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1. Introduction

Over the past decades, nanotechnology has significantly changed many areas of research, in 
particular, materials science received great incentives for its development. The possibility to 
use nanomaterials and to control materials structures in the nanoscale allows designing new 
functional materials with enhanced or even entirely new properties. Surface engineering of 
nanomaterials represents an important and versatile tool in materials science. It allows not 
only enhancement of compatibility of components in composite materials, but also the devel-
opment of various topographies and obtaining new physical and chemical properties of na-
noobjects. And thus, it opens almost unlimited opportunities in materials design. 

The demand for new technologies has driven researchers and engineers to explore new struc-
tures, new approaches and new materials with enhanced properties. One of the important 
modern trends in materials science is biomimetics. Biomimetic materials are materials de-
signed using inspiration from nature.1,2 The interest in biomimetic materials arises from the 
intention to reproduce and even to surpass the properties of the biological materials using ma-
terial architectures created by nature.3 Such characteristics include the excellent mechanical 
properties of e.g. nacre, bones, teeth, spider silk, wood and exoskeleton of invertebrates, su-
perhydrophobicity of butterfly wings and lotus leaf, structural colours, and many other prop-
erties.4,5 Many of the biological materials are anisotropic and hierarchically organized. These 
structural features allow living organisms to adapt to the environment and to use mild synthe-
sis conditions. 

In recent decades many attempts have been made to create nacre-mimetic materials due to 
exceptional mechanical properties of nacre.6 Notable progress was made in the field of micro-
composites.7,8 However, applications of nanoscale reinforcement to mimic nacre were limited 
to nanocomposite films.9–13 Nevertheless, bulk nacre-mimetic nanocomposites are of interest, 
because, in contrast to films, they could have potential in structural applications and they can 
provide information about fracture toughness. One of the focuses of this thesis is the prepara-
tion and characterization of such composite materials. 

Biological materials not only inspire researchers and engineers for new materials design, but 
also provide structural components for engineering materials. These materials are of great in-
terest due to their eco-friendliness and sustainability as well as characteristics including excel-
lent mechanical properties or biocompatibility. Nanocelluloses (NCs) are one example of such 
biological high-performance nanomaterials. NCs are very promising materials because of their 
abundance, biodegradability, high surface area, and excellent mechanical properties.14–16 Cel-
lulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) are anisotropic nanomaterials, 
which makes them even more interesting for different applications, since anisotropy is of great 
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importance for the mechanical and functional properties. In this thesis we explore surface en-
gineering of CNCs and CNFs based on polymer grafting using surface-initiated atom transfer 
radical polymerization (SI-ATRP). 

Utilization of polymers stands out among the different approaches of surface engineering. 
Polymer brushes and polymer coatings allow comprehensive tuning of the material and inter-
facial properties. Thus, grafting of CNCs and CNF with polymer brushes is a very versatile and 
effective method for surface modification. For the sufficient control over surface structure and 
properties, surface engineering requires polymer brushes with well-defined structure size, 
chemistry, and narrow molecular weight distribution. A necessary tool for such synthesis is the 
surface initiated atom transfer radical polymerization (SI-ATRP), which is a is reversible-de-
activation radical polymerization (RDRP) technique and represents a versatile tool for polymer 
grafting from different types of surfaces.17,18 SI-ATRP is a well-studied and very effective 
method for surface modification of CNCs.19–22 However, SI-ATRP from CNFs has not been suf-
ficiently studied before. Here we make attempt to close this gap and devote one part of the 
thesis to the study of SI-ATPR from CNFs. 

1.1 Outline of the thesis

The objective of this thesis is to investigate different techniques for surface engineering of 
nanomaterials for biomimetic and hybrid applications. The thesis contains four publications. 
Publications I-III explore surface modification of nanocelluloses, CNCs and CNFs, and 
Publication IV is devoted to preparation and characterization of clay-based biomimetic bulk 
nanocomposite. 

In Publication I the self-assembly of an interpolyelectrolyte complex (IPEC) shell was used 
for the formation of different topographies on the surfaces of anisotropic CNCs. For this pur-
pose, CNCs were grafted with negatively charged poly(acrylic acid) (PAA) brushes through SI-
ATRP and mixed with cationic diblock copolymer poly[2-(methacryloyloxy)ethyl trime-
thylammonium iodide]-block- poly(ethyleneoxide) (PMETAI-b-PEO). IPECs were formed as 
result of complexation of anionic polymer brushes with cationic PMETAI block. To explore the 
IPEC shell morphology on the CNC surface, three brush lengths providing different topogra-
phies were chosen. Most attention was paid to the helical topography which was formed using 
the longest brushes. The topography was studied by cryo-TEM and cryo-tomography. 

Publication II discussed the formation of microporous silicon dioxide capsules by the tem-
plate-directed synthesis of silica on the surface of CNCs. A uniform silica coating was formed 
within the poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) shell grafted from the CNC 
surface. These polymer brushes served as catalyst for the hydrolysis of silica precursor, TMOS, 
and at the same time they caused selective formation of silica within the polymer brush layer 
due to electrostatic attraction of negatively charged products of hydrolysis to the positively 
charged polymer. Additionally, the presence of polymer brushes within the hybrid shell caused 
formation of micropores after calcination of the CNC/silica hybrids. Hybrid materials were 
characterized by AFM, SEM and (cryo-)TEM. The porosity of the hybrid materials was deter-
mined by N2-sorption measurements which showed significant difference between as-synthe-
sized and calcined samples. 

Publication III addressed issues related to SI-ATRP from CNFs. SI-ATRP is a powerful 
tool for polymer brush synthesis from different kinds of surfaces. Despite the fact that this type 
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of polymerization is a well-known and a popular tool for the surface grafting of polymer from 
CNCs and bacterial cellulose, this type of polymerization did not receive much attention so far 
with respect to CNFs surfaces. CNFs differ from CNCs by structure, morphology, and physico-
chemical behavior. CNF consists of long and entangled nanofibrils of several micrometers in 
length, and contain amorphous and crystalline domains, whereas CNCs are highly crystalline 
short nanorods. Additionally, cellulose CNFs contain noticeable amount of hemicellulose and 
lignin. These facts make CNFs more complex for modifications. As a result of the study it was 
found that attaching initiator on the CNFs surface and subsequent polymerization caused deg-
radation of the nanofibrils. To study this phenomenon in more detail, the obtained materials 
were characterized with GPC, XRD, FT-IR, 1H NMR and electron microscopy. 

The Publication IV discussed preparation and mechanical properties of nacre-mimetic 
bulk nanocomposites. Unlike microcomposites, aligned nanocomposite materials were pre-
sented mainly as thin films, whereas for the determination of fracture properties it is necessary 
to investigate bulk samples. In this work, bulk nanocomposites were prepared by stacking of 
wet clay/PVA films on top of each other, compressing, and drying of the resulting plates. 
Clay/PVA films were chosen as align platelet composite, which had shown good mechanical 
properties in tension. 3-point bending tests were carried out to determine the fracture tough-
ness, flexural strength, and modulus of dried and hydrated samples. The fracture toughness of 
the nanocomposite was quite close to that of red abalone. The second importance of the work 
consists of the first fracture mechanics study of nanoplatelet reinforced nacre-mimetic com-
posite.



2. Background on biomimetic nanomaterials

2.1 Classic nanocomposites and nanomaterials

“Nanomaterial represents material with any external dimension in the nanoscale (range of 
1-100 nm) or having internal structure or surface structure in the nanoscale”23. The structure 
and properties of nanomaterials can vary significantly from the bulk materials of the same at-
oms and molecules. This is explained by the fact that nanomaterial have high surface to volume 
ratio as compared with bulk materials and they are forced to rearrange their structure in order 
to minimize energy of structural configuration. Thus, atomic or molecular arrangement of na-
nomaterials differ from arrangements of bulk materials of the same composition, which in turn 
leads to changes in their properties. For example, bulk gold is an inert metal while gold nano-
particles possess catalytic activity.24

Nanomaterials represent a large class of materials. There are several classifications of nano-
materials (Figure 1). Nanomaterials can be subdivided into nanoobjects and nanostructured 
materials.23 Both are categorized by origin, composition, properties, applications, etc. For ex-
ample, there are naturally occurring and anthropogenic nanomaterials. Natural nanomaterials 
are produced by the inanimate nature or by bio-organisms, whereas anthropogenic nano-
materials are engineered or incidental. The compositions and structures of nanomaterials de-
fine their properties. A wide range of nanomaterials applications include nanomedicine, water 
purification, energy applications, electronics, catalysis, photovoltaics, composites, sensors and 
others.23

Figure 1. Classifications of nanomaterials
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Nanoobjects can possess one or more external nanoscale dimension. They are classified de-
pending on the number of dimensions, which are, or can be, outside the nanoscale range.25 
Zero-dimensional (0D) nanomaterials, which have all dimensions in the nanoscale range, are 
called nanoparticles. 0D materials are represented by silica nanoparticles, fullerenes, gold 
nanocrystals, etc. 1-dimensional (1D) nanomaterials with two nanoscale dimensions are nano-
tubes, nanorods and nanowires. Examples of 1D nanomaterials are carbon nanotubes, CNCs 
and CNFs. 2-dimensional (2D) nanomaterials with one nanoscale dimension are nanofilms 
and nanoplatelets or nanosheets. Graphene, platelets of nanoclay and peptoid nanosheets are 
2D nanomaterials.25 

Nanostructured materials comprise nanocomposites, solid nanofoams, fluid nanodisper-
sions, nanoporous system and nanostructured powders. Nanostructured powders represent 
nanostructured agglomerates, nanostructured aggregates, etc. Fluid nanodispersions com-
prise nanosuspensions, nanoemulsions, liquid nanofoams and nanoaerosols. Like classical 
composites, nanocomposites consist of two or more materials with different physical or chem-
ical properties, which remain separate and distinct within the whole structure. A significant 
part of nanocomposites consists of matrix – polymer, metal or ceramic - and reinforcement – 
0D, 1D, 2D nanoobjects.26 Dimensionality and alignment of reinforcement determine whether 
the composite is anisotropic. Advantages of nanocomposites over conventional composites can 
be improvement of mechanical properties, electrical conductivity, barrier properties, flame re-
tardancy and optical clarity due to the high surface area and enhanced properties of nano-
fillers.23,26 

2.2 Biological nanocomposites 

For millions of years of evolution nature created structures perfectly adapted for their func-
tions such as durable teeth, strong bones, protective nacre, insect exoskeleton and wood, tough 
spider silk, self-cleaning leaves and butterfly wings (Figure 2).4,5 Many biological materials 
represent complex composites whose mechanical properties are often prominent, in respect 
that they are assembled from weak components. Biological materials impress with variety. 
General principles of formation of biological nanomaterial are self-assembly, ambient temper-
ature and pressure of biosynthesis as well as functionality, hierarchy of structure and evolu-
tion/environmental effects.4 

Sacrificial bonds and hidden length represent an approach, which is used in living systems 
for toughening of materials. Sacrificial bonds are bonds which break before main molecular 
bond is broken. Sacrificial bonds are weak, for example hydrogen bond can be a sacrificial 
bond. Hidden length is a part of the molecule, which was excluded from stretching by the sac-
rificial bond. Both sacrificial bonds and hidden length serve to dissipate energy. However, the 
work needed for stretching of hidden length is far larger than the work to break the bond.27 

Biological nanoobjects are the structural units created by living organisms and included in 
the composition of more complex biomaterials. Such components include CNCs and CNFs, 
spider silk nanofibers, virus capsids and fibrillar collagen. As a rule, biological nanomaterials 
are (multi)functional. 
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Figure 2. Biological materials. A) Red Abalone nacre; Exoskeleton of B) crab and C) beetle; Self-cleaning surfaces 
of D) butterfly wing and E) lotus leaf; F) Spider silk. Images (A-C) and (E-F) reproduced with permission from
different authors ((A-C, E) https://creativecommons.org/licenses/by-sa/4.0/deed.en; (F) https://creativecom-
mons.org/publicdomain/zero/1.0/deed.en).28 (D) reproduced with permission from reference [29]. Copyright 
(2006) The Company of Biologists Limited.

