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1. Introduction 

The limits of our ability to manipulate the physical world determines how well 
we can address the most pressing global challenges that we face in areas related 
to healthcare,1 the environment2 and climate change,3 among others. These 
seemingly dissimilar aspects are connected by the workings of the atomic world, 
which through nanotechnology play a pivotal role in enabling sustainable life in 
the 21st century and beyond. Oversight of these matters has manifested in a 
wasteful use of resources that now populate our landfills and sea floor, while 
contributing to the decline of the biome.4,5 Such shortcomings have recently 
promoted the disapproval of single-use fossil-based plastics, which account for 
a large portion of the existing microplastics in the marine environment6 and our 
drinking water,7 provoking governmental bodies to legislative action.8 The 
growing juxtaposition between renewable and fossil-based materials and the 
ensuing demand in multidisciplinary research in environmentally friendly solu-
tions has instigated funding institutions to support collaborations such as the 
FinnCERES Materials Cluster in Finland.9 

Among the formidable challenges in materials science, is the development of 
competitive, sustainable alternatives to conventional, state-of-the-art technolo-
gies, as utilization of natural products often requires that material performance 
is forfeited. However, through evolutionary pressure, nature has gone much be-
yond our current technological capabilities by assembling atoms and molecules 
with high reproducibility and precision, yielding materials that display micro- 
and nano-architectures with great mechanical strength, such as the nacre 
shell,10 crustacean exoskeleton,11 avian egg shell12 and sponge spicules,13 while 
often demonstrating self-healing properties. These impressive structures found 
in living things have increasingly inspired the direction of natural sciences. The 
future materials engineer will adapt tools and materials via biomimicry in a 
quest for peak material performance.14,15 The exploration is at an early stage and 
many valuable lessons still lie ahead. Thus, the preservation of animal and plant 
life is of direct technological utility, and in turn, bears broad economic and so-
cietal benefits. 

Traditionally, when imitation of natural materials has not been economically 
feasible, engineers have resorted to direct utilization of the embedded structural 
constituents by means of deconstruction and purification, as exemplified, e.g., 
by the paper industry. Isolation of wood nanostructures has further opened new 
possibilities for the application of plant biomass.16 Decreasing the physical di-
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mensions of the fibre components in paper, for example, by using cellulose nan-
ofibrils, makes the resulting nanopaper stronger and tougher due to a smaller 
intrinsic defect size and increased hydrogen bonding between the fibrils.17 Na-
nopaper also offers improved optical transmission18 and barrier properties.19 
The deconstructionist route of material preparation continues to offer signifi-
cant opportunities for biomass valorization,20 while playing a concurrent role 
with biomimicry in elevating our technological feats to a new, higher standard. 

1.1 Scope and outline of the thesis 

The work presented in this thesis broadly concerns the use of renewable, plant-
based materials and their embedded nanostructures. More specifically, we in-
troduce new preparative protocols for bio-based particles and clarify their quan-
titative, morphological character and interactions. Additional results obtained 
by the author not found in the publications are discussed when they offer valu-
able information. 

In Papers I and IV, we explore the implications of using wrinkling, present 
in many natural physiological systems,21–23 as a morphology and colloidal inter-
action modifier for colloidal lignin particles. In Paper I, we introduce a new 
protocol for creating corrugated particles (CPs) from lignin using an aerosol 
flow reactor method and study their morphology using electron tomography 
(ET). Frequency domain methods were used to analyse the three-dimensional 
particle reconstructions to yield information on how the corrugations are dis-
tributed on different length scales. The resulting particle models were utilized 
in Paper IV as generalized descriptions to assess the influence of surface cor-
rugations on colloidal interactions compared to smooth, spherical particles of 
similar volume. 

In Paper II, we propose a novel, green particle preparation method that is 
capable of producing many different particle shapes including rod-like, planar 
and cuboidal crystals from tannic acid. The process condition-morphology rela-
tionships were illuminated using principal component analysis (PCA), while 
chemical composition and thermal stability were also studied. 

In Paper III, we study never-dried chitin nanocrystals (ChNCs) isolated from 
an abundant crustacean residue using a one-step acid hydrolysis aided by sur-
face deacetylation. We study their morphology using ET and numerical shape 
analysis based on PCA. The analyses provide insights into the effect of drying 
history and aggregation on the measurement of ChNC chirality. 

In Section 2, the relevance of morphology is discussed from the particle tech-
nological perspective. The materials employed in this thesis are introduced and 
remarks on the mechanisms that underlie particle formation in the utilized 
preparation methods are provided. Section 3 outlines the particle preparation 
protocols and gives an account on the main characterization and analysis meth-
ods used to derive the central results presented in the publications. Section 4 
contains an exposition of the main results, while Section 5 gives concluding re-
marks and future prospects.
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2. Background 

This section gives a panoramic view of some of the roles that morphology plays 
in the broader particle-technological context and how the work in this thesis 
relates to established research directions. The main materials are introduced 
with some general remarks on the particle preparation processes employed in 
this thesis. These comprise the two bottom-up approaches, namely the aerosol 
flow reactor method that was used to create corrugated colloidal lignin particles 
and the solution precipitation method that yielded crystalline polyphenol-based 
particles from tannic acid, as well as the top-down deconstruction method used 
to extract never-dried chitin nanocrystals from crab residues. 

2.1 Role of morphology in particle technology 

Important characteristics of particulate systems include their intrinsic proper-
ties and interactions with the surrounding environment. Exploring the attaina-
ble morphological variety is motivated by the many size, structure and morphol-
ogy-dependent physicochemical properties that particles can possess.24 As par-
ticle interactions are typically surface-dominated and the chemical reactions 
they partake occur at their interfaces, increasing the specific surface area of a 
particulate system generally leads to improvement, e.g., in catalytic,25 electro-
chemical26 or combustion27 performance. As a result, a large body of work has 
been carried out to elucidate the mechanisms that underlie the morphological 
control of inorganic and organic materials such as gold,28 silver,29 titanium di-
oxide,30,31 zinc oxide,32 carbon33,34 and calcium carbonate35,36 due to their tech-
nological and biological significance. 

More specifically, in electrochemical, photovoltaic and photocatalytic applica-
tions, hierarchical or fractal-like37 architectures, that embody unique or repeat-
ing structural elements at multiple length scales, can outperform simpler crys-
talline shapes by providing a platform with enhanced light scattering capability, 
larger dye adsorption area, higher percolation and packing density, leading to 
improved electron transport and ion diffusion properties.38–40 In surface wet-
ting, a well-known biological example of a hierarchical surface involves the self-
cleaning property of superhydrophobic Nelumbo nucifera (sacred lotus) leaves, 
i.e. the Lotus effect,41 which arises from the interplay of surface chemistry and 
surface morphology.42 Commercial particulate analogies have been introduced, 
where morphology of the spray-coated hydrophobic powder films modify the 
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wetting properties of the target surface.43 Further refined surface morphological 
control has even enabled the effect to appear in surfaces that are chemically hy-
drophilic.44 

In biological systems, the conformability of red blood cells is partly afforded 
by their non-rigid, biconcave shape, allowing them to transverse through capil-
laries narrower than their own diameter.45,46 Similarly in drug delivery systems, 
particle shape affects their movement in the body in addition to their degrada-
tion kinetics, passage through filtering organs, targeting ability and uptake by 
macrophages.47 Therefore, an important aspect particle technologists must un-
derstand prior to the introduction of new materials, is the possible adverse 
health effects that are associated with the utilization of particulate matter in 
contact with people, livestock and the environment as size and shape dependent 
interactions of nanoparticles can work against their safe usage as bulk mac-
roscale material behaviour does not guarantee similar biological activity at the 
nanoscale.48–50 With cellulose nanomaterials, the research fortunately indicates 
low toxicity.51,52 

Hence, the morphometric characterization of particulate systems is of consid-
erable importance in studying structure-property relations in multitude of cir-
cumstances ranging from physicochemical to biological. Often a simple imaging 
technique might suffice as shown with the regular crystalline shapes analysed 
in Paper II, while with more complex morphologies, methods yielding three-
dimensional information might be warranted as emphasized by the work pre-
sented in Paper I and Paper III. The changes that morphology can impart on 
colloidal interactions is exemplified by the results of Paper IV. 

2.2 Corrugated lignin particles and their interactions 

Understanding morphological influences, such as surface roughness, on colloi-
dal interactions can elucidate the kinetic and thermodynamic fate of particulate 
systems. In colloidal suspensions, particles with acute geometries have been as-
sociated with improved colloidal stability.53,54 In membrane separation pro-
cesses, avoiding particle attachment on the membrane surface is required to in-
sure prolonged separation efficiency, necessitating the evaluation of colloidal 
interactions.55 In pulmonary drug delivery, where inhaled particles travel 
through an increasingly narrow respiratory tract, the delivery efficiency and aer-
osolization performance is greatly influenced by the particle morphological de-
pendencies of their aerodynamics and colloidal interactions.56 Utilization of 
submicron particles brings challenges due to their high specific surface area, 
which can show as a strong interparticle cohesion and poor aerosolization per-
formance. To improve the pulmonary deposition at this size range, non-spheri-
cal morphologies, such as corrugated particles, are being considered.57–59 While 
it is known that too large surface corrugations can in fact enhance agglomera-
tion,60 the characterization of colloidal interactions of particles bearing surface 
corrugations is lacking and realistic particle models are needed to take into ac-
count the complex morphology of such particles. 
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In Paper I, we expand the available preparation protocols of colloidal lignin 
particles to include such corrugated shapes and study their morphology using 
tomographic 3D reconstructions. We utilize this detailed morphometric 
knowledge of these particles in Paper IV as means to assess the colloidal inter-
actions of corrugated particles, and thereby, shed light to this broadly interest-
ing topic. 

