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Abstract
Current methods employed for healing problematic bone fractures strongly rely
on the use of autologous bone grafts, whereas bone matrix is harvested from the
patient and implanted at the critical bone fracture site. As the harvest itself can
lead to chronic pain at the donor site, other materials are investigated for
application as bone grafts; this is done in the field of bone tissue engineering.
Scaffolds used for bone tissue engineering need to have a variety of features to
accommodate bone cells. The scaffold should mimic natural bone, it should have
appropriate mechanical strength, support cell differentiation to the osteogenic
lineage and offer adequate porosity to allow vascularization and bone in-growth.
Silk fibroin is a desirable material for many tissue engineering applications due to
its superior moldability and beneficial effect on cells. As silk fibroin is obtained
from the silkworm, it has also great possibilities for improvement by genetic
engineering of the silkworm. Cellulose is also of interest for tissue engineering
application, as the strong mechanical properties and biocompatibility are
desirable for use of cellulose as structural bone tissue engineering scaffold
component.
In the first part of this dissertation the aim was to develop a new process to
fabricate a bone tissue engineering scaffold by creating a porous composite
material made of silk fibroin and cellulose. Silk fibroin and cellulose were both
dissolved together in N,N-dimethylacetamide/LiCl and molded to a porous
structure using NaCl powder. The hydrogels were prepared by a sequential
regeneration process: Cellulose was solidified by water vapor treatment, while
remaining silk fibroin in the hydrogel was insolubilized by methanol, which lead to
a cellulose framework structure embedded in a silk fibroin matrix. Finally the
hydrogels were soaked in water to dissolve the NaCl for making a porous
structure. The cellulose composition resulted in improving mechanical properties
for the hydrogels in comparison to the silk fibroin control material. The pore size
and porosity were estimated at around 350 µm and 70 % respectively. The
hydrogels supported differentiation of MC3T3 cells to osteoblasts and are
expected to be a good scaffold for bone tissue engineering.

V

The second part of the dissertation addresses the project of developing basic
fibroblast growth factor-binding recombinant silk fibroin by expression with
transgenic silkworms, Bombyx mori. Basic fibroblast growth factor application
leads to enhanced osteoblast adhesion and promotion of angiogenesis, which is
vital for malnourished bone defects.

In preparation, a transgenic SF L-chain

sequence which codes for a basic fibroblast growth factor-binding peptide, called
P7, in the C-terminal region was prepared and subsequently introduced into the
genome of silkworms via the piggyBac Transposon system. This led to 22 % of
all expressed SF L-chains to be recombinant. Enhancement of basic fibroblast
growth factor binding affinity of recombinant silk fibroin compared to that of the
control, non-transgenic silkworm, was also confirmed.
The final part of the dissertation initially aimed at making silk fibroin/cellulose
composites for bone tissue engineering via dissolution in ZnCl2 hydrate solution.
While this approach was unfortunately difficult due to a lack of an appropriate
coprecipitation mechanism, a very small fiber size cellulose was found in the
precipitation yielded by the process. From this new finding, the project goal was
changed to the development of an energy-saving and straightforward treatment
of cellulosic pulp to obtain functional cellulose nanofibers with catalytic activity
and flame-retardant properties. For this purpose, dried cellulose pulp was mixed
with the recyclable swelling agent, ZnCl2 hydrate, at room temperature. The mild
treatment affected the crystal structure through a partial amorphization, yielding a
mix of native cellulose I and regenerated cellulose II. This treatment
tremendously facilitated the fibrillation into a cellulose nanofiber (CNF) network.
In comparison to fibrillated cellulose from non-treated pulp, the ZnCl2-treated
counterpart featured higher viscosity, film transparency, better mechanical
properties and higher heat stability. Films produced from these nanofibers
showed flame-retardant properties without any further modification. The ZnCl 2CNF showed high reactivity in fiber surface acetylation and allowed a fast and
efficient reaction while using very mild conditions. The cellulose nanofibers
obtained by this process will also be useful for application as structural compound
in BTE composite scaffolds.