Biological composites are lightweight, complex and hierarchically organized structures. 
Structural materials of biological systems are both organic and inorganic. Often, they are weak 
or brittle due to limited accessibility of available elements, mild conditions of synthesis and 
aqueous environment processing. Nevertheless, structural organization allows to obtain struc-
ture with mechanical properties surpassing the properties of the individual component. More-
over, nature employs efficient combination of soft but flaw-tolerant materials and brittle but 
stiff and strong materials.

Nacre

Nacre is an important example of tough and flaw-tolerant biological composite (Figure 3A).
It contains layers of aragonite (crystalline CaCO3) platelets also called tablets covered by vis-
coplastic organic material. However, percent of organic material in nacre is very low, it consists 
of ca. 95 vol.% of inorganic material.4 The nacre structure is shown in the Figure 3. It exhibits 
a hierarchical structure. Nacreous shells consist of two layers: outer prismatic calcite layer and 
nacreous inner layer. This combination of stiff calcite and tough nacre allows optimization of
protective functions of the shells.30 The next structural level is represented by mesolayers of 
aragonite platelets formed due to irregular growth of nacre. Mesolayers are tens of microns
thick and separated by layers of organic material. On the next structural level, aragonite plate-
lets in mesolayers have two types of arrangement depending on the origin of nacre. Columnar 
nacre is produced by gastropods and it has platelets of rather uniform size with matching cen-
tres of overlaying platelets while sheet nacre is produced by bivalves and its platelets are lo-
cated randomly relative to platelets in adjacent layers. Different platelet arrangements are 
caused by different mineralization types of nacre.31 Aragonite platelets are about 0.4 microme-
tres thick and 5-8 micrometres in diameter. Platelets are wavy and have nanoasperities on the 
surfaces and some mineral bridges between their surfaces. On the nanoscale platelets consist 
of aragonite nanograins surrounded by bio-polymer matrix. The organic material covering
aragonite platelets consists of a chitin matrix and proteins.
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The hierarchical structure is the basis of outstanding mechanical properties of nacre. The 
Young’s modulus of the nacre was reported to be 70 GPa in dry condition and 60 GPa in wet 
condition with tensile strength of 170 MPa for dry samples and 140 MPa for wet samples. Work 
of fracture was obtained between 350 and 1240 J/m2 that is almost three thousand times more 
than the work of fracture of monolithic calcium carbonate.4

Figure 3. The structure of nacre at different length scales. A) The inside of a red abalone shell; B) Schematic of the 
‘bricks and mortar’ structure; C) The view from above; D) The fractured surface; E) TEM micrograph showing 
the CaCO3 tablet waviness, and F) the nanoasperities on the tile surfaces with some mineral bridges between 
the tiles. Reproduced with permission from reference [6]. Copyright (2012) IOP Publishing. All rights reserved.

The brick-and-mortar structure of nacre consisting of layered aragonite (bricks) and thin 
layer of organic material (mortar), which is the basis of its outstanding mechanical properties.
Crack deflection is an important mechanism of toughening, which is due to the architecture of 
this biological composite. In the brick-and-mortar structure of nacre a crack propagates within 
organic material and it is forced to go around the aragonite platelets. This leads to an increase 
of crack path length and additional energy dissipation. The mechanisms of toughness enhance-
ment also include crack branching, microcrack formation and crack bridging.32 Other benefi-
cial factors are interaction of aragonite platelets, energy-dissipation in viscoelastic organic ma-
terial and nanostructural toughening. Platelet sliding plays a significant role in toughening. 
This process can dissipate energy due to friction caused by asperities on the surface of platelets
(Figure 3F), effect of viscoelastic glue of organic layer between platelets, breaking of mineral 
bridges between platelets or combination or even synergy of this effects.4 Also, rotation and
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deformation of aragonite nanograins – components of aragonite platelets – contribute to the 
toughness of nacre.30

The mechanical properties of nacre inspire materials scientists to mimic its structure. There 
are several approaches to prepare nacre-mimetic materials. Bulk nacre-mimetic composites
are presented by microcomposites produced by methods such as freeze casting, hot-press as-
sisted slip casting, biomineralization, gel-casting and hot-pressing, and others.6 Nacre-mi-
metic nanocomposites are mainly films and coatings. Methods of the nanocomposite films
preparation are layer-by-layer self-assembly, centrifugation, evaporation, paper-making 
method etc. An example of nacre-mimetic bulk nanomaterial is discussed in .

Wood

Wood is another example of complex and anisotropic biological composite. Wood belongs to
cellular solids like cork, plant parenchyma, trabecular bone, coral and sponges.33 Honeycomb-
like microstructure of wood provides it with outstanding resistance to bending and distortion.

Wood has a hierarchical structure (Figure 4).4,34 Cellulose polymer chains represent the main 
structural component of wood and on the nanostructural level this polysaccharide forms ele-
mentary nanofibers which contain crystalline and amorphous domains. Cellulose nanofibers 
are organized into microfibers which in its turn arrange as macrofibers. Cellulose macrofibers 
are surrounded by a matrix of lignin, hemicellulose and other components.

The next structural level of wood organization is the cellular level. Cell walls consist of the 
primary wall, which contains wax cuticle and randomly oriented cellulose macrofibres, and the 
secondary wall, which possesses three layers of aligned macrofibers that stack in a helicoidal 
pattern.4 On the next level of hierarchy, the macrostructure of the wood, consists of organized
wood cells. cellular structure is very important and has a strong influence on the mechan-
ical properties.

Figure 4. Hierarchical structure of wood biomass and the characteristics of cellulose microfibrils. Reproduced with
permission from reference [34]. Copyright (2011) The Royal Society of Chemistry.
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Wood has anisotropic mechanical properties due to the orientation of cellulose macrofibers. 
Stiffness and strength of wood in the direction along the trunk surpass several times the same
parameter in radial direction.

Silk

Spider silk fibers are a biological material that possesses excellent mechanical properties. 
Spiders produce different types of silk for several functions. The strongest type - the support 
silk - forms spokes and frames of the web and can achieve a modulus about 10 GPa and a
strength over 1 GPa.4,35 Another type of silk - viscid silk – forms the catching spirals of a web 
and demonstrates up to 500% strain before failure, but its modulus is three orders of magni-
tude lower than the modulus of support silk.35

Silk is a hierarchical structure. On the nanostructural level, silk consist of semi-crystalline 
protein fibroin. This protein is arranged in -sheets forming crystalline domains bound to a
semi-amorphous matrix. Crystalline domains are size of few nanometers, they are tightly 
bonded by an array of hydrogen bonds, and their function is to reinforce the softer matrix. The 
semi-amorphous matrix contains less ordered -sheets, helices, and β-turns.36 The matrix con-
tains sacrificial bonds and hidden length due to weak hydrogen bonds. Crystallin domains and 
semi-amorphous matrix together form elementary fibrils of silk. Macrofibers of silk consist of 
tough fibrils of fibroin glued together by soft and sticky sericin.

2.3 Nanocellulose: CNCs and CNFs as 1-dimensional nanoobjects

Сellulose is a biopolymer, widely represented in nature. Sources of cellulose include plants, 
seaweeds, certain types of bacteria and animals.15 Cellulose is a linear polysaccharide consist-
ing of -1,4-linked anhydro-D-glucose rings. Figure 5A demonstrates the molecular structure 
of repeating units of cellulose polymer, cellobiose. Depending on the origin, cellulose has a
degree of polymerization in the range DPn = 10 000-15 000.37 The isolation method signifi-
cantly affects the DPn of cellulose.

Hydrogen bonds and van der Waals forces are very important for the supramolecular organ-
ization of cellulose chains. Inter- and intramolecular hydrogen bonds are presented on Figure 
5B. Intramolecular hydrogen bonds between adjacent rings make cellulose polymer chain rigid 
whereas intermolecular bonds promote arrangement of cellulose polymer chains in fibrils.

Figure 5. Molecular structure of cellulose. A) Repeating unit of cellulose polymer and B) formation of the intrachain 
and interchain hydrogen bonding.38
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Cellulose is a semicrystalline material. There are four polymorphs of crystalline cellulose. 
Cellulose I is the cellulose produced by living organisms. It has two polymorphs which coexist 
in different proportion depending on the source of cellulose. I polymorph has triclinic lattice 
structure and it is most often observed cellulose crystalline structure for the algae and bacteria. 
I structure is monoclinic, and it is the dominant form in higher plants and tunicates (Figure
6). The structure of cellulose I is thermodynamically metastable and can be transformed to 
other polymorphs by chemical treatment. Thus, regeneration (dissolution and recrystallisa-
tion) or mercerization (aqueous sodium hydroxide treatments) of cellulose I produces cellulose 
II. Cellulose II is the most stable form of cellulose. It found industrial application in the pro-
duction of cellophane, Rayon, and Tencel textile fibers. Cellulose III can be obtained from cel-
lulose I or II by liquid ammonia treatment. Cellulose IV formes as result of heat treatment of 
cellulose III.16

Figure 6. Schematic of the unit cells for cellulose I (triclinic, dashed line) and I (monoclinic, solid line). A) projec-
tion along the chain direction with the I and I unit cells superimposed on the cellulose I crystal lattice, showing 
the parallelogram shape of both unit cells when looking down the c-axis. In this orientation both unit cells have 
nearly identical molecular arrangements, sharing the three major lattice planes, labeled 1, 2, and 3, with the 
corresponding d-spacings of 0.39, 0.53, and 0.61. The corresponding lattice planes for 1, 2, and 3, are (110)t,
(010)t, and (100)t for I and (200)m, (110)m, and ( )mfor I . (B D) View along the direction labeled 4 ( [ ]t
for I , and [010]m for I ), B) relative configuration of I with respect to I unit cell and the displacement of the 
hydrogen bonding sheets for C) I of +c/4, and for D) I alternating +c/4 and c/4. Reproduced with permission
from reference [16]. Copyright (2011) The Royal Society of Chemistry.

Nanocellulose is a specially refined type of cellulose including microfibrillated cellulose
(MFC), CNFs also called nanofibrillated cellulose (NFC), CNCs, algae cellulose particles (AC)
and bacterial nanocellulose (BNC). CNFs and CNCs will be considered in more detail below.

CNFs

CNFs consist of long and entangled cellulosic fibrils with diameter of 4-20 nm and length up 
to 1-2 micrometers. The nanofibers possess excellent mechanical properties. CNF films have 
high elastic modulus E=10-20 GPa and tensile strength σ=100-240 MPa.39 The nanofibers con-
tain crystalline (I ) domains which is connected by amorphous regions. The main sources of 
CNF are wood and another plant fibers.

There are several ways of isolation of CNF. For the fibrillation, wood pulp can be passed 
through homogenizer, microfluidizer, grinding machine or is exposed to ultrasound. High-
pressure homogenization is one of the wide spread methods to prepare CNFs which is based 
on passing the dispersion through a narrow channel of homogenizer under pressure of up to 
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1000 MPa. In microfluidizers, a dispersion of cellulose fibers is pushed through narrow chan-
nels under high pressure (150–210 MPa). Microfluidizer channels usually have either Y-type 
or Z-type geometry. Grinding is based on passing cellulose slurry through a gap between two 
special grooved discs. One of the grooved disks is static and the other rotates at about 1,500 
rpm. Ultrasound-assisted fibrillation utilizes energy of ultrasound treatment.40

Different pre-treatments of cellulose macrofibers are used for the improvement and facilita-
tion of nanofiber production. Pre-treatment can be mechanical, chemical, enzymatic and
steam explosion.

