilized samples.
Similar effects regarding the use of a compatibilizing
agent for microalgae in thermoplastic matrices were
reported also for spirulina/poly(butylene succinate) (PBS)
composites with MA-grafted PBS (PBS-g-MA) as the com-
patibilizer.>* Composites with 15-50 wt% spirulina, plas-
ticized with 15 wt% water and 10 wt% glycerol, and melt
mixed in the PBS matrix with and without the compatibi-
lizer show that the introduction of an MA-based compati-
bilizer improves the interfacial adhesion between the two
phases. This improvement is documented from morpho-
logical observations and the formation of an ester bond
between the two components, in addition to the mechan-
ical tests showing a higher strength and modulus of the
compatibilized composites. Specifically, increasing
amounts of spirulina gradually increase the modulus

which, at the maximum spirulina amount of 50 wt%, is
enhanced by 150% in the compatibilized samples and
100% in the non-compatibilized samples. The tensile
strength decreases progressively to a maximum loss of
30% and 67%, respectively for the compatibilized and not
samples. At the maximum spirulina content, both sam-
ples, with and without PBS-g-MA have an elongation to
break below 10%, when pure PBS has over 1000%.
Bioplastics from 100% Chlorella vulgaris (CV) and Spi-
rulina platensis (SP) biomatter, have also been demon-
strated through heated compression molding.*** The
tensile properties of the molded bioplastics show a 200-
300 MPa Young's modulus and a 2-7 MPa tensile
strength and 1%-3% elongation to break, with slightly
higher values for all properties for the pure CV compared
to SP. Because these fully biomatter-based materials do
not melt upon heating like synthetic thermoplastics, the
use of either a plasticizer or a thermoplastic host matrix
is necessary to process them by only melt mixing (with-
out the pressure element). In this example of pure micro-
algae bioplastics, it was demonstrated that blending these
two types of cell biomatter with glycerol to create
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plasticized composites allows for an increase in the exten-
sibility but reduction of modulus and strength in both
types of biomatter. The glycerol-plasticized samples with
the best properties for CV have 72% lower modulus, 80%
lower strength and 53% higher elongation to break com-
pared to un-plasticized samples, while for SP the modu-
lus and strength reductions are 37% and 61%,
respectively, and the strain to break is almost 80% higher.
Introducing biomatter with and without glycerol at 20%—
80% in polyethylene (PE) shows that a 4:1 ratio of bio-
matter to glycerol leads to more homogeneous compos-
ites and the mechanical properties follow roughly (not
exactly) the rule of mixtures with higher PE content lead-
ing to higher strength, modulus and elongation to break.
The 65:24 wt% PE to CV with 12.5% glycerol has the high-
est mechanical properties in the CV biocomposites while
for SP the 50:37.5:12.5 PE to SP to glycerol are the opti-
mal loading for maximizing mechanical performance and
processability at minimum PE amount.

A recent report shows that the cell wall starch of
some microalgal species can be utilized to bind together
the cell biomatter, eliminating the need for a thermoplas-
tic host matrix to create algae bioplastics with extru-
sion.*®* Screening 10 green microalgae species, the
authors found that C. reinhardtii was able to produce the
maximum amount of starch, up to 49 wt%, after being
cultured in a sulfur-deprived medium. The high starch
amount in presence of glycerol (30 wt% used in this case)
is found to demonstrate a plasticization behavior, only
when a sufficient amount of energy is supplied to disrupt
the cell walls and release the cell contents. A twin-screw
extruder operating at 120°C was able to provide the nec-
essary conditions for such a plasticization as demon-
strated though observations of the homogeneous
morphology of the extruded filaments.