2.2.1 Lignins 

Lignins are the second most abundant biopolymers in the world after cellulose, 
accounting for roughly 25–30 % of all biosphere carbon.61 Lignin is found in 
many plants, where its main role is to act as a binder between the other major 
components, i.e. cellulose and hemicelluloses (Figure 1a).62 The chemical 
structure of lignin displays regional and source-based variations of a heteroge-
neous aromatic compound formed through the polymerization of three mono-
lignol building blocks, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol 
(Figure 1b–d), linked through –O– and C–C bonds.63 A commercial lignin was 
used in Paper I, which was extracted from a softwood species (pine) through 
the Kraft process, wherein lignin is depolymerized, solubilized and precipitated 
to delignify cellulose.64 Softwood contains mostly coniferyl units, which makes 
it generally more abundant in C–C crosslinks compared to hardwood lignin that 
contains sinapyl units in greater proportion.65,66 

Over 50 million tons of lignins are produced annually, mostly via the Kraft 
process, of which around 98 % is estimated to be used for the production of 
energy.67 Around 10–15 % of Kraft lignin could be viably isolated,68 which cre-

Figure 1: (a) Schematic representation of wood structure: (i) transection of wood cell network, (ii) cell wall
layers, (iii) microfibrils and (iv) the lignin-carbohydrate complex. Adapted from Nishimura et al. (2018)62

with permission from Nature Publishing Group under Creative Commons license (CC BY 4.0). Monolignols:
(b) p-coumaryl alcohol, (c) coniferyl alcohol and (d) sinapyl alcohol. 
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ates a great opportunity and economic incentive to find new value-added prod-
ucts for lignin. Having a high carbon content of over 60 % makes lignin a viable 
candidate for the creation of activated carbon and carbon fibres, for instance.69 
To curtail the increasing processing costs associated with the chemical modifi-
cation of their highly heterogeneous structure, feasible competition with estab-
lished commercial products have been proposed through their use as colloidal 
units, e.g., for interfacial stabilization in Pickering emulsions,70–74 adhesives75 
and biomaterials.76 Different colloidal lignin preparation routes are actively be-
ing investigated,71–80 which rely on aerosol- or solution-based methods. In Pa-
per I, we prepared corrugated lignin particles using an aerosol flow reactor 
(Section 3.2.1) that utilizes the drying of aerosolized lignin solution droplets in 
an elevated atmosphere to yield solid colloidal particles. 

2.2.2 Surface corrugation in drying solute-laden droplets 

Particle preparation processes utilizing the drying of aerosolized solution drop-
lets, such as the aerosol flow reactor method, spray-drying and electrospray-
ing,81–83 can be used to produce corrugated morphologies (Figure 2). During 
drying, the net solvent content of the droplet is evaporatively decreased, which 
leads to an increase in solute concentration near the receding air-solution inter-
face. When the evaporation rate-to-solute diffusion rate (Péclet number) ratio 
is large,82 the solute concentration can reach the critical supersaturation near 
the free interface early during the drying process, instigating the precipitation 
of the solute in the form of a spherical shell. As the drying proceeds, this precip-
itate shell is subject to drying-induced capillary stresses, which can buckle a suf-
ficiently thin, pliable shell.84 

Buckling instability produces a morphology characterized by surface corruga-
tions and dimples. Studies on elastic spherical shells have shown that the parti-
cle radius ( ) and the spherical shell thickness (ℎ) influence the subsequent pat-
tern formation, whereby decreasing ℎ⁄  yields a transition in the surface pat-
tern.85 A similar transition has been also observed when the magnitude of the 
buckling stress is increased at constant ℎ⁄ .86,87 In collapsing shells, the number 
of indentations that is produced has been linked to the volume change that oc-
curs as a result of buckling, favouring one indentation (bowl-shape) for small 
and large volume changes, while larger indentation numbers take intermediate 

Figure 2: Schematic representation of the main stages of corrugated particle morphology formation. (a)
Initial aerosolized precursor solution droplet. (b) Solute precipitation at the free interface forming a spher-
ical shell. (c) Precipitate shell buckling under drying-induced capillary stresses. (d) Dry, corrugated particle 
morphology. 
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values.88 Additionally, the compression rate, due to capillary or osmotic pres-
sure, also influences the number of attained indentations as shown computa-
tionally for the compression of spherical capsules, wherein slow compression 
rates allowed the system to relax to local elastic energy minimum configurations 
during the crumpling, yielding surfaces with fewer indentations compared to 
higher compression rates.89 

2.2.3 Particle morphology and DLVO interactions 

The theoretical framework of Derjaguin, Landau, Verwey and Overbeek (DLVO) 
is a widely used to evaluate colloidal interactions quantitatively by considering 
the electric double layer and van der Waals interactions. Particle morphology 
affects colloidal interactions by altering the physical size, contact area and con-
tact radius of curvature of the interacting bodies. The effect of surface morphol-
ogy on the nature of interparticle and particle-surface interactions has been ex-
tensively studied due to shortcomings of established model systems based on 
spherical particle shapes. The studies often utilize various surface roughness 
models, including hemispherical, conical and cylindrical protrusions and de-
pressions,90–95 or fractal-like96–98 surface topographies, whereby generally, the 
introduction of topographic heterogeneities tends to weaken the DLVO interac-
tions, resulting in a decrease in energy barrier height as well as the secondary 
and primary minimum depths. Due to the statistical nature of many hetero-
genous surface patterns, they can also locally contribute to the inversion of this 
tendency.99 In particles bearing large protrusions with a characteristic length, 
colloidal interactions are greatly influenced by the morphological feature radius 
of curvature due to the diminished contact radius.53,100 In corrugated particles, 
the characteristic dimensions include the radius of curvature of the ridges (crust 
thickness), ridge lengths and the sizes of the flat polygonal regions that they 
form. We address these complications in Paper IV by assessing the DLVO in-
teractions in a spatially uniform manner around realistic particle models and by 
labelling the different morphological features associated with surface corruga-
tions with the respective interaction direction to give a comprehensive picture 
of the distribution of interaction energies as detailed in Section 3.3.4. 

2.3 Morphological control of crystalline particles from tannic acid 

Finding processes that allow the control over synthesized particle morphologies 
is advantageous for the development of high surface area functional materials. 
The usage of biofunctional particulates could benefit from additional prepara-
tive freedom in designing their morphological and structural properties to fur-
ther tailor their action. A novel tannic acid-based system allowing particle mor-
phological control is introduced in Paper II, wherein galloyl-rich moieties were 
assembled into various crystalline shapes ranging from rod- and plate-like to 
cuboidal. 
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2.3.1 Tannins 

Tannins are a class of polyphenolic plant secondary metabolites found in many 
parts of the plant, where they are active in protecting the plant from pathogens, 
insects and herbivores.101 Natural polyphenols are consequently known for their 
many favourable biological activities including antioxidative, anti-inflamma-
tory, antimicrobial, antimutagenic and anticarcinogenic properties.102–105 Tan-
nins are categorized into hydrolysable and condensed tannins. The former are 
further divided to ellagitannins and gallotannins by the nature of the galloyl res-
idue linkages.101 The tannin employed in Paper II was tannic acid, a gallotan-
nin, comprised of galloyl moieties linked through ester bonds (Figure 3b). 

Historically, tannins have been associated with dyeing of textiles by utilization 
of their metal complexation ability106 and with leather-making (tanning) by 
their capacity to crosslink animal skin proteins.107 More recently, these proper-
ties have been exploited in creating sustainable alternatives to conventional ad-
hesives and coatings.108 Although tannins are less available than the major 
plant-based materials, with around 200 000 tons produced commercially each 
year,109 hydrolysable tannins like tannic acid contain a phenolic unit suitable for 
bottom-up preparation methods (Figure 3a). 

2.3.2 Particle morphology control 

Tannins and other plant secondary metabolites are often incorporated in or-
ganic or inorganic platforms as additives and coatings for functional pur-
poses.110–114 Developing template-free methods entails the control over the pre-
cipitate formation process that occurs through the attainment of solute super-
saturation and the resulting nucleation and growth via agglomeration and sec-
ondary nucleation.115 As a general rule, surfaces of the slowest growing faces 
control the ensuing crystal shape.115 The presence of impurities can have a cata-
lytic effect on nucleation by providing surfaces that act as favourable nucleation 
sites, which can have a large influence on the final precipitate shape. Often in 
practise, particle morphological control is studied simply through incorporation 
of impurities, varying stirring conditions, changing pH and temperature in an 

Figure 3: (a) Gallic acid and (b) a representative structure of commercial tannic acid from Sigma-Aldrich. 
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effort to alter, e.g., the supersaturation, agglomeration tendency, degree of dis-
sociation of chemical groups or nucleation rate. 

Recently, Bhangu et al. (2018)116 reported on the morphological control of 
plate-like ellagic acid particles prepared from tannic acid, wherein the radical 
formation, responsible for the oxidative coupling of tannic acid hydrolysis prod-
ucts, was modulated by using sonochemical parameters. They observed a de-
crease in particle size and increase in yield with an increase in ultrasonic power, 
which they attributed to increased radical formation and nucleation rate. The 
particle aspect ratio was shown to correlate with the ultrasonic frequency, likely 
through reducing radical formation resulting in a lower ellagic acid supersatu-
ration and nucleation rate. 