Among chemical pre-treatments, TEMPO-mediated oxidation of cellulose fibers is one of the 
most effective methods to reduce energy consumption required to produce CNF. In water me-
dia, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) catalyzes the oxidation of primary hy-
droxyl groups (-OH) of glucose units of cellulose to carboxyl (COOH) groups which dissociate 
to carboxylate anion in water in the presence of a oxidizing agent, e.g. sodium hypochlorite 
(NaOCl).41 One of the reasons of effective facilitation of CNF production caused by TEMPO 
oxidation is the formation of negatively charged carboxyl groups which introduce repulsive 
forces between the fibers.

Enzymatic pre-treatment is an eco-friendly way to decrease energy consumption in CNF 
preparation. It involves the use of special enzymes - cellulases: endoglucanases, cellobiohydro-
lases or exoglucanases, and glucosidases.42,43

CNFs are promising materials for the aerogels, nanocomposites, bioactive materials, organic-
inorganic hybrids and as substrate for flexible electronics.44,45 Aerogels are lightweight porous 
materials produced from gels in which liquids are replaced by air. Aerogels made of CNF are 
lightweight and possess high surface area (Figure 7). CNF aerogels provide many options for 
surface modification. For example, for the preparation of hydrophobic and superhydrophobic
materials, CNF aerogels were modified with titanium dioxide46 and silanes.47 Also the aerogels 
can serve as templates for the preparation of hollow inorganic nanotubes.48 CNF-based aero-
gels were studied as sorbent materials. Thin films of CNF aerogels can serve as porous mem-
branes in such field as fuel cells, catalysis, liquid purification and filtration, tissue engineering, 
protein immobilization, protein separation, protective clothing, etc.49

Figure 7. CNF aerogel and its applications. A) SEM image of CNF aerogel freeze-dried from liquid propane, scale 
bar 2 um; B) Hydrophobic TiO2-coated CNF aerogels as oil sorbents for the purification of water. (B) is Repro-
duced with permission from reference [46]. Copyright (2011) American Chemical Society.
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Another CNF material, nanopaper, is made by vacuum filtration with subsequent drying. 
Films of pure CNFs are strong, transparent, and flexible. As a semicrystalline material, dry 
CNF nanopaper possesses good oxygen barrier properties (oxygen transmission rate value is 
17.8 ml m-2 day-1).50 It should be noted that the oxygen barrier properties of CNF nanopaper 
deteriorates with increase of humidity and it demonstrates relatively high water vapor transfer 
rate which is higher than the value obtained for low density polyethylene.51 In spite of this, 
TEMPO-oxidized CNFs are of interest for packaging and barrier materials applications as coat-
ing which is able to improve barrier properties of some polymer films.51–54  

CNFs are of a great interest as reinforcement for nanocomposite applications due to their 
mechanical properties.55 However, the use of hydrophobic polymer matrices requires surface 
modification of highly hydrophilic nanofibrils. Transparent composites of CNFs and polymers 
can be used as flexible displays. Also, CNFs can act as a composite matrix. Combining CNFs 
with clay allows obtaining stiff and strong materials with very good gas barrier properties and 
even flame retardancy due to clay.56 

CNFs are good substrates for the immobilization of bioactive molecules such as enzymes and 
antibodies and thus can be used in immunoassays, biosensing and diagnostics.57 CNFs can also 
be used for the preparation of antibacterial materials and wound dressing. Functionalization 
of CNFs with silver nanoparticles gives CNF materials antimicrobial properties.58 Due to their 
hydrophilicity, biocompatibility, high surface area and good mechanical properties CNFs find 
application in tissue engineering and cell culturing.59 

CNCs 
CNCs are crystalline nanoparticles usually produced by acid hydrolysis from the different 
sources: cotton, CNFs, filter paper etc. Different strong acids can be used for the hydrolysis. 
The most common is hydrolysis using concentrated sulfuric acid because of outstanding dis-
persion properties of the resulting nanoparticles. Phosphoric, hydrochloric, and hydrobromic 
acids can be used as well.60,61 Additionally, CNC can be produced by enzymes62 or oxidizing 
agents.63 To prepare functional cellulose nanocrystals (F-CNCs) they are modified with certain 
functional groups and their important advantage is that they are prepared in a single step by 
combining acid hydrolysis with esterification.64 

One should note that CNCs isolated from tunicates represent a special class of CNCs and they 
are denoted as t-CNC. t-CNCs differ from conventional CNCs in morphology and crystalline 
structure.16 

Conventional CNCs are rod-like nanoobject with high aspect ratio i.e., crystals are 50-500 
nm long and 3-7 nm wide. Figure 8 demonstrates TEM and AFM images of CNCs. CNCs are 
highly crystalline material which contains 100 % of cellulose. However, other polysaccharides 
and lignins could be adsorbed on CNCs surface and their suspensions could contain other sub-
stances. Crystalline cellulose Iβ dominates in composition of CNCs. Idealized single CNC 
should consist of 36 cellulose chains arranged in Iβ crystal with square or hexagonal cross-
section. In practice, structure and morphology of CNCs are highly dependent on preparation 
procedure. The surfaces of CNCs is highly hydrophilic and contains mainly hydroxyl groups 
and depending on the method of hydrolysis they may contain a small amount of acid groups. 
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Figure 8. Cellulose nanocrystals A) TEM and B) AFM images. Scale bars are 500 nm.

CNCs are liquid crystalline (LC) materials due to their rod-like shape and rigidity. Moreover, 
cellulose crystallites possess helical twist along the long axis. Due to these morphological fea-
tures CNCs form chiral nematic phase in liquid above a certain concentration. LC behaviour of 
the CNCs determines some interesting optical properties such as macroscopic birefringence
which can be seen through cross-polarizers. In dried dispersions the CNC LC can retain its 
arrangement and thus form films with coloured domains which is seen between polarizers.
Additionally, self-assembly of CNCs associated with LC behaviour allows using CNC disper-
sions as a template for the fabrication of silica replicas with chiral nematic structures.65

The excellent mechanical properties of CNCs make them prospective composite fillers.19,66–70

In recent years, CNCs were used in combination with various types of matrices for the prepa-
ration of tough composites71,72 as well as hydrogels with tuneable mechanical properties.73,74

In drug delivery, CNCs are of great interest as 1-dimentional stiff nanocarriers which pos-
sesses low toxicity at the same time.75

This thesis discusses challenges of surface engineering of CNCs, namely self-assembly of 3D
topography on the surface ( ) and using of CNCs as a template for silica nano-
rods ( ).

2.4 Clays as 2-dimensional nanoobjects

Nanosheets found potential application in fields of catalysis, nanobiotechnology, electronics, 
solid-state nanochemistry, sensors, energy generation and storage, and hybrid materials.76 In 
the field of composites, 2-dimensional nanoobjects, or nanosheets, are very promising fillers 
for nanocomposites, as flame-retardant and oxygen barrier materials. Nanosheets are pro-
duced both by top-down - usually by exfoliation of natural or synthetic materials - and bottom-
up approaches. They are diverse in structure and composition. Nanosheets can be even as thin 
as one atom layers, e.g. graphene, monolayer hexagonal boron nitride, and monolayer transi-
tion metal dichalcogenide nanosheets.77,78 Polymers can also form nanosheets. Various layer-
by-layer deposited polymer nanostructure are promising materials in the field of nanobiotech-
nology, electrochemical devices, chemical sensors, nanomechanical sensors, nanoscale chem-
ical/biological reactors and drug delivery systems. Peptoid nanosheets are relatively new class 
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of polymer materials which combines properties of peptides and synthetic polymers. These 2-
dimentional structures can find use in a range of applications from molecular sensors to arti-
ficial enzymes.79 Nanoclay is a significant example for natural nanosheets.

Mankind has known and used natural clays since ancient times. Bricks, pottery, art objects 
and floor tiles are made of ceramics – clay sintered in the fire. In addition, clay is one of the 
oldest building materials on a par with stone and wood. Nowadays, interest in clay is preserved. 
Nanoclay is used as nanocomposite reinforcement56,80,81, barrier and flame-retardant addi-
tives. Nanoplatelets of montmorillonite were used for the preparation of several nacre-mimetic 
film composites.82 Barrier properties of nanoclay additives are caused by extended pathways
which gas molecules or vapour has to pass to permeate through a composite layer. One reason 
for flame-retardant properties of clay nanosheets is the formation of an insulating layer of char 
between the clay nanosheets. Additionally, iron-containing clay enhances fire-retardant prop-
erties of composites because of trapping of radicals by iron.83 Besides the above, clay can be 
used in catalysis.84

Natural clay represents soil material and it occurs as a mixture of one or more clay types with 
impurities of oxides and organic materials. Clay minerals belong to phyllosilicate family of 
minerals. They represent a layered structure where layers of tetrahedral silicates are linked to 
layer of octahedral hydroxide of aluminium, magnesium or iron. There is a large variety of 
natural clay species and there is no general classification of clay minerals. Clays can be subdi-
vided on two major groups. 1:1 clay consist of one tetrahedral layer and one octahedral layer
and 2:1 clay is built of an octahedral layer placed between two tetrahedral layers (Figure 9).85

Further classification of the clay minerals is based on the charge of clay platelets. This groups 
are subdivided on dioctahedral and trioctahedral subgroups which contains different species.

Figure 9. Clay mineral crystalline structure. A) 1:1 clay platelets consist of one octahedral and one tetrahedral layer,
B) 2:1 clay platelets consist of one octahedral layer placed between two tetrahedral layers. Reproduced with 
permission from Chris P. Schaller (https://creativecommons.org/licenses/by-nc/3.0/).86

Synthetic clay is produced for the purpose of materials science. It is an interesting material 
due to the possibility to control its particle size and composition. For example, natural smectite 
clays contain admixtures and mixed phases whereas synthetic single-phase smectites are free 
from these shortcomings. The two most common types of clay synthesis are solid-state reac-
tions and hydrothermal synthesis. Both types of reactions occur at high temperature. The syn-
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thesis of most smectite types under moderate hydrothermal conditions provides highest smec-
tite production and phase purity (e.g. hydrothermal synthesis at 250-450 °C is the optimum 
for production of montmorillonite).85 However, hectorites, stevensite and saponites can be 
synthesized at relatively low temperature and pressure (<100 °C, 1 bar). Synthetic approaches 
allow producing metal-substituted smectite with catalytic activity.85 Kaolinite, mica and sepi-
olite can be obtained synthetically as well. 

2.5 General mechanical aspects

Most often for describing the mechanical properties of materials the following parameters 
are used: strength, ductility, stiffness, impact resistance, and fracture toughness.  

Young’s modulus (E) is a measure of stiffness. The larger the Young's modulus of material is, 
the more force is needed to deform it. To determine the modulus, the linear elastic part of 
stress-strain curve is used. The modulus is written as 

    (4) 

where  denotes tensile stress and  denotes tensile strain.87 Stress is a force, P, applied to a 
certain cross-sectional area, A, of an object, 

    (5) 

and the strain, ε, is equal to 
    (6) 

where L0 is original length of the sample and L is the final length.87 Tensile strength is the 
maximum stress which a material can resist while being stretched before breaking. Compres-
sion stress, strain and Young’s modulus for compression are analogue to tensile parameters. 
Compression strength is the ability to withstand compression, i.e., the maximum compression 
stress which material can resist without fracture. However, under compression some materials 
can deform without fracture and in this case compression strength cannot be defined. 

In case shear forces are applied to some material one can talk about shear modulus, . It is 
equal to the ratio of shear stress, , to shear strain, 

The quantity of shear strain is deformation, δ, per unit of length, L, (Figure 10B) where 

. Shear stress is equal to the applied force per area. Similarly, shear strength is the 
maximum shear stress which a material can resist without fracture.87 

The Poisson’s ratio is another important mechanical property. Usually stretching of a mate-
rial in one direction leads to contraction of the material in another direction. Poisson’s ratio, 
ν, is the ratio of strain in lateral direction with negative sign and longitudinal strain in direction 
of stretching: 

   (8) 

 



Background on biomimetic nanomaterials

Figure 10. A) Sample in uniaxial tension (top) and under compression (bottom); B) Shear strain; C) The Poisson 
effect.