VI

1. Chapter
General Introduction
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1. Chapter - General Introduction
1.1. Background
Bone fractures that do not heal in adequate time are considered as “delayed
union”, whereas the healing process is slow, but healing without surgical
intervention is still possible. On the other side, for so called “non-unions” healing
cannot be expected without the use of surgical means [1]. According to the
American Food and Drug Administration FDA, a non-union is established 9
months after trauma with no visible signs of healing for 3 months [2]. When
considering non-union rates of all fractures, estimates are around 1.9 %, whereas
certain fractures, such as tibia (lower leg) and clavicular (collarbone) fractures in
the group of young and middle-aged adults show a risk of 9 % [3]. In a scottish
study, non-union incidence was determined at 18.94 in a population of 100 000
per annum [4]. The rate of non-unions varies with different anatomic regions, softtissue injuries and fracture fixation principles applied for surgical treatment.
Biological reasons for non-unions are severe soft-tissue and bone damage such
as infections and large bone defects. Biomechanical reasons are shear stress
and instability at the fracture site [1]. Significantly decreased healing was
confirmed for fracture gaps larger than 10 mm, compared to fracture gaps smaller
than 3 mm [5], whereas other studies already showed a higher risk for delayed or
non-union for tibia fracture gaps larger than 3 mm after surgical intervention [6,7].
Risk factors for non-union occurrence are: being male, smoking, a high BMI,
diabetes I and II, osteoporosis, osteoarthritis with rheumatoid arthritis, renal
insufficiency, vitamin D deficiency, and the use of benzodiazepine, anticoagulants,
antibiotics, diuretics, opioids and NSAID painkillers [8].
The applicable methods for restoration of damaged bone depend on the condition
of the tissue. Non-unions can be grouped into biologically viable and biologically
non-reactive, non-viable non-unions. Biological non-reactivity is typically caused
by insufficient vascular supply to fracture or non-union site, absence of healing
between non-viable bone fragments while main fragments are viable (necrotic
fragments between viable main fragments, comminuted fracture), bone loss by
trauma or infection which results in sequester formation and finally atrophic
(breakdown involving programmed cell death) non-unions with scar tissue in
3

former fracture gaps with atrophy and osteoporosis of main fragments close to
the fracture site [1].
The “diamond concept” established the mechanical environment and the use of
growth factors, mesenchymal stem cells (MSCs) and scaffolds as the four known
factors that contribute to bone restoration [9]. Common procedures that supply
the mechanical environment for bone restoration are intramedullary locking nails
(with nail dynamization and exchange nailing), external fixation techniques and
augmentation plating. Intramedullary locking nails were established as standard
method for fixation of diaphyseal (long bone shaft) bone fractures, whereas a
long nail (metal rod) is inserted into the medullary cavity (hollow area in long
bone where bone marrow is located) of the long bone to fixate the fracture site
[10]. This method further evolved to nail dynamization, as removal of interlocking
screws at later healing stage allows telescopic movement of nail and tubular
bone, which accelerates the bone healing process [1,11]. Another method based
on intramedullary locking nails is exchange nailing, which comprises exchanging
of nails by a nail that is at least 1 mm thicker than the one previously used. This
leads to increased stabilization, possibility of locally increased blood supply,
which supports the formation of new bone and supply of MSCs originating from
bone marrow [12,13]. External fixation devices are located outside the body with
screws reaching the bone. External fixation makes use of compression
osteosynthesis and/or distraction osteogenesis. The former describes the
process of bringing fracture sites in proximity to initiate fracture healing, whereas
the later describes the method of applying longitudinal tension to the bone to
force elongation by bone growth [14]. Augmentation plating entails the additional
use of a plate, which is fixated with screws at the non-union site after failure of
intramedullary nailing, whereas the nail remains [15].
Bone grafts address the scaffold aspect of the diamond concept. Currently
autologous “Autografts” and allogeneic “Allografts” are used, whereas the former
describes bone harvested from the patient and the latter describes bone
harvested from a human cadaver. Autografts fulfill all required properties for bone
formation, as they are osteogenic (promote synthesis of new bone at recipient
site by donor cells), osteoconductive (promote attachment of osteoblastic cells)
and osteoinductive (stimulate differentiation of host precursor cells to osteoblasts
4