Ellagic acid has been previously precipitated into a variety of morphologies, 
e.g., rod-like, planar, and cuboidal shapes,117–119 but a one-pot synthesis method 
capable of producing an analogous morphological variety from tannic acid seem 
to not have been developed until now. 

2.4 Chirality of never-dried chitin nanocrystals isolated from 
crustacean residue 

Optically active nanostructures are found, e.g., in insects, which employ the as-
sembly of structural elements into regular arrangements in an effort to display 
colour.120,121 Some rod-like particles, such as cellulose nanocrystals (CNCs) and 
chitin nanocrystals (ChNCs), can be made to self-assemble into a chiral nematic 
order, which exhibits similar interaction with an incident light reproducing the 
structural colour effect.122 These architectures have a large commercial potential 
as they could provide a more sustainable alternative to conventional dyes and 
pigments in art and design.123 The chirality of cellulose and chitin chains have 
been hypothesized to influence the self-assembly of nanorods such as CNCs into 
chiral nematic phases.124–128 Molecular dynamics simulations129,130 and experi-
mental131–135 investigations have shown evidence of a right-handed chiral twist. 
The chirality of chitin, although a related polysaccharide, has been much less 
studied, with only computational studies being available.136,137 

In Paper III, we explore experimentally ChNCs using tomographic 3D recon-
structions to yield insights in their aggregation and chirality properties. As dry-
ing-induced forces can influence the material’s morphological characteriza-
tion,132,133,138 we utilize never-dried ChNCs to preserve their hydrated morphol-
ogy. 

2.4.1 Chitin 

Chitin is the second most common naturally occurring polysaccharide after cel-
lulose, found in fungi, insect cuticles, algae and crustacean shells.139 Chitin is a 
linear polymer of N-acetylglucosamine units (Figure 4b), with a deacetylation 
degree generally around 10–20 % in crustacean shells,140 where it constitutes 
around 15–40 % of the material, while the other major components, calcium 
carbonate and proteins, account ca. 20–50 and 20–40 %, respectively.141 The 
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relative amounts of these components vary greatly between species and the lo-
cation in the exoskeleton, e.g. the calcium carbonate content of oysters shells 
can be up to 96 %,142,143 while insect cuticles are composed mainly of chitin and 
proteins.144 Seasonal variations might exist in biomass chitin content due to, 
e.g., moulting phases.145 The chitin sourced in Paper III was isolated from crab 
shells, where it partakes in the formation of a specific chiral nanoarchitecture 
as shown in Figure 4a.146 

Chitin is perhaps most conveniently sourced from crustacean and mollusc res-
idues with high chitin content, such as crabs, lobsters, prawns, krill, shrimps, 
mussels and scallops, due to their utilization by the food processing industry. 
The annual production of molluscs and crustaceans shell waste is around 6–8 
million tons worldwide, which presents a great opportunity for valoriza-
tion.141,147 Besides having the capacity to create structural colour, chitin, or its 
deacetylated form (chitosan), could compete with synthetic materials in high 
value products, e.g., in cosmetic and biomedical applications, where their bio-
degradability and biocompatibility weigh in their favor.148 

2.4.2 Deconstruction of a crustacean exoskeleton 

When particles are isolated from biological sources, such as plants and food 
waste, the morphologies are predetermined. Many of the morphological needs 
are addressed in choosing the source material and the degree to which it is de-
constructed, which in practice pertains to the duration and strength of chemical 

Figure 4: (a) Schematic illustration of the structure of the American lobster (Homarus americanus) exo-
skeleton: (i) Cuticle cross-section showing the biomineralized nanocomposite. (ii) Helical Bouligand struc-
ture composed of proteins, minerals and chitin. (iii–iv) Chitin nanofibril bundles. (v) Chitin nanofibrils 
formed from aggregates of α-chitin crystals surrounded by proteins. (vi) The most common polymorph, 
α-chitin, crystal structure composed of antiparallel chitin molecules. Adapted from Raabe et al. (2005)146

with permission from Elsevier. (b) N-acetylglucosamine, the repeating unit of chitin. 
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or mechanical treatments. Moreover, this approach allows particles to be uti-
lized that are currently challenging to create synthetically from bottom up, such 
as large highly crystalline polymeric particles of chitin or cellulose. 

As shown in Figure 4, chitin is embedded in a biomineralized composite 
structure in a crustacean shell, containing chitin nanofibril bundles surrounded 
by proteins and minerals. The isolation of chitin nanofibrils and nanocrystals 
proceeds typically through three main steps: demineralization and deprotein-
ization with acid and alkali treatments followed by decolourization with an or-
ganic solvent or a bleaching agent.149 Finally, the chitin is disintegrated into na-
nosized elements by acid hydrolysis150–152 or mechanical action using high-pres-
sure homogenization153–156 or microfluidization.157,158 

2.4.3 Chiral twist in chitin nanocrystals 

The chiral twist of chitin and ChNCs has been comparatively less studied than 
cellulose and CNCs. For CNCs, molecular dynamics simulations have suggested 
a length-independent right-handed twist with an inverse proportionality to 
cross-sectional area, yielding values roughly between 1–10 °/nm, when lengths 
≤ 60 glucose units were studied.130 Previously, similar ca. 1.5° twist per cellobi-
ose unit (1.038 nm159) had been acquired.129 The experimental evidence based 
on imaging techniques of cellulose micro and nanofibrils have shown compara-
ble values,133,135 while considerably lower helical twists have been observed for 
CNCs.132,134 Evidence for a right-handed twist in CNCs isolated from Whatman® 
filter paper has been acquired using electron tomography,134 which by estimat-
ing from two publication images gives values roughly around 0.17–0.20 °/nm, 
from approximately 25–30° total twist along the ca. 150 nm length of the nano-
crystals. Recently, Ogawa (2019)132 observed a twist between 0.04–0.13 °/nm 
along never-dried tunicate CNCs using electron microdiffraction measure-
ments, wherein differences in the twist magnitude were ascribed to differences 
in the cross-sectional shape of the CNCs. Further, dried samples displayed re-
gions devoid of twist separated by sudden twisted segments likely due to either 
the drying capillary forces between the CNCs and the substrate causing untwist-
ing of the structure or an intrinsic property of the CNCs. 

For ChNCs, in the molecular dynamics study of Beckham & Crowley (2011),136 
agreement on the reported ChNC crystal structure in water was achieved but 
without any helical twisting. On the other hand, Střelcová et al. (2016)137 studied 
the twisting of hydrated 20 N-acetylglucosamine units long ChNCs (ca. 10.6 nm) 
finding values roughly between 1–22 °/nm and an increase in twist with increas-
ing number of adjacent chitin chains. To the author’s knowledge, no experi-
mental investigations have been published in relation to ChNC chirality but ex-
trapolating the results of CNCs would suggest smaller twist angles than pre-
dicted by molecular dynamics studies. 
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3. Experimental 

This section introduces the particle preparation protocols and the experimental 
and numerical methods used to carry out the morphometric analyses. 

3.1 Materials 

The lignin used in Paper I was softwood (pine) Kraft lignin (Indulin AT®) ac-
quired from MeadWestvaco (USA). The tannic acid used in Paper II was pur-
chased from Sigma-Aldrich (USA). The chitin used in Paper III was extracted 
from fresh crabs (Callinectes sapidus) purchased from Helsinki harbour in Fin-
land. 

3.2 Preparative methods 

3.2.1 Preparation of lignin particles 

The preparation of smooth and corrugated colloidal lignin particles using the 
aerosol flow reactor method in Paper I was adapted from Ago, M. et al. (2016).71 
The method comprises four items depicted in Figure 5, namely a precursor so-
lution, an atomizer, a heating element and a particle collector. Lignin (1 wt%) 
was dissolved in 50/50 vol% water/ammonium hydroxide solution (25 %). 
When an equivalent mass of ammonium hydrogen carbonate (blowing agent) 
was included to the precursor solution, corrugated particle morphologies were 
formed, while its omission produced smooth, spherical particles. The atomizer 
creates a fine droplet spray from the precursor, which is carried under laminar 
nitrogen flow through a tube heated to 80 °C, whereby the droplets dry. Subse-
quently, part of the dry particle aerosol stream is diverted through a collector, 
wherein the particles are segregated based on their average size by the action of 
a tortuous flow path containing 10 intermittent arrays of nozzles with decreas-
ing size and nominal cut-off diameters ranging from 31 nm to 7.8 μm. During 
their passage, the particles are deposited to impaction surfaces at each stage 
(Figure 5a), from where they are collected after the production run by disas-
sembling the collector. The overall yield of the process was around 30–40 %. 
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3.2.2 Preparation of crystalline polyphenol-based particles 

In Paper II, the polyphenol-based particles were prepared from aqueous tan-
nic acid solutions (2 wt%) adjusted to pH 7.8–11 using potassium hydroxide 
(KOH, 1 M), lithium hydroxide (LiOH, 1 M), sodium hydroxide (NaOH, 1 M), 
trisodium phosphate (Na3PO4, 0.5 M) and ammonium hydroxide (NH4OH, 25 
%). The flask was sealed with perforated Parafilm® and put under continuous 
agitation (orbital shaker, 200 min−1). A change in colour of the initially yellow 
tannic acid solution to light brown was noted during the initial period following 
the pH adjustment. This further changed to dark greenish colour when the re-
action was allowed to continue between 14 h and one week. 