Stress-strain curve gives a visual representation of the mechanical properties of a material
and represents an important tool for analysing material properties. Stress-strain curves of ma-
terials with different mechanical properties are presented in Figure 11. The black curve (A) is a 
stress-strain curve of stiff but brittle material (e.g. most glasses and ceramics). Such materials 
break practically without plastic deformation and thus they absorb relatively small amount of 
energy. The green curve (B) refers to stiff and strong materials. Those undergo some plastic 
deformation. The blue stress-strain curve (C) describes stiff and tough materials (e.g. medium 
carbon steel). Tough materials absorb significant amount of energy before breaking. Tough-
ness can be implemented by combination strength and ductility of the material as it is shown 
in the Figure 11. The red curve (D) represents soft and ductile materials (e.g. rubber).

Figure 11. Stress-strain curves of A) hard and brittle material, B) hard material with some plastic deformation, C) 
hard and tough material, D) soft and tough material.

Toughness is an important parameter, which is used to describe durability of materials. 
Toughness can be defined as absorbed mechanical energy per unit of volume before the frac-
ture. Fracture toughness is an indication of the amount of stress required to propagate a pre-
existing crack. The stress-intensity factor K is employed to quantify the fracture toughness. 
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There are three modes of fracture which are subdivided depending on the relative location of 
the crack plane and the load direction. The mode I corresponds to condition in which the crack 
plane is perpendicular to the direction of largest tensile loading. This is a most commonly used 
mode and stress-intensity factor, which corresponds to it, is denoted KI.88

(9)
Where is the applied stress, a is the crack length and is a parameter which depends on 

the geometry of the sample and crack length.
The stress-intensity factor is a function of the thickness of the specimen. However, when a 

certain sample thickness is reached, the function goes to the plateau and the factor’s value be-
come relatively constant. This value, KIC, is called the plane-strain fracture toughness.

Three-point bending tests (Figure 12) can be used to determine the fracture toughness. Dur-
ing flexural tests the sample bends under the load and thus, this test combines stretching and 
compression of the different parts of the sample at the same time. This test provides parame-
ters such as flexural stress, f, flexural strength, flexural strain, f, flexural stress-strain curve 
of the sample and flexural modulus, Ef. Flexural strength is the maximum stress of the material 
before yielding or fracture in flexural tests. In case of homogeneous material, flexural strength 
is equal to the tensile stress. However, usually materials have some defects and depending on 
the location of defects flexural strength will reach the value of tensile strength or not. 

According to ASTM E1290-08 the stress-intensity factor can be calculated 89

(10)

where

(11)

and a is the pre-crack length, W is vertical dimension of sample, B is a depth of sample, S is 
the support span length, and P is the load at the crack initiation (Figure 12).

Figure 12. Single notch bending test for the determination of the stress-intensity factor, KIc

In case the material exhibits non-linear elastic or plastic deformation, KIc is not always pos-
sible to determine. The elastic-plastic fracture mechanics use the J integral which is a good 
criterion for fracture toughness. In case of linear elastic material, the J integral represents en-
ergy release by crack formation which is not always true for other cases. For the calculation of 
the J integral of elastic-plastic materials it can be represented as the sum of elastic and plastic 

components , where the elastic component is equal to , and
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 for plane strain conditions. The plastic component is 88 Apl is the 

area under load-hypothetical unload curve and b=W-a. 
For the evaluation of fracture properties of tough materials, the effective stress-intensity fac-

tor, Keff, can be used. Where Keff is 90 
   (12) 

All presented mechanical parameters will be used in the section 4.4 for the characterization 
of nacre-mimetic nanocomposites. 
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3. Modification of colloid surfaces

3.1 Covalent modification

The covalent bond is a chemical bond formed by overlapping atomic orbital and shearing of 
electrons between atoms. Covalent bonds are strong and are formed between atoms if the dif-
ference between their electronegativity - ability of atom to attract electron density towards it-
self - is less than 1.7, otherwise an ionic bond is formed.91 As already mentioned above, the 
covalent modification of the surfaces of nanoobjects depends on their chemical composition 
and structure. If nanoobjects have functional surface groups, reactions of these functional 
groups can be used for the modification. An important example of functional groups is hy-
droxyl group (-OH), which often occur on the surface of nanoobjects. There are mainly hy-
droxyl groups on the surface of nanocelluloses. Reactions of hydroxyl groups are the reactions 
of alcohols. Besides hydroxyl groups, amine and carboxyl groups are frequently occurring func-
tional groups on the surfaces of nanoobjects. 

As a result of chemical modification, surfaces can be grafted with small molecules or with 
polymer chains. Grafting of the surface with a polymer brush is an important type of surface 
modification. 

Covalent modification is an extensive topic, and since this thesis is focused on grafting from 
nanocelluloses, covalent modification will be considered using the example of nanocellulose 
modification. 

3.1.1 Covalent modification of nanocellulose surface 

Surfaces of pristine nanocelluloses are rich in hydroxyl groups. Therefore, the main type of 
reactions are reactions towards hydroxyl groups such as TEMPO-mediated oxidation, esterifi-
cation, etherification, silylation, carbanylation, amidation and polymer grafting (Figure 13).  

TEMPO-mediated oxidation is an important tool for surface modification of cellulosic mate-
rials92 and it is a very effective pre-treatment for CNF production. TEMPO is an abbreviation 
for 2,2,6,6-tetramethylpiperidine-1-oxyl. TEMPO oxidizes hydroxyl groups in aqueous media 
in the presence of NaBr or NaOCl. TEMPO-mediated oxidation is highly selective to primary 
hydroxyls. Additionally, this type of modification is relatively eco-friendly and simple. Moreo-
ver, to decrease the use of NaOCl, procedures which does not involve chlorine-containing oxi-
dants were developed.93 TEMPO-oxidized nanocellulose contains carboxyl groups on their sur-
face and can be further modified using further reactions, e.g. amidation.20 
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Acetylation is a well-known esterification reaction of CNCs, CNFs and BNC. It proceeds by 
addition of a mixture of acetic acid and acetic anhydride with small amounts of catalyst. De-
pending on the presence or absence of non-swelling diluent, the reaction proceeds without al-
tering the morphology (‘fibrous process’) or with solubilisation of acetylated chains which leads
to morphological changes up to the dissolution of the material at high acetylation degree (‘ho-
mogeneous process’), respectively.20,94

Figure 13. Covalent modification of NC. A) TEMPO mediated hypochlorite oxidation creates carboxylic acids; B)
halogenated acetic acids create carboxymethyl surfaces, C) and chlorosilanes create an oligomeric silylated 
layer; D) sulfuric acid treatment provides sulphate half-ester groups on the surface of NCs, E) carboxylic acid 
halides create ester linkages, F) acid anhydrides create ester linkages, G) epoxides create ether linkages, H) 
isocyanates create urethane linkages.16

For the esterification of nanocellulose aqueous emulsions of alkenyl succinic anhydride can 
also be used as well as fatty acids and organic fatty acid chlorides, and even ionic liquids.20

Many initiators for SI-ATRP represent bromides and chlorides of organic acids and can be es-
terified with hydroxyls of the nanocellulose surface.

It should be noted that initiators for SI-ATRP and some other compounds which are used for 
cellulose modification are highly reactive with water and sensitive to its traces. This poses the 
challenge of removing water from the CNCs and CNFs dispersions. The problem is complicated 
by the fact that CNCs and CNFs are poorly dispersible in other solvents except water and pos-
sibly DMSO. Two-step esterification of CNC with SI-ATRP initiator is a well-studied ap-
proach21,22,95,96 with which some modifications can be adapted for CNFs.97 Approaches include 
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freeze-drying of CNC or CNF, pre-modification of aerogel with gaseous phase of the initiator, 
which attaches some amount of hydrophobic initiator groups on the surface of CNC or CNF 
and facilitates redispersion of an aerogel in DMF for the second step of esterification. The sec-
ond step of esterification proceeds in DMF in the presence of pyridine and catalytic amounts 
of DMAP for 18-48h at room temperature according to different publications.21,22,98 After at-
tachment of initiator to the nanocellulose surface, polymer brushes can be synthesized from 
this surface. 

For etherification of activated hydroxyl groups with monochloroacetic acid, carboxymethyl-
ation, is used as pre-treatment for the preparation of CNF.20 Also etherification allows to in-
troduce cationic charge on the surface of nanocellulose. For the etherification with the surface, 
compounds containing ammonium groups and epoxy group can be used.99 

Silylation is another way of surface modification. Usually for the silylation alkyldime-
thylchlorosilanes are used. Silylation can be used as intermediate step of modification since 
some functional groups can be attached to the surface through silylation reaction. 

Carbonylation is a reaction of an isocyanate and hydroxyl groups. This modification is also 
used for the hydroxyl-rich surfaces of nanocellulose. Carbonylation can be used for surface 
functionalization as well. 

Polymer grafting is a versatile tool of surface modification and it will be discussed in detail 
below. 

3.1.2 Polymerization 

Polymerization is “the process of converting a monomer or a mixture of monomers into a 
polymer”.100 Based on the mechanism, polymerizations are divided on two main groups: step 
and chain growth polymerizations. 

Step polymerizations present stepwise reactions of bi-functional or multifunctional mono-
mers. This means that the monomers react with each others and form dimer, dimer and mon-
omer form trimer, two dimers form tetramer and so on until the formation of a large polymer 
molecules. Step polymerizations are represented by synthesis of polyamides, polyesters, poly-
urethane, polysiloxanes etc. 

Chain growth polymerization possesses a completely different mechanism from step 
polymerization. A reactive centre is needed to initiate a chain growth polymerization. Such 
reactive centres can be free radicals, cations or anions. Polymerization proceeds by the multiple 
attachment of the monomer molecules to the reactive centers of the growing molecules. Radi-
cal chain reaction includes three steps: initiation, propagation and termination. In the first 
step, the radicals form and attack the monomer molecules. The second step – propagation - is 
the repeated addition of monomers to the growing chain. And the final step is termination. 
Termination can happen because of coupling - joining of unpaired electrons of two reactive 
ends or because of disproportionation – reaction of two reactive ends leading to formation of 
two various non-radical products. 

Free-Radical Polymerization (FRP) is a chain growth polymerization and is one of the most 
common and popular polymerizations. Despite its popularity, FPR has a number of significant 
drawbacks such as lack of control of the molecular weight and the molecular weight distribu-
tion, as well as impossibility of synthesis of well-defined block copolymers.

In contrast to FPR, Reversible-Deactivation Radical Polymerizations (RDRP) provide control 
over polymerization process and allow the synthesis of polymers with controlled molecular 
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weight, low polydispersity, well-defined composition and chain architecture, and site-specific 
functionality.101 The most common RDRP techniques are Atom Transfer Radical Polymeriza-
tion (ATRP), Reversible Addition-Fragmentation Chain Transfer (RAFT) and Nitroxide-Medi-
ated Polymerization (NMP). This thesis is focused on ATRP. 

ATRP
The transition-metal-catalysed Atom Transfer Radical Addition (TMC ATRA) cycle provides 

the foundation for the ATRP mechanism. TMC ATRA involves reactions of various alkenes and 
alkyl halides, X-R, catalysed by transition-metal (Mt) complexes. The process starts with ho-
molytic cleavage of the halogen-carbon bond of alkyl halides caused by transition-metal com-
plex in lower oxidation state (MtnLm). As a result, alkyl radical and transition-metal complex 
in higher oxidation state (X-Mtn+1Lm) forms. Then, the radical reacts with the double bond of 
alkenes forming secondary radicals. The reaction terminates by reduction of the transition-
metal complex, detachment of the halogen radical, X•, and coupling of X• with a secondary 
radical.102 ATRA is an effective tool in organic synthesis for production of monoadducts, which 
is not involving the production of polymers. The difference between ATRP and TMC ATRA is 
the reaction conditions allowing multiple repetition of ATRA cycles and thus multiple addition 
of monomers to alkyl halide species which is essentially a chain growth polymerization.103 In 
this type of polymerization alkyl halides serve as initiators and Br- and Cl-based compounds 
are the most used. ATRP can be mediated by wide range of salts of transition-metals such as 
Ti, Fe, Ru, Co, Ni, Pd and primarily Cu. This polymerization can be used for various monomers 
with activated carbon-carbon double bonds. 