for bone formation). Further, autografts have a low cost and have no risk for
disease transmission or rejection [16]. Shortcomings of autografts are limited
availability and donor site morbidity, such as chronic donor site pain, sensory loss,
scarring and wound complications [17]. Allografts are available from many donor
sites, but are primarily used as structural scaffold with osteoconductive and
decreased osteoinductive potential, because all cells are removed during
preparation which also removes the osteogenic ability [16,18]. Other drawbacks
include the risks of transfer of viral diseases [19] and local infection due to
contamination, with infection rates between 5% and 12.2% [20,21].
Stimulation of bone healing by use of bone morphogenetic proteins (BMPs) as
growth factors has been confirmed in many case reports for non-unions of long
bones of all extremities with good success rates [22–26]. This also led to clinical
application. The FDA approved recombinant human BMP2 for acute tibia
fractures in adults as an adjunct to standard care and recombinant human BMP7
was also approved by the FDA for treatment of tibia non-union in cases where
autografts failed or were unfeasible [27].
Cell therapy based approaches to bone healing employ cells for healing of bone
tissue. When a fracture occurs, the initial phase of bone healing is marked by the
onset of inflammation. At this step, factors and cells from the surrounding tissue
and bone marrow, in particular endothelial cells, immune cells and MSCs,
migrate to the impaired bone region, which finally leads to the homing of
osteoprogenitor cells and osteogenesis [28]. Cell therapy based approaches for
healing

bone

non-unions

successfully

supplied

autologous

MSCs

or

osteoprogenitor cells harvested from bone marrow to bone defect sites, after
case setup dependent ex vivo expansion of cells. The treatment showed
performance comparable to autografts, but without any donor site morbidity, and
even allowed regeneration of large bone defects [29–32]. Unfortunately no
standards for optimum cell application, processing and harvest have been
established until now [1].
Simplified, in summary current treatment recommendations for bone non-unions
provide augmentation plating for humeral diaphyseal (upper arm, long bone)
shaft non-unions, and nail dynamization for femoral and tibial diaphyseal (upper
5

and lower leg, long bone) shaft non-unions, while biological stimulation by grafts
or BMPs is necessary in case of hypertrophic or atrophic (in the process of being
degraded or degraded, biologically (almost) non-reactive) non-unions. External
fixations are used for segmental defects [1].
As the use of autografts comes with the aforementioned donor site morbidity and
allografts carry a high infection risk, alternative scaffold materials for cell homing
are researched as part of bone tissue engineering (BTE) research; one such
material being silk fibroin (SF) [33,34]. Apart from the already established
biocompatibility, SF supports bone growth by down-regulating a suppressor of
osteoblastogenesis [35]. Another particular benefit of using SF for BTE is that its
surface amide groups interact with MSCs and were shown to induce expression
of osteogenic mRNA [36]. Similarly the high β-sheet contents in SF have been
shown to favor osteogenic differentiation of MSCs [37]. The β-sheet content
varies with the processing method of SF [38,39] and a high content also
coincides with an increase in degradation time in vivo [40]. Cellulose has also
been researched for tissue engineering applications because of the wide
availability, the ease of modification and as a structural component for scaffolds
due to its favorable mechanical properties [41]. The composition of SF and
cellulose allows them to complement each other, as mechanical strength of
scaffold materials has been shown to increase with increasing cellulose content
[42–44], whereas cell viability and adhesion were improved upon using SF and
cellulose together rather than cellulose alone [45].

1.2. Silk
1.2.1. General
Silk from Bombyx mori, the domesticated silkworm, is a common fiber material
that is composed of the two major proteins silk fibroin and sericin [46]. SF is also
a widely known material and currently undergoes much research as a material for
tissue engineering. SF consists of 3 parts, which are 6 subunits of disulfide-linked
heavy and light chains and a central peptide called fibrohexamerin [47], which
joins the other 6 subunits together by hydrophobic interactions [48].

6

1.2.2. Processing and fabrications
Before any further processing SF is normally degummed (cooked) in a Na2CO3
solution in order to remove sericin, which is immunogenic in connection with SF
[49]. Then for further molding SF is dissolved, whereas mostly a highly
concentrated LiBr solution is used. After dialysis SF is dissolved in water and
processed into shape directly or regenerated and dissolved in organic solvents
depending on the material properties aimed at [50–52]. Examples of SF before
and after processing are shown in Figure 1.1. Silk cocoons as raw material, silk
after degumming as “SF Fiber” and SF dissolved in water as “Solution” are
shown in Figure 1.1. SF Powder is obtained through milling of degummed SF by
chopping and grinding of fibers by a cutter and ball mill or from stirring
regenerated

SF

aqueous

solution.