3.2.3 Preparation of never-dried chitin nanocrystals 

ChNCs were isolated from fresh crab shells in Paper III. The crab shells were 
subjected to alternating acid (1 M HCl) and alkaline (1 M NaOH) treatments at 
least three times, each treatment lasting one day, followed by a 2 h treatment 
with sodium chlorite solution (acetic acid, pH 5.0) at 70 °C. The resulting puri-
fied chitin was washed with distilled water and disintegrated into smaller pieces 
using a blender and stored at 4 °C. Part of the chitin was then partially deacety-
lated (27.3 %)158 using a 25 mL/g liquid-to-solid ratio with a 3.5 h NaOH solu-
tion (12.4 M, ca. 33 wt%) treatment at 90 °C, followed by washing to neutral pH 
and removal of excess water by pressing. Deacetylated chitin nanocrystals (DE-
ChNCs) were acquired from deacetylated chitin using acid hydrolysis (3 M HCl) 
with a 30 mL/g liquid-to-solid ratio at 95 °C for 30–90 min under stirring, after 
which the reaction was quenched with Milli-Q water and washed using a cen-
trifugation cycle (10000 rpm, 15 min) three times. The sediment was then dia-
lyzed in Milli-Q water until pH 4.0 was reached and redispersed using pulsed 

Figure 5: (a) Collector comprising of multiple stages, each having a different effective particle cut-off ra-
dius as determined by the aerosol flow geometry and acceleration nozzle diameter. (b) Schematic repre-
sentation of the aerosol flow reactor unit. The lignin precursor solution is atomized and transported to an 
elevated temperature using nitrogen carrier gas. The precursor droplets dry and are subsequently cap-
tured at the collector impaction surface. Adapted from Ago, M. et al. (2016)71 with permission from Amer-
ican Chemical Society. 
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tip sonication (3 min, 5/2 s on/off), followed by centrifugation (8000 rpm, 5 
min) to separate larger particulates and storing at 4 °C. Non-deacetylated 
ChNCs were acquired from non-deacetylated chitin as described for DE-ChNCs, 
whereby an acetylation degree of at least 97 % was acquired.160 The DE-ChNCs 
and ChNCs analysed with ET were selected from samples hydrolysed for 90 min, 
while an additional sample hydrolysed for 30 min was used for DE-ChNC. 

3.3 Characterization methods 

3.3.1 Scanning electron microscopy 

Particle morphologies were characterized in Papers I and II with a field emis-
sion scanning electron microscope (SEM, Zeiss Sigma VP, Germany) using an 
acceleration voltage of ca. 1.5 kV. The samples were prepared by drop-casting a 
dilute suspension on a cleaned silicon wafer piece, which was then allowed to 
dry in ambient laboratory conditions. A ca. 3–5 nm thick platinum or palla-
dium/gold alloy film was thereafter sputtered on the sample. Images were ana-
lysed with the ImageJ software.161 

3.3.2 Cryo-electron tomography 

Cryo-ET was employed to elucidate the three-dimensional morphology of cor-
rugated lignin particles (Paper I) and never-dried ChNCs (Paper III).162 The 
principle of the tomographic reconstruction can be depicted through a two-di-
mensional analogue shown in Figure 6. After the particle suspension was 
transferred to the imaging grid and blotted to remove excess suspension, the 
sample was quickly cooled to cryogenic temperatures and maintained at −187 
°C during the imaging, which guarantees a never-dried, hydrated morphology 
of the ChNCs. Tilt series were acquired using JEOL JEM 3200FSC transmission 
electron microscope (TEM) operated at 300 kV under zero energy loss condi-
tions. The tilt series spanned roughly ±65° with increments of ca. 2–4°. Gold 

Figure 6: Two-dimensional analogue of the image generation principle in electron tomography. The
“Aalto” image represents the sample, which is imaged (Radon transform) from different angles and
summed together as indicated by the orientation of the red lines. As the number of images increases, the
original features can be recovered with increasing precision. 
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nanoparticles were also deposited to the TEM grid to facilitate the image align-
ment process and reconstruction using the simultaneous iterative reconstruc-
tion technique (SIRT, 8 iterations) carried out in the IMOD Etomo,163 while fea-
ture extraction and visualization was performed with the UCSF Chimera.28 
Gaussian filtering and binning were used to reduce noise and data size. 

3.3.3 Frequency domain description of particle morphology 

In Paper I, spherical harmonic descriptions of particle morphologies were used 
to further elucidate the complex, corrugated surface topography. This approach 
is particularly attractive as it allows the decomposition of the shape into fre-
quency domain components analogous to Fourier series.164 Similar descriptors 
have been used in, e.g., studies of powders165–167 and celestial objects.168–170 The 
surface topographies, as given by their tomographical 3D reconstructions, were 
expanded in terms of spherical harmonics using the Fortran libraries of the Hi-
erarchical Equal Area Isolatitude Pixelization of a sphere (HEALPix) software 
package.171 The particle model was transferred into a HEALPix tessellation with 
a resolution parameter  = 32 by choosing for each pixel the largest radial 
value of the topography in centre-of-mass coordinates. As this neglects multi-
valued surface regions, the spherical harmonic model can be larger in volume 
than the reconstruction. 

Spherical harmonics form a basis for bounded functions on a sphere, and thus, 
the particle topographies can be expanded (in HEALPix) as 

 ( , ) = ℓ ℓ ( , ) ℓ
ℓℓ , (1) 

where , ,  are spherical coordinates of the particle surface, ℓ  are the ex-
pansion coefficients of spherical harmonic functions ℓ  of degree ℓ and order 

. Spherical harmonics can be visualized, e.g., by using their real-valued forms† 
depicted in Figure 7, which show their decreasing angular resolution with in-
creasing ℓ, expressible using172 

 ℓ = 2ℓ(ℓ + 1) , (2) 

where = √4⁄  is the average value of ( , ). As a rotation-invariant de-
scriptor of how the topography is distributed to different length scales, we use 
the angular power spectrum given by173 

 ℓ = 12ℓ + 1 | ℓ |ℓ
ℓ  . (3) 

The Mollweide projection was used because it preserves area proportions, which 
is convenient concerning the nature of the particle topographies with a charac-
teristic surface corrugation length. Relative angles between surface features are 
not conserved, however. 

 

† Defined as ℓ ( , ) = ⎩⎨
⎧ √ [ ℓ − (−1) ℓ ] , < 0  

ℓ                                       , = 0  
√ [ ℓ + (−1) ℓ ] , > 0 . 
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3.3.4 Calculation of colloidal interaction energies 

Colloidal interaction energies were calculated in Paper IV within the DLVO 
framework, which accounts the electric double layer (EDL) and van der Waals 
(vdW) interactions. The electric potential of ions near a planar surface im-
mersed in an electrolyte solution is governed by the Poisson-Boltzmann equa-
tion, which for small surface potentials, | | ≤ 25 mV, and a symmetric electro-
lyte can be written as174 

 
dd =  , (4)

where = 1⁄  is the inverse Debye length, given for a monovalent salt by 

 = 2  , (5)

where  is the elementary charge,  is the Avogadro constant,  is the bulk ion 
concentration in mM,  is the vacuum permittivity,  is the continuous me-
dium relative permittivity,  is the Boltzmann constant and  is the tempera-
ture. For two infinite parallel planar surfaces with constant surface potential 
(  and ) separated by a distance , the EDL interaction energy per unit area 
is given by175 

 ( ) = 12 ( + )[1− coth( )] + 2 csch( )  . (6)

The corresponding non-retarded vdW interaction energy per unit area is176 

 ( ) = −12  , (7)

where  is the Hamaker constant. At long distances, the finite speed of light 
shows as an attenuation of the vdW interaction. This retardation effect can be 
taken into account by using the phenomenological retarded Hamaker con-
stant177 

 = 1 + ⁄  , (8)

where  = 5.32 and  = 100 nm are parameters conjoining the non-retarded and 
retarded regimes. 

The surface element integration (SEI) method178 was used to calculate the 
DLVO interaction energies of corrugated lignin particles with respect to a flat 

Figure 7: Mollweide projection of real spherical harmonics ℓ ( , ) up to harmonic degree ℓ = 3 and
order ≤ ℓ showing the decrease in angular length ℓ with increasing ℓ. 
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plate. SEI method gives an exact interaction energy in situations when the other 
surface is flat,93,178 while extended-DLVO interactions can also be incorporated, 
notably the Born repulsion94,95,179 and Lewis acid/base interactions.99,180 Thus, 
SEI can be used to analyse many important colloidal interactions in conjunction 
with surface morphology and chemical heterogeneity. 

In the SEI method, the interaction energy is given by an integral over the par-
ticle surface178 

 = ( )( ⋅ ̂)d  , (9) 

where  is the surface element distance to the plate,  and ̂ are the surface ele-
ment and plate outward normal vectors, respectively. In Paper IV, ( ) com-
prised the retarded vdW and EDL interaction energies as given above. Monova-
lent ionic concentrations were chosen such that the Debye length took values  
= ℎ 8⁄ , ℎ 4⁄  and ℎ relative to the particle crust thickness (ℎ) (Figure 8b), while 
the lignin-lignin Hamaker constant of 17 × 10−21 J (  = 298 K)181 was used for 
the vdW term. The spherical harmonic models were used to define the surface 
topographies over which the SEI was evaluated by implementing a quadrature 
routine in Matlab (MathWorks, USA) that utilized a 37-point rule,182 which iter-
atively refined the surface triangulation until the relative (10−3) or absolute (10−6 
kBT) tolerance was met. 