The ATRP mechanism is presented schematically in the Figure 14. To control the polymeri-
zation process and to minimize termination and chain-transfer reactions, the equilibrium of 
the process should be shifted towards the dormant alkyl halide. Thus, minimizing the number 
of free radicals allows uniform growth of polymer chains and narrow molecular weight distri-
bution. In contrast to FRP, ATRP proceeds with first order kinetics. Furthermore, significant 
decrease of number of termination and chain transfer reaction makes the polymerization liv-
ing, i.e. reaction proceeds until it is stopped, or monomers have been consumed. 

Figure 14. Mechanism of atom transfer radical polymerization

Classifications of polymers
There are several classifications of polymers. Classifications can be based on type of polymer-

ization, polymer properties, structure, composition, and origin. Polymer can be classified by 
origin, i.e. natural (e.g. cellulose, amylose, albumin), synthetic (e.g. polystyrene) and semisyn-
thetic (e.g. cellulose nitrate and cellulose acetate). Polymers can be hydrophilic, hydrophobic 
and amphiphilic, biodegradable and non-biodegradable. Division of polymers by composition 
into homopolymers and copolymers is important for understanding their properties.
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Homopolymers consist of only one type of monomer whereas copolymers consist of two or 
more types of monomers. Depending on the architecture, polymers consist of short sequence, 
long sequence and networks.87 Short sequences are represented by random copolymers, statis-
tical copolymers, altering and periodic copolymers. In statistical copolymers distribution of 
monomers obey known statistical laws. Random copolymers represent “statistical copolymers 
in which the probability of finding a given monomer at any given position in the polymer 
chain is independent of the nature of the neighbouring units at that position”.87 Alternating 
copolymers consist of alternating sequence of monomers: 

-B-A-B-A-B-A-B-A-B-A-B-A-…,   (1) 
where A and B is monomer units. Periodic copolymers have periodic sequence of monomers: 

-A-B-C-A-B-C-A-B-C-A-B-C-…,   (2) 
Long sequences include block copolymers, graft copolymers and star copolymers. Block co-
polymers consist of long linear segments different of homopolymers: 

-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-   (3) 
Graft copolymers comprise a backbone polymer chain (poly A) and side chains (poly B). It is 

denoted as polyA–graft–polyB. The backbone chain and side chains are typically different. In 
the case of the same backbone and side chains, the polymer is called branched.87 

Grafting of cellulosic materials with polymer brushes 
Grafting of polymer brushes off the surfaces of nanomaterials is of great interest for nanoengi-
neering. Approaches for the synthesis of polymer brushes are divide on three categories: “graft-
ing to” means pre-synthesized polymer chains are attached to the surface or polymer back-
bone; “grafting from” means that polymer chains are synthesized from the surface, “grafting 
through” is the synthesis of bottle brush polymers by polymerizing of macromonomers.104,105 
Advantages of the “grafting to” approach are simple synthesis of polymer chains and better 
control of polymerization compared to “grafting from” where it is necessary to consider pres-
ence of nanoobjects and morphology of the surface. Advantages of “grafting from” are the tun-
ing of the grafting density and higher possible grafting density as compared to “grafting to”.104 

“Grafting to” of the cellulosic materials are presented by esterification reactions of cellulose 
hydroxyl groups with carboxylic acid–terminated polymers and reactions of amine, carboxyl 
and other groups on the surface of modified cellulose.106 

Cellulose can be grafted by conventional FRP using acrylic and vinyl monomers. This type of 
modification requires the generation of free radical sites. They can be directly generated on the 
cellulose surface by chemical initiators, UV light, gamma rays and exposure to plasma ion 
beams.107 An important example of chemical initiator is ceric ammonium nitrate (CAN). CAN 
is used in aqueous media, it is easy to use and allows high grafting efficiency. Several studies 
have reported application of CAN for polymer grafting from CNCs 108,109 and CNFs.110 Chain 
transfer reactions can be also used for the FRP grafting from cellulosic materials. For this pur-
pose, cellulose can be premodified with thiol or xanthate groups.111 Potassium persulfate and 
Fenton’s reagent can be used for the initiation as well. 

Ionic polymerization can be used for the grafting as well. Cellulose can be grafted by both 
cationic and anionic polymerizations. Another important method of polymer grafting from cel-
lulosic materials and especially from CNCs and CNFs is ring opening polymerization (ROP). 
Monomers such as -caprolactone and lactic acid are the most common monomers which are 
used in ROP. CNCs grafted with poly( -caprolactone) via ROP were used for the preparation 
of bionanocomposites.112 CNFs were grafted with poly( -caprolactone) and poly(lactic acid) via 
ROP as well.113,114 
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RDRPs are widely used for the modification of cellulosic materials. RAFT, NMP and ATRP 
from different types of cellulosic materials has received great attention.98,115,116 SI-ATRP is one 
of most effective methods for the synthesis of polymer brushes from the surfaces of cotton 
microfiber particles 117, cellulose filter papers 98,118,119, bacterial celluloses 120 and 
CNCs.21,22,71,96,121,122 Basic mechanisms of SI-ATRP and conventional ATRP with unbound initi-
ator are the same including initiation, propagation, activation/deactivation, and termination 
processes, however specificities of SI-ATRP credited with tethered initiator should be taken in 
account. To ensure sufficient control over SI-ATRP, deactivator (e.g. Cu(II)Br2) or sacrificial 
initiator can be added to the reaction mixture. Besides control over polymerization, sacrificial 
initiator produces free polymer chains which are close to identical to chains grafted from the 
surface.123 The use of sacrificial initiator allows evaluating grafted polymer chains without 
cleaving from the surface.124 SI-ATRP is employed in Publications I-III for the synthesis of 
polymer brushes from the CNCs and CNFs surfaces. 

3.1.3 Template-directed mineralization of inorganic materials 

Template-directed mineralization utilizes well-known sol-gel process. The sol–gel process is 
the synthesis of inorganic polymers or ceramics from solution through a transformation 
from liquid precursors to a sol and finally to a network structure called a ‘gel’.125 The process 
is based on hydrolysis of metal alkoxides – compounds of metal or metalloid atoms and con-
jugated base of alcohol with subsequent condensation reaction – covalent binding of partially 
hydrolysed molecules. As a result of multiple condensation reactions metal alkoxides con-
versed to metal-oxo or metal-hydroxo polymers. Hydrolysis and condensation of widely used 
silicon alkoxides are presented on Figures 15 and 16, respectively. Reaction conditions such as 
pH and ratio of water to precursor molecules allow tuning the morphology of the resulting 
materials. Depending on pH, formation of either discrete particles or continuous polymer net-
work happens. One should note that nowadays sol-gel process also include reactions or inter-
actions of metal oxides and hydroxide sols, concentrated metal complex solutions (e.g. aqueous 
metal citrate), coordinating polymers and metal salt solutions, and polyhydroxy alcohol and 
carboxylic acid with metal complex.125 

Sol-gel process of silica start from acid or base hydrolysis of the precursor (Figure 15). Tetra-
methoxysilane (TMOS) and tetraethoxysilane (TEOS) are among most common precursors of 
silica-based materials. In both cases hydrolysis of silicon alkoxides represents substitution of 
alkoxy group by the hydroxyl group through pentacoordinate transition states. Depending on 
the reaction conditions, and especially the Si/H2O ratio, several alkoxy groups can be substi-
tuted. Hydrolysis proceeds faster under basic conditions and slower under acidic conditions. 
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Figure 15.  Hydrolysis of silicon alkoxides. A) Acid catalysed hydrolysis and B) base catalysed hydrolysis.

Products of alkoxide hydrolysis contain silanol groups (Si-OH). Subsequent condensation 
includes reactions of two silanols as well as reactions of silanol and -OR groups with formation 
of siloxane bridges.126

The dependence of sol and gel morphologies on pH can be explained as follows. Fast hydrol-
ysis, which is characteristic for basic conditions, leads to substitution of several alkoxy groups 
and formation of molecules with several sites for subsequent condensation. Thus, small and
highly branched agglomerates are formed. In case of slow hydrolysis, condensation starts be-
fore hydrolysis is complete, which leads to the formation of chain-like structures. Other reac-
tion conditions also can affect speed of hydrolysis and thus morphology of the material. 

Figure 16. Condensation of silicon alkoxides catalysed by A) acid and B) base.

Employing templates is an important approach to gain control over structure of sol-gel ma-
terials. Templates can be both soft material such as synthetic polymers,127 biopolymers, pro-
teins and amphiphiles, as well as hard materials such as colloid particles and other metal ox-
ides.128 Templates allow some special structure organisation, e.g. hierarchical porosity and 
tuneable chiral nematic structures.129 Polymer brushes with chemically active functional 
groups may template particles with different shapes. Functional groups catalyse hydrolysis and 
condensation of molecular precursors and lead to the formation of inorganic materials within 
the polymer shell.127
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3.2 Non-covalent modifications

Non-covalent methods of surface modification are based on physical interaction of the sur-
face and the modifying substance. Usually non-covalent methods are straightforward and eas-
ier than covalent modifications. Disadvantages of these methods are weak binding between 
surfaces and the modifying substance in some cases. Non-covalent methods include physical 
adsorption, cation–π interaction, π-stacking, use of hydrogen bonds, electrostatic forces and
hydrophobic interactions (Figure 17).

Physical adsorption is based on van der Waals dispersion forces. Van der Waals dispersion 
forces are electrostatic attraction between non-charged molecules (Figure 17A). Surfaces can 
be modified by adsorption of small or large molecules, e.g. polymers. For example, CNCs can 
be grafted with synthetic polymer by adsorption of saccharide-based amphiphilic block copol-
ymers.130

Electrostatic interactions are widely used for surface modification. Negatively charged sur-
faces of TEMPO-CNFs can be modified with cationic surfactants.131 Electrostatic forces hold 
together oppositely charged parts of interpolyelectrolyte complexes.132 The layer-by-layer 
(LbL) deposition technique is based on electrostatic attraction of alternating layers of oppo-
sitely charged materials. Besides thin films and surface coatings, LbL can be used for fabrica-
tion of core-shell nanoparticles.133

Hydrogen bonds are widely available in nature. These interactions stabilize α-helixes and β-
sheets of proteins, give strength to cellulose fibers and play a significant role in DNA replication 
and stabilization of double helix.

Figure 17. Examples of physical interactions. A) van der Waals dispersion forces; B) Electrostatic attraction of
charged molecules to the oppositely charged surface; C) Hydrogen bonds.

Cation- interactions represents attraction between electron-rich π-systems such as aro-
matic rings, alkenes and alkynes and some cation. Combination of electrostatic and induction 
energies predominate the cation−π interaction.
π-stacking is an interaction between aromatic rings. This interaction includes combination

van der Waals, hydrophobic and electrostatic forces. Depending on the relative orientation of 
the rings one of the interactions dominates. 134 Aromatic interactions play an important role in 
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the folding and binding of some tryptophan containing peptides.135 In the field of surface engi-
neering π-stacking is an important approach of non-covalent modification for the graphene 
and carbon nanotubes. 

Hydrophobic forces are considered to be an entropic force. It appears in clustering and min-
imization of surface area of nonpolar molecules in water. However, arrangements around hy-
drophobic clusters of water molecules are the reason for the hydrophobic effect. Water mole-
cules aim to be in a low-energy state and formation of hydrogen bonds is energetically favour-
able. Non-polar substances are unable to form hydrogen bonds and thus, water around these 
substances rearranges to keep in hydrogen bonded state. This rearrangement decrease entropy 
and increases free energy of the system, which tends to minimize this effect by minimizing the 
contact area. Hydrophobic interactions are the driving force of some self-assembly processes 
such as protein folding and micelle formation.136 

3.3 Self-assembly

Self-assembly is a process of spontaneous organization of matter into stable structures me-
diated by noncovalent bonds under equilibrium conditions. This complex process can combine 
several types of interactions including electrostatic forces, hydrophobic interactions, bio-spe-
cific recognition and others. It is used both for obtaining different structures and for surface 
engineering. 