Macroalgae species have also been used to create
bioplastics.’**% Powderized Ulva armoricana (Ulva)
mixed with poly(vinyl alcohol) (PVA) at concentration
up to 50 wt% has been reported,”” in which a progressive
significant increase in Young's modulus with the increase
of Ulva concentration is noted. Specifically, the modulus
increases up to 12 times (from 50 to almost 600 MPa) for
Ulva contents up to 30 wt% For higher concentrations
modulus is reduced to 250 MPa (still higher than pure
PVA). The tensile strength is not affected for concentra-
tions up to 30 wt% and decreases for higher Ulva content.
The extensibility of PVA is significantly (and progres-
sively) reduced with the increasing algae filler amount.
The effects of plasticizing the mixtures with glycerol
shows an increase in the extensibility of the composites,
nearly doubling it when incorporated to amounts lower
than 10%. The introduction of starch, which acts as a
reinforcement or compatibilizer between PVA and Ulva,

improves the strength and modulus progressively when
introduced in amounts up to 20 wt%. Higher starch con-
centrations lead to decreased properties. When Ulva is
introduced in polypropylene (PP) at concentrations up to
50 wt%, similar results are reported.’®> The algae fillers
improve the tensile and bending modulus of PP, which
progressively increase up to 80% higher values than pure
PP for the 50:50 composite, however they do not affect
the tensile strength. Including a 2% of urethane-based
thermoplastic elastomer (TPE) as a compatibilizer
between the biomatter and PP does not affect strength
and stiffness but greatly improves the extensibility of the
composite (from about 10% without TPE to 110% with
TPE). The morphology of the compatibilized blends is
more homogeneous, which is not really reflected on their
strength and stiffness properties. However, the better
adhesion between the biomatter and PP in presence of
TPE is demonstrated in the significantly reduced water
uptake of that composite, which after 120 h of soaking
only uptakes about 0.4% water versus the uncompatibi-
lized composite which uptakes 1.2%-1.6%.

Different types of algae (green, red and brown—
species not reported, but all were ocean harvested) pow-
derized and used as filler on PLA at concentrations
2, 20 and 40 wt%, interestingly show the same effects in
terms of influencing the mechanical properties of PLA—
even the numerical values are almost indistinguish-
able.’®* The PLA/algae composites show a progressive
decrease of tensile strength, which at the 40 wt% algae is
about half the value of pure PLA. An initial decrease in
elastic modulus for 2 and 20 wt% of algae, is followed by
an increase of about 40% for the 40 wt% composite. The
elongation to break progressively decreases from 3.5% to
1%-1.5% as algae content increases. The poor interfacial
adhesion between the two phases is evident from the
morphological observations presented in this work,
which supports the reduction in strength for the majority
of the composites.

Jantasrirad et al.’*® recently showed that the use of
sonicated brown algae filler in a starch biopolymer
matrix at 10 wt% filler concentration led to 330% and
230% improvements in the strength compared to neat
starch biopolymer and the equivalent biocomposite with
non-sonicated filler, respectively. The improvements in
reinforcing effects following sonication of the algal filler
suggests that physical processing to the filler can offer an
alternative viable strategy to improve the performance of
biocomposites. This effect was further studied by Liao
et al.”® in spirulina-PLA composites (see Figure 12E).
The authors of this study showed that the use of soni-
cated spirulina filler in PLA, at PLA-spirulina propor-
tions from 100:5 to 100:30, increased the strength of
composites from 8% to 25% compared to their control
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biocomposite counterparts with non-sonicated filler. The
paper also reported different responses to water/moisture
uptake by composites with and without sonicated filler.
Water-induced filler plasticization following 24 h of
water immersion resulted in 65% and 94% improvements
in elongation to break and toughness in the spirulina-
PLA composite with sonicated filler at 100:10 filler con-
centration, while only amounted to 10.6% and 18% corre-
sponding improvements in the composite with the same
concentration of non-sonicated filler.”®> The incompati-
bility of algal biomatter with the (non-compatibilized)
hydrophobic thermoplastics is demonstrated through the
poor interfacial adhesion seen through SEM images in
the featured papers.