Two types of plate configurations were used in the centre-of-mass frame of the 
particle defined as follows (Figure 8a). Type I configurations consisted of con-
centric arrangements of plate locations given by the HEALPix pixel centre an-
gular coordinates above the particle’s spherical envelope radius ( ) with a 
resolution parameter  = 8 corresponding to an angular resolution of 

Figure 8: (a) Corrugated lignin particle labelled CP-2 and the difference between Type I and Type II inter-
action energy profiles, showing schematically the spherical envelope radius as a dotted line ( ) bound-
ing the plate location for Type I profiles and the convex hull shown as a red solid line, which was used to 
define Type II profiles. (b) Particle crust thickness (ℎ) shown from a cut-off. (c) Labelling of different Type 
II profiles based on the local morphological feature. The convex hull is shown as purple solid lines with
black arrows pointing to the direction of the plate outward normal. (d) Morphological features associated 
with corrugated morphologies: (i) Flat-sided ridges that bound typically a polygonal-shaped ridge net-
work. (ii) Ridges merging in a vertex region. (iii) Surface creasing, whereby adjacent ridges come into con-
tact, making the surface area between them inaccessible. 
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7.33°.171 Thereby, the interaction energies can be expressed in the frequency do-
main similar to the topography according to Equation 1. In Type II configura-
tions, the plate orientation was determined from the convex hull of the particle 
shape determined in Matlab. Additionally, the locations were labelled vertex, 
ridge and ridge network depending on the local morphological feature near the 
plate (Figure 8c,d). The surface potential of the particle was fixed at −20 mV 
for both profile types, whereas the plate surface potential was varied between 
−15, −20 and −25 mV for Type II profiles, while for Type I, it was set to −20 mV. 

3.3.5 Analysis of process condition-morphology relations 

Principal component analysis (PCA) was used in Paper II as a dimensional re-
duction aid to yield insights into how process conditions affect the ensuing par-
ticle morphology. The PCA was carried out in Matlab, which uses the singular 
value decomposition (SVD) of a user-defined data matrix X: 

 X = USV , (10)

where U and V are unitary and S is a diagonal singular value matrix with entries 
 corresponding to the principal direction variances and  denotes matrix 

transpose. Standard deviations along the principal directions are given by the 
singular values 

 = √ − 1 . (11)

As the crystalline particles displayed a homogeneous structure, mainly differ-
ing by the magnitude of crystal habit lengths, SEM images were used to assess 
the mean particle dimensions. Each process condition yielding particle-like pre-
cipitates was associated with its process conditions comprising the base counter 
cation ionic radius ( ), base conjugate acid dissociation constant (p ) and in-
itial solution pH, while the reaction time and tannic acid concentration were 
held constant at 14 h and 2 wt%, respectively. The morphology was character-
ized by using the mean physical dimensions, denoted by ,  and  in de-
scending order, volume ( = ) and yield after one week ( ). This data 
was collated in row vectors of the form 

 = [ p pH ⁄ ⁄ ] , (12) 

from which the data matrix was then constructed as 

 X = ⋮  (13) 

and decomposed as per Equation 10 after normalization (zero mean and unit 
variance along columns). The number of principal components (PCs) was se-
lected such that their explained variance was larger than the unit variance of 1/7 
≈ 14 %, which included the first three PCs. Varimax rotation was used to facili-
tate the interpretation process.183,184 
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3.3.6 Analysis of chitin nanocrystal chirality 

In Paper III, PCA was used to analyse the twisting of ChNCs along their long-
est, axial dimension. The method utilizes PCA in two steps. First to define a co-
ordinate system, where one axis aligns with the ChNC axial direction, and sec-
ond, to determine the direction of anisotropy perpendicular to the axial direc-
tion (Figure 9a–b). Primed symbols are here used for the variables associated 
with the second PCA. 

First, the data matrix was constructed from the ET reconstruction 3D model 
Cartesian surface coordinates ( , , ) as 

 X = ⋮ ⋮ ⋮  (14) 

and subjected to SVD (Equation 10). The surface points are then given in the 
principal component coordinate frame by the columns of the matrix US, while 
the columns ( , , ) of matrix V give the principal directions of the ChNC, of 
which the first principal direction ( ) gives the direction of the largest spread, 
i.e. the axial direction. The respective standard deviations of the ChNC surface 
points along ,  and  are given by ,  and  (Equation 11). The particle 
was then divided into thin 0.5  wide segments along  (Figure 9c). The sec-
ond PCA was then carried out for each segment, after which the first principal 
direction ( ) of the segment was used as an indicator of the local directional 
tendency of the ChNC from the angles  and  that  creates with  and  
(see coordinate schematic in Figure 9d). As the segments are generally thinner 
than their lateral size, the directions  and  lie roughly in the plane defined 

Figure 9: (a) Electron tomography reconstruction of deacetylated chitin nanocrystal and (b,c) its repre-
sentation in the principal component coordinate frame (PCCF). Red and black arrows correspond to the 
first principal component vectors ( ) of the respective coloured segments. (d) Coordinate schematic 
showing the angles  and  used to define the orientation of the segments perpendicular to the nano-
crystal axial direction shown in (b,c). (e,f) Angles  and  as a function of the segment centre coordinate 
along  of the PCCF. The linear regression line in (e) is shown in black. The  mean ± 3 times its standard
deviation is shown in (f) as dotted lines. The crosses in (e,f) and red arrows in (b,c) denote segments that
were excluded from the linear regression. 
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by  and , therefore large  indicates deviation from this general behaviour 
(Figure 9c). 

The chirality was then determined using an iterative reweighted least squares 
linear regression model with 0.01 significance in Matlab based on  and its cor-
responding segment mean coordinate value along  (Figure 9e). The first and 
last segments were automatically excluded from the analysis, as were segments 
with  over three standard deviations above and below the ChNC mean (Figure 
9f). In some cases, only a subsection of the ChNC was utilized in the regression 
model due to kinks and morphological defects (red arrows in Figure 9b,c and 
crosses in Figure 9e,f). 
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4. Results and Discussion 

The main findings of Papers I–IV are presented in this section. Additional re-
sults produced by the author, which are not part of the publications, are also 
discussed where available. 

4.1 Corrugated lignin particles 

This section contains an exposition of the main results related to particle shapes 
possessing corrugated surface patterns. The preparation method (Section 3.2.1) 
was reported in Paper I along with their morphological characterization with 
SEM and ET. In Paper IV, DLVO interaction energies were calculated for two 
particle models obtained in Paper I to compare the effect that local morpho-
logical features, i.e. vertices, ridges and ridge networks, have on colloidal inter-
actions using the SEI method (Section 3.3.4). 

Frequent reference will be made to the smooth, equivalent-volume sphere 
(EVS) with radius . Although the spherical envelope radius ( ), i.e. the 
smallest sphere that fully encloses the particle, is experimentally easier to esti-
mate from SEM images,  is a more well-defined quantity as it is directly re-
lated to the particle volume, whereas  dependents on the surface corruga-
tion pattern. Naturally,  =  only for smooth, solid particles, otherwise 

 > . 

4.1.1 Morphological characterization with scanning electron microscopy 

At the size range that the collector operates, the corrugated particles (CPs) dis-
play a size-dependent morphological character (Figure 10d–f). More corru-
gated morphologies are attained in the smaller size ranges as evidenced by the 
characteristic ridge network that decorates the particle surfaces, while some 
level of surface creasing (self-contact) is also visible in the SEM images. Due to 
their non-convex morphology, drop-cast CP films of particles at this size range 
attain an apparently dense, interlocked packing (Figure 10i). At larger sizes, 
the surface corrugations decrease in amplitude and in the degree of surface 
creasing, until disappearing altogether for a part of the population at the largest 
size ranges (Figure 10f). As all the particle size fractions were produced during 
a single, continuous operation of the aerosol flow reactor, this attenuation of the 
ridge structure is likely related to an increase in the ratio between the crust 
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thickness and the particle radius at the buckling transition, ℎ⁄ , making the 
shells more resilient towards buckling.86 

When the ratio of the particle size to crust thickness attain relatively similar 
values as shown in Figure 10k,l, with ℎ⁄  ≈ 0.13 and 0.15, respectively, the 
resulting morphology has an apparent similarity, though at larger particle sizes 
the particles possess a more pronounced, hierarchical, roughness-on-ridge 
morphology (Figure 10l). The SEM images further indicate that the crust 
thickness has a tendency to increase with respect to  as the particle size gets 
smaller. This might have a further crease-reducing effect as exemplified by the 
highly symmetric crumpled particle in Figure 10h, with ℎ⁄  ≈ 0.28. 

Figure 10: Scanning electron microscopy images of (a–c) smooth and (d–f) corrugated lignin particles (CPs) 
prepared under identical conditions with different precursor solution compositions. The particle size in-
creases from left to right displaying the captured particles in collector stages 1, 5 and 9, respectively. (g)
Close-up of CPs from stage 1. (h) CP with a spherical envelope radius ( ) of approximately 170 nm, 
ridge length around 250–300 nm and crust thickness of ca. 50 nm. (i) Surface of a drop-cast CP suspension
displaying their close-packing behaviour. (j) CP showing intermediate surface morphology between cor-
rugated and rough. (k,l) Qualitatively similar morphologies between CPs with  of ca. 280 nm and 1.7 
μm and crust thicknesses of ca. 40 nm and 260 nm, respectively. (m,n) CPs from stage 9 that contain a
surface depression. 
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Because the morphology has such a large variation between different sizes, 
size fractionation is essential to acquire morphologically homogeneous samples. 
Not present in Paper I, experiments were later carried out by the author to 
investigate the size fractionation properties of the collector. Extensive SEM im-
age analysis was performed to assess the size distributions in different stages of 
the collector using ImageJ161 by measuring particles by their largest horizontal 
dimension. This approximates the spherical envelope radius of the particles, 
and thus yields a value larger than the smooth spherical particle size at the small 
particle size range, wherein large surface corrugations are observed. This dis-
crepancy is illustrated by the size distribution median  differences (Figure 
11), which suggest corrugated-to-smooth median  ratio of 1.7 and 1.3 for the 
collector stages 1 and 5, respectively (Figure 10a,b,d,e). 