Self-assembly is an ubiquitous process in organization of biological materials. Protein fold-
ing, formation of well-defined 3D protein structures, and pairing of nucleotides of the DNA 
helix are significant examples of self-assembly.137 The ability of amphiphilic molecules to self-
assemble is also well known. Small molecules such as surfactants and polar lipids, and large 
molecules such as amphiphilic polymers form different types of micelles in solution. 

Block copolymer (BCP) self-assembly is an important research area due to the possibility to 
obtain various structures such as spheres, cylinders, bicontinuous structures, lamellae, vesicles 
and even more complex structures. Classical BCP self-assembly implies the use of polymer 
chains containing mutually repulsive blocks. In the solid state, their volume ratios largely de-
termine the morphology of the self-assembled structures. In a special case aiming at controlled 
structures in aqueous media, the repulsive blocks are selected to be hydrophilic and hydropho-
bic. For BCP self-assembly in solution, the properties and interactions of the solvent play an 
important role as well. Figure 18 demonstrates several morphologies of amphiphilic diblock 
copolymers. The packing parameter, p=V/a0lc, is an important parameter that determines the 
morphology of BCP self-assemblies, where V is the volume of the hydrophobic block, a0 is the 
optimal area of the hydrophilic head group, and lc is the length of the hydrophobic chain.138 An 
increase of the packing parameter leads to a change of morphology from spherical to cylindrical 
and further to lamellar morphology. In solution, the packing parameter can be affected by com-
position and concentration of BCP, content of water, common solvents, additives etc. Change 
of the packing parameter of BCP in solution allows a wide range of morphologies including 
spherical micelles, cylindrical, bi-continuous, lamella, vesicles, tubules, hexagonally packed 
hollow hoops, and so on.139,140 
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Figure 18. The types of formed nanostructures of amphiphilic diblock copolymers due to the inherent curvature of 
the polymer, as estimated by chain packing parameter, p. Reproduced with permission from reference [138]. 
Copyright (2009) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Self-assembly of interpolyelectrolyte complexes 
Along with amphiphilic BCPs, self-assembly of interpolyelectrolyte complexes (IPECs) is of 

interest for obtaining different morphologies. 
IPECs form between oppositely charged polyelectrolytes in aqueous solution where “poly-

electrolytes are a class of water-soluble macromolecules carrying high amounts of 
charges”.132 Polyelectrolytes can be weak or strong polycations and polyanions. A schematic of 
IPECs formation is presented in Figure 19. IPECs of two oppositely charged polyelectrolytes 
consist both of disordered domains and ordered (“ladder like”) zones. IPEC formation occurs 
with increase of entropy due to the release of low molecular weight counterions which were 
associated with the charged groups on the polyelectrolytes. In some cases hydrogen bonds or 
hydrophobic interaction can be additional factors of IPECs stabilization.132 

Factors affecting structure and stability of IPECs include charge-to-charge ratio, length ratio 
of charged segments, concentration, degree of polymerization and charge densities as well as 
counter ion properties, pH and ionic strength of solution. Charge-to-charge ratio, Z+/-, is a very 
important stoichiometric parameter for IPEC formation. It is equal to the ratio of all positive 
to all negative charges of oppositely charged electrolytes. Stoichiometric IPECs are charge neu-
tral and precipitate in water due to its hydrophobicity caused by mutual screening of charges, 
whereas non-stoichiometric IPECs are charged and stable in dispersion. The length ratio of 
charged segments affects the structure of the complex. The IPEC structure is more ordered 
when the charged segments match. Concerning the properties of the solution, the salt concen-
tration has a serious influence on the formation of IPECs. High salt concentration leads to total 
screening of polyelectrolytes. Thus, polyelectrolytes do not interact and complexation does not 
occur. The salt concentration can also affect IPEC structure after complex formation. Salt con-
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centrations above certain values lead to polyion exchange reactions. Another important pa-
rameter of the solution is pH. The amount of charges of weak polyelectrolytes largely depends 
on pH. And thus, pH effects on IPECs complexation. 

 

 

Figure 19. Schematic depiction of interpolyelectrolyte complex (IPEC) formation between polycations and polyan-
ions with a concomitant release of the low molecular weight counterions. Reproduced with permission from 
reference [132]. Copyright (2012) The Royal Society of Chemistry. 

Using BCPs with polyelectrolytes and non-ionic parts for IPEC formation may result in mi-
cellar IPECs. Depending on non-ionic part micellar structure can have IPEC core or IPEC shell. 
If diblock copolymers (AB) with polyelectrolyte part (B) and hydrophilic non-ionic part (A) are 
stoichiometrically mixed with oppositely charged polyelectrolyte (C) then core-shell structures 
form (Figure 20). Complexation of (B) and (C) segments form the hydrophobic micelle core 
and hydrophilic tails (A) form the hydrophilic corona that stabilizes micelles in water. The 
core-shell structure with IPEC core was demonstrated for the first time by mixing poly(sodium 
methacrylate)-block-poly(ethylene oxide) diblock copolymers and poly(N-ethyl-4-vinylpyri-
dinium bromide).141 

If oppositely charged polyelectrolytes have the same hydrophilic segment, then core-corona 
type micelles form. If both oppositely charged polyelectrolytes have different hydrophilic tails 
then depending on miscibility of hydrophilic tails several types of coronae can be formed in-
cluding Janus, patchy and mixed types. The morphology of micelles with IPEC cores have anal-
ogous morphology as compared to amphiphilic BCP micelles. 
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Figure 20. Schematic depiction of interpolyelectrolyte complexation at Z= 1, resulting in micellar structures with an 
IPEC core (I) between neutral block-cationic block linear AB diblock copolymers and homopolyelectrolytes of 
opposite charge (C) leading to core–corona micelles with a corona formed by A; and (II) between neutral-block-
cationic AB and neutral block-anionic block CD diblock copolymers, resulting in micellar IPECs with a Janus 
(II), patchy (III), or mixed corona (IV) of A and D segments. Reproduced with permission from reference [132]. 
Copyright (2012) The Royal Society of Chemistry. 

In the case that one polyelectrolyte has a hydrophobic segment, core-shell structures with 
IPEC shells can be formed. In aqueous media diblock copolymers (AB) with hydrophobic seg-
ment (A) and anionic segment (B) assemble into micelles. Several cases of IPEC shell formation 
are presented in Figure 21. Mixing of (AB) micelles with cationic polyelectrolyte (C) will lead 
to formation of IPEC shells and in case Z+/-<1 or Z+/->1 negatively charged or positively charged 
coronae, respectively. Mixing of (AB) micelles with bis-hydrophilic diblock copolymers (CD) 
with cationic segment (C) and non-ionic segment (D) at Z+/-=1 allows formation of core-shell-
corona structures with non-ionic hydrophilic coronae. This case is the most interesting in the 
sense of IPEC shell morphology. Besides uniform coatings, the IPEC shells can take the form 
of octopus-like structures, rings and helixes.142 

 

 

Figure 21. Schematic depiction of the formation of the micellar structures with an IPEC shell between micelles from 
AB diblock copolymers with a negatively charged corona and linear homopolyelectrolytes of opposite charge 
(C, I + II) or bis-hydrophilic diblock copolymers with a charged (C) and an uncharged hydrophilic segment (D, 
III). Reproduced with permission from reference [132]. Copyright (2012) The Royal Society of Chemistry. 
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Formation of IPEC shells of micelles is similar to formation of IPEC shells of solid particles 
grafted with polyelectrolyte brushes. This approach can be used for the obtaining of topogra-
phies of surface of nanoobjects and microparticles. 

Formation of 3D topography through inerpolyelectrolyte complexation of diblock copolymer 
with polycationic and non-ionic water-soluble blocks and polyanion brushes of the particles 
(Publication I) is also due to self-assembly.96 Electrostatic attraction between oppositely 
charged polyelectrolytes and phase separation of IPEC and water/corona phases of the struc-
ture are main components of this process. 
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4. Surface engineering of nanoobjects.

Results and Discussions

4.1 Formation of 3D topographies on the surfaces of CNCs

The scope of polymer-grafting for surface engineering is demonstrated in Publication I. 
The publication is devoted to investigating IPEC self-assembly on the surface of anisotropic 
substrates - rod-like cellulose nanocrystals. Obtaining 3D morphology on the surfaces of dif-
ferent types of particles is of great interest for the development of surface nanoengineering. 

Cellulose nanocrystals were chosen as a substrate due to their excellent mechanical proper-
ties and sustainability. CNCs were grafted with anionic PAA brushes using SI-ATRP of tert-
butyl acrylate (tBA) with the subsequent hydrolysis of butyl groups. For the IPEC formation 
polyanion-grafted particles were mixed with diblock copolymer PEO-b-PMETAI consisting of 
hydrophilic PEO block and positively charged PMETAI block at Z+/-=1. It should be noted that 
anionic brushes are longer and carrying more charges than cationic segment of the diblock 
copolymer and thus several cationic segments are required per one anionic tethered chain for 
compliance of stoichiometry. 

The process of topography formation is based on self-assembly which is driven by electro-
static forces and hydrophobic interactions. The oppositely charged polymer chains tend to in-
teract with each other due to the electrostatic attraction and thus IPEC shell is formed on the 
surface of CNC. According to second law of thermodynamics, process involving a system at 
constant temperature and pressure will be spontaneous if the system releases free energy 
(∆G<0). The resulting stoichiometric (neutral) IPECs are hydrophobic and tend to minimize 
their surface area in aqueous solution whereas for the PEO corona it is energetically favourably 
to be dispersed in water. 

The change of the tethered anionic brushes length leads to the formation of different IPEC 
morphologies. The simplest possible morphology is a uniform shell on the surface. It is formed 
in the case of relatively short tethered brushes when the IPEC layer has a thickness less than 
the length of the cationic part (or charged part in general case) of the diblock copolymer. This 
is explained by immiscibility of hydrophilic polymer segments of PEO with the sufficiently hy-
drophobic IPEC phase. Thus, the length of the charged block of free diblock copolymer is one 
of the defining parameters for the IPEC morphology. Longer tethered brushes require more 
polymer chains for charge neutralization and the resulting IPECs have larger volume. After 
exceeding a certain critical volume, the uniform shell becomes thicker than the length of the 
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PMETAI segment, which would require energetically unfavourable immersion of hydrophilic 
polymer chains into the hydrophobic shell. Thus, IPEC phases need to rearrange to a different
energetically favourable morphology. In addition, the similar rules apply here that are analo-
gous to the formation of BCP morphologies. The packing parameter of IPEC/corona system 
should be considered in this case.

Rearrangement of the uniform IPEC shell happens as follows. Initially, a convex IPEC shell 
forms, which then extends into tentacle or octopus-like structures on the surface (Figure 22B).
With increasing brush length, the volume of the IPEC increases. Growth of IPEC shell volume 
leads to an increase of packing parameter of the IPECs/corona system. Therefore, IPEC tenta-
cles grow with increasing IPEC volume and at certain volume tentacles turn into lamellae. At 
some point outgrowths merge. Cryo-TEM images and schematics both illustrate the different 
morphologies of IPECs depending on the polymer brush length and the corresponding IPEC 
volume (Figure 22).