In summary, even without improving the filler-matrix
adhesion via compatibilization, the incorporation of
cellulose-rich macroalgae improve the elastic modulus in
low-modulus thermoplastics such as poly(vinyl alcohol)
(PVA), polypropylene (PP), and thermoplastic starch
(TPS), while this improvement is not observed in high-
modulus thermoplastics such as PLA until a significant
amount of algae filler is introduced. On the other hand,
microalgae tend to reduce the elastic modulus in thermo-
plastics without any compatibilization. In general, a
decrease in strength is expected with the incorporation of
algal filler into a thermoplastic, irrespective of the species
of algae used. When the bonding between the matrix and
biomatter is promoted through the use of a compatibili-
zer, unicellular algae also improve the modulus of the
thermoplastics discussed here, while reducing the
strength and extensibility. Case studies agree that if inter-
facial adhesion is improved, through the use of compati-
bilizing agents, all mechanical properties are generally
improved compared to the non-compatibilized systems.
Small polyols such as glycerol have been widely used in
algae-polymer systems as plasticizer to improve the
extensibility of composites, while maleic anhydride has
been the most popular compatibilizer to improve the
filler-matrix adhesion. Physical processing such as soni-
cation has been explored as another approach to improve
the properties of algae biocomposites, and has been
shown to dramatically enhance certain effects/
mechanisms imparted on the matrix material by the
incorporation of algal filler.

4.5.3 | Printing with algae

Two-dimensional and three-dimensional printing options
offer solutions to fabricate algae-based materials in com-
plex geometrical shapes. For example, Balasubramanian
et al.”®® propose a printing process of a bio-ink composed
of microalgae encapsulated within an alginate hydrogel

matrix (presented in Figure 12F). To improve the
mechanical robustness of these millimetrically-resolved
samples, bacterial cellulose is used as a substrate to
ensure physical integrity under loading by conferring
strength, toughness, and flexibility. Interestingly, the
authors report an improvement of mechanical properties
after the bioprinting: the tensile strength reaches up to
~110 MPa for the bacterial cellulose substrate with
microalgae-alginate bioprint, whereas the neat-bacterial
cellulose substrate has a strength of 80 MPa. Using this
approach, regeneration is also made possible by reusing
an existing sample to print additional living materials.

In another study, Fredricks et al.>*' made use of
pneumatic direct ink writing (DIW) to 3D-print pure
biomatter-based samples (see Figure 12G). They printed
and dried slurries composed only of (ceased) Spirulina
platensis (spirulina) microalgae powder, water, and
microcrystalline a-cellulose (CF). Slurries were prepared
with 1.2-2.0 weight ratio of water:spirulina and printed
into 1.5 cm length cubes. The printed wet samples were
then dried following three different approaches: (i) oven-
drying (60°C), (ii) frozen and then lyophilized (freeze-
dried), or (iii) desiccated in a chamber at 0% relative
humidity. Only lyophilized samples remained uncracked
after drying due to increased warping stresses inherent in
the other drying processes. They found that introducing
as little as 1 wt% CF into the slurry prevented the drying-
induced cracking in all samples and reduced post-drying
shrinkage. Increased filler weight fraction improved the
mechanical performance of all samples. For example, at
20 wt% CF addition, the compressive strength and strain
to break improved by a factor 8.2 and almost 4, respec-
tively, compared to the base values of pure spirulina
freeze-dried samples (base strength of 0.8 MPa and elon-
gation to break of 12.1%). The increased compressive
strengths from 1 to 20 wt% CF were remarkable in the
oven-dried (OD) and desiccated (DD) samples as well;
OD: 0.7 — 10.3 MPa, DD: 3.2 — 16.4 MPa. Overall, the
composite structures had densities ranging from 0.5 to
1.0 g/cm’ with compressive strengths ranging from 1 to
15 MPa and strains to break of 15%—-50%.