4.1.2 Three-dimensional morphological characterization with 
electron tomography 

ET allows a quantitative, three-dimensional characterization of the particle 
morphologies. The labelling CP-1, CP-2 and CP-3 is used to refer to the acquired 
3D reconstructions of different CPs that were selected for the ET analysis (Fig-
ure 12a). Of these, CP-1 and CP-2 possess a more severely corrugated morphol-
ogy compared to CP-3, which contains undulations of much smaller amplitude. 
The morphological details given by the ET shape analysis include the final sur-
face area ( ), final volume ( ), final crust thickness (ℎ ) and surface coordi-
nates. 

From a particle engineering perspective, the surface area distribution (Figure 
12b) and its accessibility is of interest. In each case, no disjoint surface regions 
were found. Later studies in the group suggested that hollow particles are pre-
sent at certain size ranges. Particle diameters larger than around 600–700 nm 
were deemed too large for hollowness assessment with cryo-TEM due to the 
limited electron beam tolerance of lignin. As an outcome of crumpling, an in-
crease in surface area-to-volume ratio (compared to a smooth, spherical parti-
cle) of around 100, 120 and 50 % was observed with CP-1, CP-2 and CP-3, re-
spectively. A redistribution of the spherical shell into regions spanning near the 
centre-of-mass up to ca. 1.5  was observed with CP-1 and CP-2. For the CP-3 

Figure 11: Spherical envelope radius ( ) size distributions of (a) smooth and (b) corrugated colloidal 
lignin particles determined from scanning electron microscopy images of collector stages 1 and 5. The
distribution medians are (a) stage 1: 100 nm, stage 5: 335 nm and (b) stage 1: 171 nm, stage 5: 442 nm. 
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particle, the surface area distribution is more Gaussian in shape, centred 
roughly at . The distribution tail in CP-3 is due to a surface depression locat-
ing on the side of the cryo-TEM sample holder (Figure 14c). A plausible expla-
nation is that it is a form of surface instability185,186 as similar surface invagina-
tions were observed, albeit rarely, in SEM images (Figure 10m,n). This is 
likely related to inhomogeneous precipitation84 or a display of the shape fa-
voured at smaller volume changes.185 Of the buckled morphologies, the singly-
indented, bowl shape187–189 was not observed when crumpling led to large vol-
ume changes, which is likely due to the high drying rates associated with the 
aerosol process.89 

The stages of droplet drying discussed in Section 2.2.2 are shown schemati-
cally in Figure 13a,b to illuminate the morphological parameters that can be 
deduced from ,  and ℎ . During the particle shape formation, the pre-buck-
led spherical crust surface area ( ) is decreased by the amount of surface creas-
ing ( ), i.e. = + . Assuming that the volume remains roughly constant, 
i.e. the remaining solute solvated in the liquid core contributes relatively little 
to the final volume, and that possible viscous relaxation and isotropic shrinking 

Figure 12: (a) Electron tomography reconstructions of corrugated colloidal lignin particles (shown parted
roughly from the middle) and (b) their surface area distributions as a function of radial distance ( ) from
the particle centre-of-mass scaled with the equivalent-volume radius ( ). 

Figure 13: Schematic representation of the variables associated with corrugated particles: final surface 
area ( ), buckling transition spherical surface area ( ), inaccessible surface area due to creasing ( ),
buckling transition radius ( ), final crust thickness (ℎ ) and crust thickness ( ) with zero creasing. (a)
Precipitate shell at the buckling transition point and (b) dry particle. (c) Plots of crust thickness ℎ = −[ − 3 (4 )⁄ ] ⁄  and sphere surface area = 4  at constant volume as a function of sphere radius 
( ). The grey annuli represent the shape transition as  is varied while the volume is kept constant. 
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remain negligible during and after the crumpling process, then  can be esti-
mated from the spherical crust thickness ( ) with volume  and surface area 

. In the presence of creasing, > ℎ , and therefore ℎ  indicates roughly the 
deficiency in measured final area caused by creasing (Figure 13c). Using the 
95 % confidence interval for the measurement of ℎ  yields values for the inac-
cessible surface area to be at most 19 % and 10 % in CP-1 and CP-2, respectively. 

The ET results show that ⁄  ≈ 1.5 for CP-1 and CP-2 (  < 200 nm), 
which suggests that the median  in the collector stage 1 is around 110 nm 
(Figure 11b). Therefore, the corrugated-to-smooth median  ratio is 1.1, i.e. 
much lower than the  ratio determined with SEM, as expected. The CP-3 
reconstruction yields ⁄  ≈ 1.3 at  ≈ 280 nm, giving a corrugated-to-
smooth median  ratio of 1.0. These results supplement the SEM size charac-
terization, as the extent of the difference between  and  is difficult to es-
timate accurately from SEM images especially for highly corrugated particles. 
This also suggest that at the aerosol flow conditions used, the morphology does 
not likely influence their attachment on the collector impaction surface when 
judged based on the median , though the difference in distribution spread is 
somewhat larger with CPs in collector stage 1. 

Finally, the particle surfaces were analysed in the frequency domain to illumi-
nate how the surface topographical variations are distributed to different length 
scales as explained in Section 3.3.3. The main differences between the particles 
lie in the angular lengths larger than the crust thickness ( ℓ > 4ℎ), wherein CP-
3 spectrum is greatly attenuated compared to CP-1 and CP-2, due its drastically 
smaller corrugation amplitude (Figure 14d). Also, as a result, CP-3 is more 
spherical in shape, which is reflected in a small ℓ = 2 term (ellipsoidal varia-
tion). The differences are possibly further enhanced by the presence of surface 
creasing in CP-1 and CP-2, which acts to increase the length at which the surface 
corrugates by merging adjacent ridges together. This also likely accounts some 

Figure 14: Maps of spherical harmonic particle models of (a) CP-1, (b) CP-2, (c) CP-3 and (d) their normal-
ized angular power spectra ( ℓ⁄  for ℓ ≥ 2) as a function of angular length-to-crust thickness ratio
( ℓ ℎ⁄ ). Smaller ℓ corresponds to larger ℓ. 
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of the differences observed between CP-1 and CP-2. Note that as CP-3 lacks a 
clear ridge structure, the estimation of ℎ was based on spherical shell thickness 
with an equivalent outer surface area (  in Figure 13a). 

In summary, ET greatly complements the morphological view given by SEM 
imaging with detailed quantitative information on their surface area distribu-
tion, volume and frequency domain character. Although ET is time-consuming 
and cannot yet reach such statistically meaningful numbers as SEM, details such 
as crust thickness are plausibly related to particle size similarly over a range of 
values, and therefore holds broad applicability. Describing the surface in a 
quantitative way is further justified as it allows the determination of the DLVO 
interaction energy distribution as discussed in the following section. 

4.1.3 Influence of surface corrugations on colloidal interactions 

In Paper IV, we explore the span of interactions that CPs form with respect to 
a flat plate by using the CP-1 and CP-2 particle models. Although the employed 
particles have a characteristic repeating length encoded in their topography by 
the crust thickness (ℎ), their overall shapes are highly anisotropic and non-pe-
riodic, and thus, use of realistic particle shapes is advantageous. We investigated 
the influence of local morphological features on the interaction energy (Type II 
profiles) as well as the near-field interaction energy behaviour (Type I profiles). 
As described in Section 3.3.4, these morphological features were taken into ac-
count by categorising profiles into vertices, ridges and ridge networks (Figure 
8d), while the ionic concentrations were selected such that the Debye lengths 
took values ≤ ℎ. 

For Type I profiles, the CP-2 results show that depending on the orientation 
of the particle with respect to the plate, the magnitude of the interaction energy 
varies greatly based on the local surface topographic height between the inter-
acting bodies (Figure 15a–d). Compared to a smooth sphere with equivalent 
volume ( ) and surface potential, the interaction energy of CPs is on average 
larger in absolute magnitude at the same distance from the particle centre-of-
mass. At high ionic concentrations, 4 and 45 % of the interaction energy profiles 
acquire a secondary minimum when = ℎ 8⁄  and ℎ 4⁄ , respectively, corre-
sponding to locations with small surface-to-surface distance (Figure 15e–g). 
At = ℎ, the interaction is EDL dominated and thus repulsive at the studied 
range. Results for CP-1 were qualitatively similar. 