Figure 22. Change in the morphology of IPEC shell with increasing of its volume. Cryo-TEM images of IPECs on
A) short, B) medium and C) long PAA brushes. D) Schematics of IPEC morphology for each polymer brushes 
length respectively. Reproduced with permission from reference [96]. Copyright (2016) American Chemical 
Society.96

IPECs formed for the longest PAA brushes (DP=870) (Figure 23A) showed stripes with trans-
verse orientation to the CNC core. Further investigation of striped IPECs with cryo-ET and 3D 
reconstruction showed that this morphology could be helical (Figure 23). Indeed, a helical 
morphology might be feasible as a result of merging of IPEC outgrowths described above. An
IPEC helix geometry is assumed to be energetically favourable on an anisotropic rod due to 
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minimization of the total free energy. The domain sizes of helices can be obtained by the gray-
scale analysis (Figure 23D). The parameters defining the shape of the spiral are linked to the 
intrinsic properties of IPECs and corona components, and the lengths of involved polymer
chains. In 3D reconstruction, single and double helixes were observed. This can be explained 
by difference in grafting density of CNCs and variations of brush length distribution.

Figure 23. Cryo-ET and reconstruction of CNC-g-IPEC11. A) Cryo-TEM overview image and B) 3D reconstruction 
of selected area in (A). C) Schematic of a helical IPEC arrangement: left image is an overview, right image a 
zoom in showing chain arrangement in details (PEO chains covering the orange IPEC have been omitted for 
clarity). D) Close-up cryo-TEM image and grey scale analysis illustrating the helical IPEC pattern. Reproduced 
with permission from reference [96]. Copyright (2016) American Chemical Society.

The described approach for obtaining a helical topography by IPEC self-assembly on the sur-
faces of CNCs is robust and effective. Note, however, that the both cases of helicity were ob-
served and more subtle approaches would be needed if a single case of helicity is pursued. This
controlled way of modification might be extended to different types of nanoparticles and can
be used for wide range of applications for example in biomedicine where 3D topographies play 
crucial role. The approach can be improved by fine tuning different parameters such as com-
position of tethered polymer brushes, different di- and triblock copolymers, grafting density,
etc.

4.2 Template-directed synthesis of silica on the surface of CNCs

Utilization of cylindrical polymer brushes (CPBs) for the template-directed synthesis of inor-
ganic materials is a well-established technique. Soft polymer templates were successfully em-
loyed for the synthesis of nanoparticles of different morphologies.127 Transition from the soft 
CPBs to the polymer-grafted particles significantly facilitates preparation of core-shell tem-
plate material due to the possibility to avoid elaborate stages of polymer synthesis such as an-
ionic polymerization of CPBs backbones. Moreover, nanoparticles not only replace backbones 
in the structure but serve as stiff cores. CNCs are good candidates for use as cores in the process 
of template-directed mineralization. Their advantages are prevalence in nature, sustainability, 
well-known methods of polymer grafting from CNCs21,22,95,96 and rod-like anisotropic morphol-
ogy.
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The use of specific polymer shells on 1D nanoobjects for obtaining organic-inorganic hybrids 
or hybridised surfaces has not been explored in detail previously. It should be noted that pris-
tine CNCs cannot be used as a template for sol-gel condensation because of a large size of the 
forming silica droplets which is comparable to the CNCs length.143,144

PDMAEMA was selected for the polymer brushes in the due to the property 
of tertiary amine groups of PDMAEMA to catalyze the hydrolysis and condensation of the sili-
con dioxide precursor, TMOS. Further, PDMAEMA adsorbs negatively charged activated com-
plexes during hydrolysis within the polymer shell due to its positive charge in water. SI-ATRP
was chosen for the synthesis of brushes because it provides control over the polymer length.
Hybrids were prepared by mixing of CNC-g-PDMAEMA dispersion in water with TMOS.

AFM images show that silica shells are uniform as a result of template-directed synthesis 
(Figure 24), although they have higher roughness (within a few nanometers) than surface of 
CNCs. Moreover, the thickness of the hybrids is increased several times as compared to bro-
minated and polymer-grafted CNCs. The change in PDMAEMA brush length also allows ad-
justment of the silica shell thickness, however, when a certain length of chains is reached the 
structure becomes disordered, as observed in the work with CBPs templates.127

Figure 24. AFM height images of A) CNC-Br and as-synthesized SiO2@CNC-g-PDMAEMA hybrids prepared on 
B) short brushes (10 monomer units), C) medium brushes (25 monomer units) and D) long brushes (80 mon-
omer units). Reproduced with permission from reference [128]. Copyright (2018) The Royal Society of Chem-
istry.

Thermal degradation of organic parts of the hybrid, i.e. CNC and polymer, does not visibly 
change the structure of silica shells (Figure 25A). Shell thickness and core diameter retain their 
size. Calcination of the hybrid materials leads to the formation of hollow microporous capsules
- 3D electron tomographic reconstruction (ET) of the calcined material showed hollow nano-
rods (Figure 25B). Comparison of the N2-physisorption measurements (Figure 25C) of calcined 
hybrids (red curves) and as-synthesized hybrids (black curves) demonstrates the formation of 
mesopores after thermal treatment. The formation of mesopores is seen from the appearance 
of the hysteresis on the red curves (Figure 25C), where an increase of N2 adsorption at low 
relative pressure is evidence of micropore formation.
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Figure 25. Calcined hybrids and sorption measurements. A) TEM image of calcined SiO2@CNC-g-PDMAEMA15

hybrid; B) 3D ET-reconstruction of calcined hybrid; C) N2-Physisorption measurements of as-synthesised 
(black) and calcined (red) SiO2@CNC-g-PDMAEMA15 (left) and SiO2@CNC-g-PDMAEMA25 (right). The scale 
bars are A) 100 nm and B) 10 nm. Reproduced with permission from reference [128]. Copyright (2018) The 
Royal Society of Chemistry.

Template-directed synthesis of silicon oxide on anisotropic CNCs is a versatile tool to fabri-
cate rod-like hollow microporous capsules, which can find applications as insulating aerogel, 
storage and delivery systems, and catalyst support. This method allows the production of uni-
form silica coatings and control of its thickness and can be further extended to other types of 
nanocellulose and nanomaterials, e.g. inorganic materials such as titanium dioxide and zinc 
oxide.

4.3 SI-ATRP from CNF and damage of the nanofibers

Polymer grafting from CNF is presented in . CNF is a prospective material 
due to its excellent mechanical properties, high aspect ratio and surface area as well as biodeg-
radability and environmental friendliness.39 Combination of CNF and other synthetic organic 
and inorganic materials is relevant for wide range of applications from composite materials to 
functional nanomaterials.

Grafting of polymer brushes from the cellulosic nanomaterials provides a means of altering 
the physical and chemical properties of the nanomaterials and improving their functionality.111

SI-ATRP is an effective tool for the synthesis of well-defined polymer brushes with narrow mo-
lecular weight distribution from different types of surfaces. It was successfully used for grafting 
from CNCs and BNC.21,22,145 However, SI-ATRP from CNF was not sufficiently studied before.
Despite the fact that CNCs and CNFs are cellulosic materials, differences in structure and com-
position affect the surface modification procedure and thus, surface modification of CNFs dif-
fers from the modification of CNCs.

SI-ATRP implies attachment of initiator for polymerization to the surface of a substrate,
which in many cases requires removal of water from the reaction mixture. That is a challenging 
task for highly hydrophilic materials such as CNF. The most common ways of water removal 
are solvent exchange and freeze-drying. The most suitable solvents for dispersing of CNFs, i.e.
which do not cause their aggregation, are DMF, DMSO and DMAC. However, solvent exchange 
does not remove all traces of water and thus, it does not allow high degrees of modification of 
the CNF surface with SI-ATRP initiator. Moreover, solvent exchange procedures involve extra 
consumption of organic solvent. A more effective approach for attachment of the initiator is 
utilizing freeze-drying and a two-step esterification (Figure 26).
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Figure 26. Two-step modification for high degree of bromination and characterization of CNF-Brhigh for SI-ATRP. 
Scheme for chemical vapor deposition (CVD) of BriB-Br initiators onto the CNF aerogel (step 1) followed by 
solution esterification in DMF (step 2). Reproduced with permission from reference [97]. Copyright (2017)
American Chemical Society.

The essence of the method is that the modification occurs in two stages. In the first step, CNF 
is freeze-dried from liquid propane resulting in aerogels that are modified with initiator by 
chemical vapour deposition (CVD). Despite the low degree of modification this leads to hydro-
phobization of highly hydrophilic CNF and allows further effective modification in organic sol-
vent. In the second step, the aerogel is dispersed in DMF and esterified with initiator in the
liquid phase.21

Both methods described above were used in the for the modification of 
CNF surfaces. Solvent exchange with subsequent esterification produced CNF with low degree 
of substitution (DS = 0.035), CNFlow, whereas two-step esterification produced CNF with high 
degree of substitution (DS =0.28-0.43), CNF-Brhigh. Comparison of the TEM images of CNF-
Brhigh and pristine (unmodified) CNF (Figure 27A and B) showed that visually CNF did not 
change after high degree of esterification. However molar weight distributions of polysaccha-
rides of modified CNF-Brhigh and pristine CNF differ significantly (Figure 27C). This can be 
explained by the fact that in addition to the polymer chains of cellulose, unmodified pristine 
CNF contains hemicellulose and thus shows two mass fractions on the molecular weight dis-
tribution. In contrast to pristine nanofibers, CNF-Brhigh has only one peak on the molecular 
weight distribution curve and much lower average molecular weight. This indicates that during 
modification of CNF, polymer chains of cellulose were damaged and became shorter, and be-
sides that, highly substituted cellulose polymer chains and hemicellulose were removed from 
the surface of the CNFs. Additionally, XRD measurements showed some decrease of crystal-
linity index which can also be related to damage of CNF during modification (Figure 27D). The 
change of crystallinity index was relatively small, which suggests that crystalline parts of CNFs 
were less affected by the degradation.
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Figure 27. Comparison of native CNF and CNF-Brhigh prepared by the two-step bromination. A) TEM images of 
native CNF from water and B) CNF-Brhigh from THF. C) Elugrams with Molecular Weight Distribution and D)
XRD patterns of native CNF and CNF-Brhigh (Cr.I.= crystallinity index). Note the lacey carbon grid in B. Repro-
duced with permission from reference [97]. Copyright (2017) American Chemical Society.

SI-ATRP from CNFs proceeds with first order kinetics and in case of PDMAEMA and PnBA 
allows polymerization of brushes with up to DPn = 800 monomer units. However, in case of 
CNF-Brhigh prepared by two step esterification process, the polymerization rate significantly 
slows down within a few hours after start. This can be explained by the complication of the 
diffusion of monomers to active sites caused by the growth of polymer chains in CNF aggre-
gates.

Cryo-TEM images of pristine CNFs are presented in Figure 28A. Unmodified CNFs represent 
loosely entangled networks of long nanofibers with “kinks” (inset of Figure 28A). In contrast 
to almost pure crystalline CNCs, CNFs consist of alternating crystalline and amorphous re-
gions, and it can be assumed that the “kinks” correspond to more disordered and flexible parts
of CNFs. The latter are more accessible to chemical modifications and more sensitive to deg-
radation process due to their structure. Degradation of nanofibers with high degree of modifi-
cation becomes visually perceptible after synthesis of polymer brushes from the CNFs surface.
In TEM, CNFs are dark short fibers and polymer brushes are shadows around the fibers (Figure 
28B). Assuming that amorphous regions of CNFs are preferred areas for modification with 
initiator, we can suppose that degradation was caused by the phenomena which is similar to 
polymer-induced exfoliation. Specifically, due to availability of amorphous regions, modifica-
tion could happen not only on the surface but also inside the nanofibre. Thus, growing polymer 
chains inside the cellulose nanofiber required volume and lead to the separation of cellulose 
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chains. This process caused degradation of the nanofibre. Additionally, one can consider the 
hypothesis that damaged regions were affected by mechanical effect caused by the polymer 
brushes (e.g. swelling). The degradation of CNFs was also observed for the silylation reac-
tions.146

Figure 28. TEM images of A) pristine CNF, scale bar 200 nm, B) CNF-ghigh-PDMAEMA, scale bar 500 nm, C) CNF-
glow-PnBA, scale bar 500 nm. Reproduced with permission from reference [97]. Copyright (2017) American 
Chemical Society.