Potential

applications

include

the

reinforcement of SF materials or the production of resins by high-pressure and
high-temperature treatment of SF powder [51,53]. SF films are commonly
produced by coating a Petri dish with aqueous SF solution and subsequent
drying. As films obtained at this stage are still water soluble and very amorphous,
they are subjected to either methanol treatment for induction of β-sheets, leading
to a silk II structure or treated with water vapor (water annealing), whereas α-helix
and β-sheet content are tailorable [40,54]. SF can also be used to form sponges,
which mainly relies on freezing of SF solution, which ultimately leads to a spongy,
porous structure. As the pore size can be manipulated by controlling the freezing
conditions, SF sponges have been further investigated for tissue engineering
applications [55–57]. Another method to obtain porous SF materials works by
making SF hydrogels via porogens such as NaCl. For this either an aqueous or
HFIP solution of SF is added to an excess of NaCl in a mold. The SF in aqueous
solution forms β-sheets and solidifies due to salt-induced precipitation, whereas
SF in HFIP solution simply remains as a solid, while the HFIP evaporates; this
also necessitates subsequent methanol treatment for induction of β-sheets [58].
Another form of processed SF currently under investigation is electrospun
nanofiber SF. These fibers with diameters in the nanometer range are obtained
by electrospinning, which relies on the generation of fibers through electric fieldelicited attraction of a thread of SF solution from a charged dispenser onto a
charged surface. For this method the viscosity of the SF solution can be adjusted
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via removable additives to improve the homogeneity of fibers in the resulting
nanofiber sheet [59].

Figure 1.1: SF before and after processing into various shapes (kindly provided by
Y.Tamada [60])

1.2.3. Applications
The safety of SF for medical applications has been sufficiently investigated, as it
has been approved by the FDA for clinical use [61]. For instance SF threads are
used as suture material after surgeries [62] and SF is also researched as base
material for tissue engineering scaffolds [45,63]. As SF is a very moldable
material it allows great freedom in scaffold design. The material can be
processed into films, fibers, foams and meshes, which enables the user to suit
the scaffold to the target tissue. This in turn elicits favorable cellular responses
[34,64]. SF has very appropriate properties for tissue engineering regarding
mechanical stability, biological interactions, biocompatibility, tunable degradability
and low inflammatory response, which is why it is used for targets such as blood
vessels, bones, tendons, ligaments and cartilage tissue [34,38,63].
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1.3. Cellulose
1.3.1. General
OH
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Figure 1.2: Structure of cellulose polymer with non-reducing end to the left and reducing
end group to the right.

Cellulose is a widely available, renewable polymer that also naturally occurs in
pure form (e.g. cotton fibers), but in most cases appears in combination with
lignin and other non-cellulosic polysaccharides, so called hemicelluloses, as they
are the main constituents of the cell walls of all wood species. Cellulose is a
linear homopolymer consisting of β-1,4 glycosidic linked D-glucopyranose units,
as shown in Figure 1.2 [65].
1.3.2. Processing of wood pulp to cellulose
In order to process the wood chip raw material into cellulose pulp, the raw
material needs to be delignified. The principal procedure for this is the Kraft
pulping process that was used for more than 90 % of worldwide pulp production
in 2006 [66]. In the Kraft process the “white liquor”, containing hydroxide and
hydrosulfide anions as active chemical agents, is cooked with wood chips for
removal of lignin, with subsequent washing and bleaching of the pulp. During
cooking in the white liquor the lignin is fragmented into fragments of lower
molecular weight that are dissolved in the pulping liquor, resulting in the so called
“black liquor”. The degradation of lignin mainly aims at cleavage of lignin etherbonds and liberation of phenolic groups. During the Kraft pulping process
hemicelluloses are also dissolved and chemically modified, as they are
deacetylated and glycosidic bonds are cleaved. At a later stage in the process
the hemicelluloses reprecipitate on the cellulose fibers resulting in an
improvement of their strength properties [67]; therefore the Kraft process is
utilized for production of most paper-grade pulps [66]. When aiming for dissolving
pulp, which consists of more than 90 % pure cellulose with most hemicelluloses
9
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removed [68], the standard Kraft process is not feasible due to the high amount
of remaining hemicelluloses. In order to avoid this issue a pre-hydrolysis prior to
cooking in white liquor is used to hydrolyze and solubilize the hemicelluloses in
an acidic environment [69].
The main method for production of dissolving pulp is the acid-sulfite process,
which is used for approximately 70 % of dissolving pulp production worldwide.
This process has a higher pulp yield, higher reactivity and better bleachability
compared to prehydrolysis Kraft pulp. During the cooking step the degradation of
lignin mainly depends on two reaction types. One is sulfonation, which increases
hydrophilicity of lignin and thereby solubility. The other is hydrolysis of ligninlignin and lignin-carbohydrate bonds. During this process polysaccharides are
also hydrolyzed, whereas this reaction favors hemicelluloses over cellulose to a
feasible degree [66].
Finally for Kraft and sulfite pulps, after cooking the pulps are washed and
subsequently bleached. Bleaching is performed with chlorine based chemicals or
oxygen, hydrogen peroxide and ozone as an environmentally friendly alternative.
The bleaching process is used for removal of color in pulps, due to residual lignin
and other colored impurities [70].
1.3.3. Cellulose Processing
Cellulose is the raw material for the production of rayon or lyocell fibers, which
are both produced by wet-spinning, whereas a cellulose solution is extruded into
a coagulation bath to yield fibers. Both have wide application in the common
textile industry. Rayon fibers are produced as viscose rayon. While viscose rayon
uses wood pulp as raw material, the cellulose needs to be chemically modified for
dissolution through xanthogenation and reacts back to cellulose during the fiber
coagulation step. Lyocell fibers use wood pulp as raw material too, but only
require dissolution of cellulose by a mixture of N-methylmorpholine-N-oxide
(NMMO) and water without any chemical modification. The obtained cellulose
solution is also extruded in a coagulation bath in order to produce fibers [71].
Cellulose has been processed into other shapes such as films, hydrogels or
electrospun nanofibers. In all these cases, the basic mechanism is that cellulose
is dissolved, shaped and regenerated in an anti-solvent [72,73] or it is chemically
10