Type II profiles permit the secondary minimum depth ( ) and energy bar-
rier height ( ) to be determined for each local morphological category (Fig-
ure 16). The results indicate a similar trend in absolute magnitudes of  and 

 given by ridge network > ridge > vertex region. The most apparent distinc-
tion between these regions is their widely varying allowable contact area, which 
corroborates the observed trend. The interaction energy magnitude is higher 
with ridges and ridge networks as they come in more varied lengths and sizes, 
whereas vertices represent a more pointed surface motif. Variations in the in-
teraction energies could also arise from creasing, whereby two ridges come into 
contact, effectively filling the concave domain in the middle of the bounding 
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ridge network. Whereas profiles near vertices are likely affected by the conical 
angle between the ridges that meet at the vertex region, whereby larger apex 
angles correspond to larger interaction energies. The tendency of the analysed 
particles to display morphological variations of these kind, results in ridges and 
their networks being more affected by changes in the plate surface potential. 
Another feature of corrugated, crumpled morphologies is that ridge networks 
allow the plate to approach closer to the particle centre-of-mass compared to 

Figure 15: DLVO interaction energy ( ) profiles of Type I for CP-2 particle as a function of radial distance 
( ) from the particle centre-of-mass scaled with the equivalent-volume sphere radius ( ) when Debye
length ( ) is given with respect to crust thickness (ℎ) by (a) = ℎ 8⁄ , (b) = ℎ 4⁄  and (c) = ℎ. The
profiles are plotted with a cubic interpolant for clarity.  corresponds to the DLVO monopole (ℓ = 0)
term, while  and  denote the DLVO interaction energy of equivalent-volume spheres determined 
from the spherical harmonic particle model and the tomographic reconstruction, respectively. The label-
ling (i–iv) is used in subsequent panels. The profiles containing secondary minimum have been plotted 
separately in the insets of (a) and (b) for visual clarity, while the inset of (c) shows the energy distributions 
of (a–c) at the (i) position. (d) Maps of van der Waals (vdW) and DLVO interaction energy at increasing
radial distance from the particle as indicated by (i)–(iv). (e,f) Locations of profiles with a secondary mini-
mum (with depth ) overlaid on the topography and smallest surface-to-surface distance ( ) eval-
uated at the spherical envelope radius on the left and right, respectively. (g) Probability distribution of the 

 radial coordinate ( ). 
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the more distant vertices. As  of the equivalent-volume sphere is roughly 
the magnitude of an average ridge network feature, most ridges and vertices act 
to weaken the interaction, whereas ridge networks can incur an opposite effect. 
A plausible outcome of the interaction energy distribution is that adsorption is 
favoured at vertex regions due to their smaller energy barrier, while ridge net-
works are likely more stable towards desorption due to their higher energy bar-
rier. This is supported by experimental findings that too highly corrugated sur-
faces can increase the tendency towards particle aggregation.60,190 

In conclusion, the morphological character of corrugated colloidal lignin par-
ticles was analysed based on realistic models of their particle surfaces. Both 
stronger and weaker regions of interaction were present compared to a spherical 
particle with equivalent volume, depending on the local morphological charac-
ter of the surface, which raises the question of the possible morphological pa-
rameters that could bring strictly stronger or weaker interactions to better con-
trol, e.g., their aggregation and deposition behaviour. The results suggest that a 
systematic approach along the lines herein used could provide means to achieve 
an improved comprehension of when corrugated particles are most suitably 
used. With additional preparative controls for, e.g., morphological homogeneity 
and symmetry, this could significantly contribute to the use of corrugated par-
ticles in advanced functional materials. 

Figure 16: Values determined from Type II DLVO profiles for CP-2 particle at the indicated Debye length 
( ) represented relative to the particle crust thickness (ℎ) when particle ( ) is held fixed and plate ( )
surface potential is varied. (a) Secondary minimum depth ( ) and (b–d) energy barrier height ( )
as a function of radial distance ( ) scaled by the equivalent-volume sphere radius ( ). The lines are guides 
for the eye. 
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4.2 Morphological control of crystalline polyphenol-based 
particles 

This section outlines the main findings of Paper II, where a simple, green so-
lution precipitation method (Section 3.2.2) was applied for the formation of 
crystalline polyphenol-based particles from tannic acid under alkaline condi-
tions. We will refer to the resulting particulate precipitates as oxidized tannic 
acid (OTA) particles. The influence of process conditions on particle character-
istics, namely dimensions and yield, was investigated based on SEM images us-
ing PCA as described in Section 3.3.5. Further analyses were performed to in-
vestigate their thermal stability and chemical composition. 

Some of the great variety of OTA particle morphologies is displayed in Figure 
17. These contain clear angular features suggestive of crystalline structure. The 
morphologies include rod-like particles (Figure 17a–d), platelets and flower-
like shapes (Figure 17e–h, see also the inset of Figure 17i with a close-up of 
the twinned plate-like constructs that was found among the predominantly al-
mond-like morphology), cuboidal particles (Figure 17j–n) and large spheroi-
dal oblate shapes (Figure 17o). Each morphology comes with varying degree 
of crystal twinning or aggregation possibly due to presence of impurities or low 
agitation levels,191 while some of the apparent aggregate structures might be due 
to drying-induce capillary forces during the SEM sample preparation. A rod-like 
microstructure was emblematic to many morphologies illustrative of a general 
morphogenetic tendency across multiple process conditions. An example is 
shown in the inset of Figure 17n, visible as a ca. 50 nm microstructure found 
in the tapering sides of the OTA-LiOH particles. 

The PCA was based on principal components (PCs) with roughly 81 % total 
explained variance (Figure 18b). PCA results underline three main correla-
tions between particle morphological variables, i.e. ratios of physical dimen-
sions , ,  (in descending order) given by ⁄  and ⁄ , volume , yield 

 and process conditions comprising initial pH, base conjugated acid p  and 
base counter cation ionic radius . These results warrant the interpretations 
collated in Figure 18c by observing the three main correlated pairs comprising: 
(1)  and , i.e., increasing the counter cation ionic radius diminishes the par-
ticle volume. As the pyrogallol residues found in tannic acid can effectively che-
late metal ions,192 a possible explanation is that increasing  suppresses sec-
ondary nucleation via metal complexation (X-ray photoelectron spectroscopy 
elemental analysis indicated sodium in OTA-NaOH), while remaining largely 
ineffective in influencing the primary nucleation as  does not markedly cor-
related with the overall yield (  and  in Figure 18a are roughly orthogo-
nal). (2) p  and , i.e. increasing base strength increases yield. Stronger ba-
ses facilitate tannic acid hydrolysis and therefore accounts for the improvement 
in particulate product (decreasing pH with time, Figure 19a). (3) pH, ⁄  
and ⁄ , i.e. increasing the initial pH results in elongated particle morpholo-
gies. The initial pH could influence the crystal habit formation by increasing the 
concentrations of reaction products, which in conjunction with concentration- 
dependencies of different crystal face growth rates could inhibit the crystal 
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Figure 17: Examples of particle morphologies produced in different conditions: (a) KOH at initial pH 9, 2 
wt% in tannic acid, 14 h duration. (b) NH4OH pH 11, 2 wt%, 14 h. (c) LiOH pH 11, 2 wt%, 14 h. (d) KOH pH 
11, 2 wt%, 14 h. (e) NaOH pH 11, 2 wt%, 14 h. (f) NaOH pH 7.8, 2 wt%, 14 h. (g) Na3PO4 pH 7.8, 2 wt%, 1 
week. (h) NH4OH pH 9, 2 wt%, 14 h. (i) Na3PO4 pH 11, 2 wt%, 14 h. (j) KOH pH 7.8, 2 wt%, 14 h. (k) LiOH 
pH 7.8, 2 wt%, 1 week. (l) NaOH pH 7.8, 0.4 wt%, 1 week. (m) LiOH pH 9, 2 wt%, 14 h. (n) LiOH pH 9, 2 
wt%, 1 week. (o) LiOH pH 7.8, 2 wt%, 14 h. 
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growth on the slowest growing faces, thereby increasing the elongation of the 
particle shape. 

The apparent crystallinity of the OTA-NaOH particles was confirmed with 
powder X-ray diffraction (Figure 19c). Matrix-assisted laser desorption/ioni-
zation (MALDI) indicated that the particle constituents include species carrying 
galloyl moieties as indicated by the inter-peak mass-to-charge ratios of 152 
m/z,193,194 which was corroborated by Fourier-transform infrared spectroscopy. 
Although the reaction mechanism was not investigated in any detail, it can be 
hypothesized that it takes a similar path to what has been proposed for a sono-
chemical protocol by Bhangu et al. (2018),116 i.e. tannic acid ester linkages are 
first hydrolysed creating hexahydroxydiphenic acid after oxidative C–C cou-
pling, which is then converted to ellagic acid by lactonization. The morphologies 
obtained by Bhangu et al. (2018)116 at neutral pH resemble those produced 
herein with NaOH (Figure 17e,f), while they similarly observed a galloyl-moi-
ety in MALDI. Ellagic acid has been reported in multiple different solvato-
morphs, such as anhydrous,195 dihydrate196 and acid solvate197 forms, which 
could facilitate the morphological variety that was observed by permitting dif-
ferent hydrogen bonding configurations. 

The method proposed in Paper II has some favourable properties such as 
simplicity and improved scalability. The adoption of the proposed method could 
be further facilitated by the good stability of the particles under organic solvents. 
The OTA-NaOH particles were found to be poorly soluble in water, ethanol, di-
methyl sulfoxide (DMSO), dimethylformamide, chloroform, toluene and ace-
tone. OTA-KOH (pH 7.8) showed similarly poor solubility, except with DMSO, 
wherein it was fully dissolved. Additionally, improved thermal stability was ob-
served in thermogravimetric analysis under nitrogen atmosphere, showing 

Figure 18: (a) Correlation circles of first three varimax-rotated principal components (RPCs). (b) Explained 
and cumulative variance of principal components. Unit explained variance is shown as a dashed line (1/7 
≈ 14 %). (c) Schematic interpretation of the results. The arrow connects the effect of increasing its associ-
ated variable, namely pH–elongation; base conjugate acid p –yield; base counter cation ionic radius, 

–volume. 
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thermal conversion shift to around 450–550 °C from ca. 200–300 °C of tannic 
acid (Figure 19b). Some open questions remain as to the mechanical strength 
of the particles. The high aspect-ratio OTA-KOH particles were disintegrated as 
a result of a washing step (Figure 17d inset), possibly necessitating additional 
chemical treatments to improve their mechanical strength. 