5 | CIRCULAR AND SUSTAINABLE
BIOECONOMY

While the idea of sustainability has surged with the
advent of the United Nations Sustainable Development
Goals (UNSDGs), global climate commitments and the
rise in environmental, social, and governances (ESGs),
the concept of sustainability dates back 30 years and has
its roots in social justice, conservationism, international-
ism and other past movements.’*®” By the end of the
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twentieth century, many of these ideas had culminated in
what today is known as “sustainable development,” as
defined in the 1987 Brundtland Report for the United
Nations: Fulfilling the needs of current generations with-
out compromising the needs of future generations.**®

Although the actual principles of sustainability
encompass a wide array of environmental, social, and
economic factors, the general understanding and applica-
tion of sustainability has primarily centered on a narrow
subset of environmental aspects within a contracted life
cycle boundary (e.g, CO® emissions during the
manufacturing phase). Sustainability in its purest sense
evaluates, quantifies and balances all three foundational
pillars—environment, society and economy. Absent an
understanding of the relationship to the complete system,
objects or actions in isolation cannot be deemed sustain-
able. The development and introduction of biopolymers
into the market, for instance, is not sustainable without a
complete assessment of the social, environmental and
economic implications across the material's entire life
cycle from “cradle to grave” or “cradle to cradle” in a cir-
cular, regenerative future. This comprehensive under-
standing of the risks, trade-offs and unintended
consequences, from a life cycle perspective, across the
entire value chain, is what provides insights of a mate-
rial's sustainability profile.

When researching and developing biopolymers, it is
critical to design with the full life cycle in mind, in partic-
ular end-of-life pathways, a commonly overlooked aspect.
Ideally, early stages of development should involve
research and collaboration with downstream entities to
understand end-of-life recovery options and applications
in secondary markets, reprocessing or recycling systems.
Mechanical performance and structural properties are
important features when designing biopolymers. How-
ever, other facets require equal consideration as biomate-
rials are developed and scaled, such as land use from
sourcing, water and energy requirements, water quality,
chemical inputs for processing and purification, waste
generation and transportation across every segment of
the value chain, biodiversity loss, geopolitics, supply
chain risks, worker health and safety, quality of life, fair
trade, and so forth. Appropriately scoped life cycle assess-
ments, that combine a “cradle-to-cradle” boundary and
include a wider range of environmental considerations,
life cycle costing and social assessment will provide a
more holistic view of sustainability. Sustainability
approached from this broad and fundamental lens can
expose potential risk-shifting and lead to greater resil-
ience and long-term system balance.

Another concept coming into focus and integrated
into sustainability discussions is the circular economy, an
economic system based on resource efficiency and the

reuse and regeneration of materials or products.’” In a
bio-based economy, economic activity involves the use of
biological resources, technologies, processes and methods
to provide value-added products, goods, services and
energy in a sustainable manner to all economic sec-
tors.’’® In a circular bioeconomy, natural capital is
renewable and sustainably sourced, produced, managed,
recovered and reused as much as possible across its entire
life cycle.*" Circular biopolymers are one probable path-
way for decoupling economic growth from the consump-
tion of finite resources by sustainably sourcing feedstocks
and building end-of-life recovery pathways that recapture
polymer material value after use.** This approach
includes bio-based material innovations sourced from
renewable feedstocks that are waste byproducts and cou-
pling material innovations with complementary end-of-
life “waste” management and recycling systems that cre-
ate added value in organics processing infrastructure. A
circular bioeconomy is most effective when working sym-
biotically across the supply chain to create value. Con-
necting R&D activities with downstream entities provides
opportunities for biopolymers to be kept in circulation as
a resource and at an economic value, creating the
demand pull for material integration into circular sec-
ondary markets (life extension pathways through high-
value reuse and recycling, remanufacture, upgrading,
etc.). A circular bioeconomy is not sustainable by default.
Therefore, circular materials and innovations must be
measured across the entire life cycle to ensure it does not
offset social, environmental or economic gains.