In contrast to CNF-Brhigh, nanofibers with low DS did not undergo visible destruction during 
SI-ATRP as seen from the long dark fiber net (Figure 28C). Thus, mild conditions of initiator 
attachment allow preservation of structural integrity of CNFs.

So far, the suggested approaches of SI-ATRP from CNF are not yet optimized. They require 
large amounts of organic solvents, DMF and DMSO, especially for the purification stages,
which makes the process relatively expensive and not eco-friendly. Therefore, these ap-
proaches need optimization. Nevertheless, the results obtained in this work contribute to the
understanding of surface modification of CNFs.

4.4 Bulk nacre-mimetic clay/polymer nanocomposites

Composite materials gradually replace metals in various applications due to the combination 
of lightweight and good mechanical properties. In the field of micro- and nanocomposites na-
cre-mimetic brick-and-mortar structures demonstrated significant prospects as stiff and tough 
materials. Unlike microcomposites made of micron-scale oxide platelets, it was challenging to 
obtain bulk nacre-mimetic nanocomposite. Most of such nanocomposites present less than 1 
mm thin films and do not allow full exploration of their fracture properties. New successful 
approach of preparation of the first thick nacre mimetic composite and investigation of its me-
chanical properties were demonstrated in .

Nacre-mimetic nanocomposite films made by filtration of clay and PVA water mixtures pos-
sess high tensile strength and stiffness.9 Filtration is an effective method to prepare highly 
aligned platelet composites, however, it is relatively slow, requires filtration set ups, and is not 
suitable for the preparation of thick samples, because diffusion is hampered with increasing 
sample thickness. An alternative way to prepare clay/PVA composite films is evaporation of 
water from the clay/PVA dispersion in a tray or Petri dish. Resulting films are slightly inferior 
in mechanical properties to films obtained by filtration, yet, the possibility of fast preparation 
of large amounts of different areas is a great advantage. Nevertheless, the evaporation ap-
proach by itself is not suitable for the preparation of bulk samples.
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While working with clay/PVA films, it was noticed that wet clay/PVA films adhere well to 
each other and stay as one piece of material after drying. This observation formed the basis for 
development of the new method presented in the Figure 29, where nanocomposite films pre-
pared by evaporation are rehydrated, stacked on top of each other, and dried under compres-
sion and heat. The result is a bulk sample up to a centimeter thickness, which fracture proper-
ties can be tested.

Figure 29. The fabrication of the aligned bulk nanocomposites by evaporation-induced self-assembly followed by 
lamination. PVA-coated clay nanoplatelets self-assemble during evaporation into films of approx. thick-
ness, which are fused together with a simple lamination process. The resulting 12 cm wide plates with a thick-
ness of 3-10 mm can be cut to desired shapes for testing. Shown at the bottom left is a TEM micrograph of the 
aligned bulk nanostructure with a periodicity of 2.6 nm. Reprinted with permission from reference [82]. Copy-
right (2017) WILEY-VCH Verlag GmbH & Co.

For the fabrication of the aligned bulk nanocomposite films containing 60 wt.-% of clay and 
40 wt.-% of PVA were chosen, because films of this composition showed best values of tensile 
strength and modulus. Also, a reference sample was prepared by one evaporation step.

Alignment of clay platelets in the bulk nanocomposite was determined by SAXS measure-
ments. Alignment of platelets was confirmed for the 6-7 length scales and Herman’s orienta-
tion parameter of 0.74 was determined for both bulk composite and single films. For compar-
ison, the reference sample had a Herman’s orientation parameter of 0.57. The lamellar spacing
was determined to be 2.6 nm.

Flexural mechanical properties of bulk nanocomposites in dry and hydrated state are demon-
strated in the Figure 30A. Before testing in a dry state, samples were annealed in the oven at 
130 °C. Annealing allows increasing of stiffness of the samples due to extra drying and subse-
quent crystallisation of PVA. Mechanical testing of dried samples shows flexural stress = 220 
MPa, and the flexural modulus E = 25 GPa. These results are comparable with mechanical 
properties of other nacre-mimetic materials. To study the effect of humidity on the properties 
of the composite, samples were stored at 75% relative humidity for 6 weeks. Hydrated materi-
als slightly decreased in strength and modulus but increased in toughness. The resistance of 
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composites containing hydrophilic polymer to humidity can be explained by the reduced mo-
bility of polymer chains caused by structure of nanocomposite: adsorption of the polymer on 
the clay surfaces and dense packing of clay platelets with 1.6 nm spacing as well as crystalliza-
tion of PVA caused by annealing. Additionally, long diffusion paths for water in the composite 
due to its brick-and-mortar arrangement significantly slows down the effect of hydration. Me-
chanical properties of the dry reference sample prepared in one evaporation step are also 
demonstrated in Figure 30A. It shows significantly lower mechanical properties than lami-
nated bulk nanocomposite.

The more interesting difference in crack propagation was observed between dry and hydrated 
nanocomposites (Figure 30B). In dry nanocomposite, cracks propagate with multiple deflec-
tions in direction parallel to the clay platelets. Crack deflection is characteristic for anisotropic
materials and it happens when a certain direction in the material has lower crack resistance. 
In contrast to the dry sample, in hydrated nanocomposites cracks propagate straight to the 
middle of the sample before being deflected. This can be explained by softening of the PVA 
matrix and increased mobility of clay platelets and thus decrease in anisotropy of the material. 
However, the hydrated material did not become fragile. It dissipates energy by plastic defor-
mation.

On the microlevel of the brick-and-mortar structures, cracks can propagate through platelets 
or platelets are pulled out from the matrix. In case of clay/PVA nanocomposites, clay is signif-
icantly stronger than PVA. Thus, we propose that pull-out of clay platelets from the PVA matrix
is the dominant mechanism.

Figure 30. Mechanical properties and fracture behaviour. A) Bending test results of self-assembled and laminated 
aligned bulk clay/PVA nanocomposite (solid lines). Dark red colour is for dehydrated samples, light blue for 
75% relative humidity. Dotted line shows the reference bulk nanocomposite from a single-step evaporation 
process without lamination leading to less perfect alignment. B) Comparison of crack patterns of a dehydrated 
(top) and a hydrated (bottom) sample. Dehydrated samples showed deflection already at crack initiation, while 
hydrated samples had essentially straight propagation before deflection near the middle of the beam. Repro-
duced with permission from reference [82]. Copyright (2017) WILEY-VCH Verlag GmbH & Co.

To determine the effective fracture toughness, Keff, of the nanocomposite, the J integral for 
the elastic-plastic materials was used. The J integral, the notched bending test, and parameters 
which is used for its calculation, are described in The obtained fracture tough-
ness is . For comparison, red abalone nacre possesses a fracture 
toughness in the range of 4 and 10 MPa m1/2.147 The laminated bulk nanocomposite surpass the 
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fracture properties of most polymers, which usually have fracture toughnesses below 2 MPa 
m1/2, but it is inferior to platelet microcomposite. 

Rule of mixtures as well as the Sakhavand and Shahsavari theoretical model148 gave better 
values than the experimentally obtained values for both mechanical strength and modulus of 
the clay/PVA composite.82 This can be due to the fact that the models do not consider 
nanostructure of the material. Indeed, tight packing of clay platelets creates nanoconfinement 
and can limit entanglement of the polymer chains. Moreover, the real composite is not a perfect 
structure: for example, it can contain domains of undispersed components, which can seriously 
affect the properties of the material. 

The presented method allows relatively quick production of platelet bulk nanocomposites 
with good alignment. In contrast to other clay nanocomposites this material contains high per-
centage of clay. Although mechanical properties of the material are not extraordinary in com-
parison with microcomposites, it provides interesting opportunities, e.g. this is a first aligned 
bulk nanocomposite whose fracture properties can be measured. The issue of improvement of 
the composite is in the understanding of interactions at the clay-polymer interphase and sur-
face nanoengineering. 
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5. Conclusions and outlook

The use of nanomaterials opens enormous opportunities in different fields of research. Very 
often applications require surface engineering of these materials, which involves different 
types of surface modifications. The research of this doctoral thesis was devoted to both covalent 
and non-covalent modifications of nanoobjects surfaces using polymers. 

Cellulose is the most abundant polysaccharide on the Earth obtained from renewable sources 
such as wood, plants, bacteria and tunicates. Nanocellulose is a very promising material due to 
its excellent mechanical properties and sustainability. Therefore, most attention in this thesis 
was paid to SI-ATRP from the surfaces of nanocellulose, studying both opportunities and lim-
itations of this method of modification (Publications I-III). SI-ATRP was chosen for the 
synthesis of polymer brushes, because it is an effective tool for polymer grafting from various 
surfaces and, which is especially important, this method was already successfully used for CNC 
grafting. SI-ATRP provides well-defined molecular structures and narrow molecular weight 
distributions of polymer brushes. Therein well-defined polymer brushes give control over sur-
face engineering. 

3D topographies on nanoparticle surfaces are of a great interest, because they provide great 
opportunities of tuning of surface properties. This is especially important for bioapplications 
where 3D organization of materials plays crucial role on a par with their chemical composition. 
Self-assembly of IPEC shells on the surface of polymer-grafted CNCs allowed the formation of 
stable helical and cylindrical branched topographies (Publication I). The presented ap-
proach is a perspective tool for the preparation of different 3D topographies on the surfaces of 
various nanoobjects. 

Utilization of polymer brushes for the silica coating of CNC in Publication II allowed to 
obtain uniform coatings in contrast to previously used methods of silica condensation. Varia-
tion of polymer shell thickness enabled tuning of the silica shell thickness. Hollow microporous 
rod-like capsules, obtained through this method, have different potential applications such as 
biosensing and cell drug delivery. 

SI-ATRP from CNC and BNC is a well-established technique. Nevertheless, SI-ATRP from 
another type of nanocellulose - CNF (Publication III) – is not a trivial task. Publication 
III demonstrated conventional SI-ATRP from CNFs and revealed unexpected degradation 
caused by this process. SI-ATRP is potentially powerful tool for CNs surface modification, and 
Publication III represents first steps of optimization of this method. In the future, further 
research should be concentrated on the development of environmentally friendly methods. SI-
ATRP procedure of nanocelluloses, including attachment of initiator and polymerization itself, 
should be optimized not only in the sense of decrease of expenses, but also in the sense of using 
eco-friendly materials and approaches. Replacement of classical solvents with deep eutectic 
solvents is a one possible way of making modifications eco-friendly. 
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This thesis also considered preparation and characterization of nacre-mimetic nanocompo-
sites (Publication IV). This part of the thesis was responsible for the non-covalent modifica-
tions of nanoobjects. This work was completely eco-friendly since for manufacturing of nano-
composite only natural montmorillonite clay, PVA, and water were used. The significance of 
this work is that despite the existence of a large number of nacre-mimetic nanocomposite films, 
bulk nacre-mimetic nanocomposite was made and investigated for the first time. In terms of 
strength and toughness the resulting nanocomposite lies between polymers and microcompo-
sites. The method for the preparation of bulk nanocomposites proposed in Publication IV is 
promising and can be further optimized by utilization of synthetic clay and other polymers. 

Future studies based on this thesis work should develop and improve proposed methods of 
surface engineering. Thereby, scope of IPEC shell self-assembly should be further studied, es-
pecially for controlled sense of helicity, and the method should be applied for other solid sub-
strates. Template-directed synthesis of silica on the CNCs should be extended to the synthesis 
of other inorganic materials. SI-ATRP from CNFs should be further optimized, as well as pa-
rameters of nacre-mimetic aligned bulk nanocomposites. 

As a conclusion, it should be pointed out that aligned nanocomposites possess great promise 
and, however, no less grand difficulties with their manufacture. Nevertheless, the potential 
may outweigh the difficulties and disadvantages. Nanocomposites remain an important and 
promising field of research. The development of functional nanomaterials based on hybrids of 
biological and synthetic components also has great prospects. Surface engineering can make a 
significant contribution to both these fields of research. 
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