In summary, the evidence from these experiments show large differences in 
morphology which were correlated with process conditions. For future studies 
on the structural and morphological aspects of the protocol, likely the most im-
portant issue is to control evaporation during long-lasting experiments. Also, 
the crystalline structure of different morphologies remains unexplored. This 
could have great practical utility, as the crystal structure can have a significant 
influence on the biological and chemical activity. 

4.3 Chirality of never-dried chitin nanocrystals 

In Paper III, crab shell residues were deconstructed to yield ChNCs using the 
protocol described in Section 3.2.3. ET was employed to assess the chiral twist 
along the ChNC axial direction using a numerical procedure detailed in Section 
3.3.6. As the resulting particle reconstructions could be affected by the chemical 
treatments used to isolate the ChNCs, electron beam damage occurring during 

Figure 19: (a) pH and yield with different bases as a function of reaction time. (b) Thermogravimetric 
analysis of tannic acid and OTA-NaOH particles (pH 7.8, 2 wt%) with heating rate of 10 °C/min under ni-
trogen atmosphere. (c) Powder X-ray diffraction spectra of tannic acid and oxidized tannic acid particles 
(OTA-NaOH, pH 7.8, 2 wt% in tannic acid, 14 h). The background signal is likely affected by residual water.
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imaging, reconstruction artefacts and noise, general trends are herein empha-
sized over individual characteristics. 

Generally, the non-deacetylated nanocrystals (ChNC90) were larger in size, 
with a considerable portion consisting of bundled nanocrystals as determined 
with atomic force microscopy and ET (Figure 20), which points to irregular 
etching of the chitin surface during hydrolysis. The presence of kinks was ad-
dressed by excluding the associated regions from the linear regression model. 
These kinds of defects were noted for both DE-ChNCs and ChNCs. Other shapes 
of the anisotropy profile that are not readily analysed as a constant twist, such 

Figure 20: Atomic force microscopy images of (a) DE-ChNC90 and (b) ChNC90. (c) Examples of tomo-
graphic reconstructions shown in grey with the corresponding anisotropy characterization profile (arrows 
depict the orientation of the segments’ first principal direction; red arrows denote segments that were
excluded from the twist analysis) with left-handed (LH) and right-handed (RH) twists as indicated. The 
lower angle denotes the total twist along the analysed segments. The asterisk (*) marks the nanocrystals 
with a parabolic profile. 
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as parabolic profiles were also present (Figure 20c). The twist along the ChNC 
axial direction showed left- and right-handed chiralities, both of which were 
found in reconstructions generated from the same cryo-TEM image stack, but 
mostly they were found to have a non-chiral morphology (Figure 21a). No sig-
nificant differences in the average magnitude of the twist was found between 
left/right-handed ChNCs in DE-ChNC30, DE-ChNC90 and ChNC90 samples. 
The average twist of 0.3 °/nm was observed for single nanocrystals of both 
handedness in the whole sample set with slightly larger twists being present in 
the shortest nanocrystals. Contrary to the molecular dynamics study of Střel-
cová et al. (2016),137 the mean cross-sectional aspect ratio, when measured from 
the cross-sectional dimensions of each analysed segment, did not influence the 
twist magnitude significantly. 

Though in a majority of the samples no twist was observed, the resulting av-
erage twist is similar in magnitude to what has been measured experimentally 
for CNCs,132,134 while being slightly smaller than the molecular dynamics results 
predict for ChNCs.137 If twisting was present, the handedness remained incon-
clusive. In all cases where the regression model suggested chiral twisting, the 
total absolute twist angle along the ChNC was within error bounds below 90° 
(Figure 21b). As the nanocrystals have been acquired under a harsh chemical 
environment and the existence of other factors influencing the morphology can-
not be excluded, it cannot be guaranteed that visual identification of bundling 
should result in a decisive categorization, only an apparent one. This invites a 
comparison to a simple model comprising of two non-parallel, straight rods as 
shown in Figure 21b, whereby the clustering of random relative ChNC orien-
tations produces an apparent, ambivalent handedness in the data set. The max-
imum total twist along a bundle is then limited to between ±90° depending on 
the relative angle between the constituent rods, while the twist per unit length 
depends on the bundle length. Chiralities of both handedness could thereby re-
sult from the random alignment of the individual rods. Though based on the 

Figure 21: Chirality determination for deacetylated (DE-ChNC) and non-deacetylated (ChNC) chitin nano-
crystals (30 or 90 min treatment): (a) twist rate and (b) absolute total twist as a function axial length and
their distributions. 
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average twist value, only over ca. 300 nm long nanocrystals would show above 
90° total twist, and hence, this cannot be used to make a distinction between 
single and bundled morphologies. 

A remaining plausible explanation is that the hydrogen bonding network is 
compromised in never-dried ChNCs. This is corroborated by the lack of separa-
tion of a DE-ChNC90 suspension (1.2 wt%) into anisotropic and isotropic 
phases after an extended period of time. In ChNC90, such a separation was pre-
sent without birefringence. These results raise the possibility that the drying 
history influences the chiral twisting of ChNCs comparable to the twisting of 
CNCs.132 Extensive hydrogen bonding networks of never-dried ChNCs might ad-
versely affect the chirality-inducing hydrogen bonding of amine and hydroxyl 
groups of the chitin chains.137,198 As shown by a reduction in hydrolysis time nec-
essary to yield comparable particle sizes with a method utilizing once-dried chi-
tin,160 the smaller specific surface area of once-dried ChNCs and reduced chem-
ical access could enhance the inter and intra chain hydrogen bonding,199 thereby 
promoting the development of a chiral twist. 
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5. Concluding Remarks 

Experimental aspects of importance to colloidal science and the use of bio-based 
materials were investigated in this thesis from a morphometric perspective. The 
main outcomes of the work are summarized below with thoughts on future re-
search directions. 

In Papers I and IV, an aerosol flow reactor method was used to prepare cor-
rugated lignin particles, which showed size-dependent morphological features. 
Quantitative three-dimensional analysis yielded information on the level of sur-
face creasing, surface area distribution and surface area-to-volume ratio. Fre-
quency domain methods elucidated the dominant angular lengths associated 
with the corrugated topographies. These surface models were further utilized in 
the calculations of colloidal interaction energies, which indicate great direc-
tional dependency based on the local surface topography, resulting in weaker 
and stronger interactions compared to a spherical particle with equivalent vol-
ume. To provide additional insights, future studies could address the effect of 
surface corrugations in the extended DLVO setting. Perhaps most notably, the 
depletion interaction could be of interest wherein the interaction is further de-
pendent on the depletant size. Albeit the analysis of real surface topographies 
afforded by ET is very appealing, more statistically robust approaches would 
likely adopt computationally generated, random particle surfaces to assess in-
teractions with a range of morphological parameters. This could further illumi-
nate the morphological parameters and conditions wherein the corrugated par-
ticles produce interactions that are strictly stronger or strictly weaker compared 
to spherical particles, and thereby, give practical targets for the particle prepa-
ration process to produce such colloidal systems with more tailored and precise 
behaviour. 

In Paper II, a promising route to produce a vast library of crystalline, poly-
phenolic particle morphologies was reported. The thermochemical analyses 
showed an improved thermal stability, while maintaining the galloyl-rich com-
position of their source material. The correlations uncovered by the process con-
dition-particle morphology relation analysis suggested that increasing the base 
strength and initial solution pH likely play a role in increasing precipitate yield 
and shape elongation, respectively, while an increase in base counter cation size 
generally decreases the particle size. Future studies could address the sensitivity 
of process conditions with respect to solvent evaporation and stirring condi-
tions. Also, the elucidation of possible differences in crystal structures could fur-
ther promote the use of such polyphenolic particles by allowing more tailorable 
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functionalities. Such constructs could find use, for example, as absorbents in 
wastewater treatment due to their insolubility in water and likely inheritance of 
the general affinity for organic and heavy metal contaminant uptake.200 The 
sheer complexity of phenomena involved in crystal engineering likely sees the 
field employing more artificial intelligence and machine learning approaches in 
future. 

In Paper III, never-dried chitin nanocrystals were isolated from crab exo-
skeletons and their chiral twisting was investigated. No major differences were 
found between the non-deacetylated and partially deacetylated samples besides 
the apparent lack of aggregation due to deacetylation. Chiralities of both hand-
ednesses were observed, while on average the nanocrystals were non-chiral. The 
twist was slightly larger for shorter nanocrystals, while the cross-sectional as-
pect ratio did not influence the twist magnitude significantly. This could point 
to the possibility of non-apparent aggregation or that the drying history of the 
sample may affect the chiral twist formation. It is hypothesized that the loose, 
never-dried structure adversely affects the chiral twist formation by altering the 
intra and inter chain hydrogen bonding in ChNCs, thereby influencing the twist 
formation. The obtained results give evidence of a possibility that water inter-
actions may influence particle systems derived from this abundant resource, 
and thus, are of definite practical utility to materials engineers wishing to con-
trol such properties. Further research on the chirality of never-dried and once-
dried ChNCs is required to improve the understanding of chitin at the na-
noscale. Other methodologies are needed to yield more definite answers. 
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