6 | CHALLENGES AND FUTURE
DIRECTIONS

Hierarchical biopolymer-based materials provide a versa-
tile platform for manufacturing new biocomposite mate-
rials with controllable mechanical performance and
reduced environmental, social, and economic impacts.
Structural biopolymers such as cellulose, chitin and
protein-based p-sheet structured polymers, have been
explored both as fillers in biocomposite materials, as well
as main matrix materials, capitalizing on their vast net-
work of macromolecular interactions. When used as a
matrix, such biopolymers can effectively utilize their
interactions to establish a hierarchical self-bonded back-
bone of exceptionally high stiffness, strength and tough-
ness that is comparable to engineering polymers.
Controlling the biopolymer morphology (aspect ratio),
degree of polymerization, and orientation, allows tuning
of their interactions at the molecular- and nano-scales,
which ultimately governs the macroscopic behavior and
fracture of those entirely biobased materials.
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Structural biopolymers are obtained from biomatter
through extraction and homogenization processes, which
often require excessive chemical and thermo-mechanical
treatments, which need to be taken into consideration
when discussing the environmental impact of such mate-
rials. In addition, the effects of each processing step on
the composition and morphology of the extracted bio-
polymers are critical, and should be carefully evaluated.
For example, we discussed literature-reported results
which demonstrate that extraction processes effectively
reduce the polymer chain length and aspect ratio, which
leads to inferior performance, compared to the native bio-
polymer state.

Another aspect that requires consideration, and
impacts the sustainability of biopolymer-based materials,
is the biomatter sourcing, logging and transportation.
The biopolymer extraction and processing yield and asso-
ciated costs constitute another set of considerations,
which currently limit the applicability of biopolymers in
industrial-scale applications. Examples like bacterial cel-
lulose which show incredible promise as a high purity,
high aspect ratio and, subsequently, high strength, stiff-
ness and toughness nanocellulose, are yet to be produced
at scale due to prohibiting manufacturing and processing
costs and low yield considerations.

When used as fillers, the inherent hydophilicity of
biopolymers often leads to poor surface interactions and
adhesion with common synthetic matrix materials like
hydrophobic plastics, or to detrimental biopolymer aggre-
gation. This can and has been compensated by surface
treatments of biopolymers or the use of compatibilizing
agents, which creates the need for yet another processing
step. Another effect of the natural hydrophilicity of
unprocessed biopolymers, is the often undesirable water
sensitivity they impart to any biocomposite material they
are introduced into. If that property is indeed undesir-
able, surface treatments or the use of other additives or
coatings ought to be considered. For example, literature
reports demonstrate the significant effects of humidity on
cellulose films, with strength variations reaching approxi-
mately 1 order of magnitude as the same film is tested
wet or entirely dry. Moreover, understanding the biodeg-
radation pathways enabled from the use of biopolymers
in biocomposites requires attention. The non-
standardized results reported in literature, create the
need for systematic characterization procedures to assess
the positive effects of biopolymers in improving the bio-
degradation profiles of biocomposite materials.

Finally, a new class of biomatter-based biocomposite
materials is discussed in this review. Unprocessed bio-
matter from plants, algae, fungi, or microbes contains the
structural biopolymers mixed with non-structural organic
materials, organized in hierarchical structures. Such

unprocessed natural biocomposites can be used as matrix
materials, utilizing self-bonding based on similar princi-
ples as discussed above. In addition, biomatter can be
used as a filler offering less significant mechanical rein-
forcement compared to the extracted pure biopolymers,
but at an advantage of less energy-intense processing.
Cell-based materials in particular show incredible prom-
ise as they can serve as a platform to create tunable,
entirely biobased materials and biocomposites. Examples
such as mycelium foams have already reached the mar-
ket, especially in insulation and low strength packaging,
demonstrating the potential of this new biopolymer
matrix materials class. Bacteria and plant cell based
matrix materials have been able to reach higher densities
and mechanical properties compared to mycelium foams,
aiming to expand the target applications to potentially
structural polymers and commodity plastic alternatives.
Open challenges include providing a systematic under-
standing of the roles of each biopolymer component in
raw biomatter and how their structure and functionality
(in terms of role serving in the final material) can be
altered by design via processing methods, in order to con-
trol the final macroscopic behavior of the obtained
biomatter-based material.
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