modified for dissolution and after shaping it is reverted back to non-derivatized
cellulose by a chemical reaction [74]. The regeneration of cellulose after
dissolution occurs with a change of the allomorph from cellulose I to cellulose II.
Cellulose I is the allomorph of native cellulose with a parallel chain arrangement,
whereas the chain arrangement in cellulose II is anti-parallel [75,76]. This change
can also be elicited through mercerization. In this process swelling of cellulose is
caused by treatment with a sodium hydroxide solution, with the conversion to the
more stable cellulose II occurring after removal of the base. This is a solid phase
process in which the swelling allows the cellulose chains a sufficient degree of
mobility for rearrangement to the anti-parallel chain orientation of the cellulose II
allomorph [77].
1.3.4. Applications
Cellulose is the basis of the pulp and paper industries, being used for a great
variety of applications [78], such as textiles, paper, green plastics [79], or also
drug delivery [80]. Cellulose has been researched for tissue engineering
applications as well as wound dressings [81–83] and its in vivo biodegradability
has been confirmed [84]. For some applications, with further research ongoing,
nano-structured cellulose is used, which designates cellulosic materials with the
size of at least one dimension being in the nanometer range [85]; nanocrystalline
and nanofibrillar cellulose being the two most prominent subforms. Commercial
uses for nanocellulose include the use as absorbent in diapers and rheology
modifier in pen inks (cellulose nanofibrils) [86,87], or as food product by the name
“nata de coco” (cellulose of bacterial origin) [88]. The application of cellulose
nanofibrils and nanocrystals is also considered for use in composites, whereas
the high aspect ratio of nanofibrils [89,90] and the high crystallinity and strength
of nanocrystals [91] are both useful for enhancing composite properties. An
example for this is the use of nanocellulose together with brittle, silica-based
materials for bone tissue engineering, with the nanocellulose component aiding
the stability of the material [92]. Cellulose nanofibrils and nanocrystals also
exhibit osteoconductive behavior in bone [93] and many methods have been
established to form tissue engineering scaffolds with varying elastic modulus,
pore size and interconnectivity [94]. Bacterial cellulose is a form of nanocellulose
which occurs naturally. It consists of pure cellulose of bacterial origin produced as
11

nanofiber network, and with its natural, three dimensional structure it has been
researched for its favorable characteristics for medical application as well [83].
Another form of such naturally occurring cellulose 3D structures are
decellularized cellulose scaffolds of plant-origin, which have been investigated for
their tissue engineering performance, since they are easily shapeable and their
porous structure can be designed to offer a suitable foothold for cell attachment
and vascularization [95].

1.4. Bone Tissue Engineering
1.4.1. General
Tissue engineering deals with the development of treatments for damaged tissue
by making use of functional substitutes [64]. Bone tissue engineering (BTE)
investigates methods to regenerate bone for clinical application and tissue
models. Such grafts can be transplanted to alleviate and heal bone defects and
thereby provide another option for current clinical treatments [96]. In general the
bone structure is comprised of dense cortical bone and to some extent spongelike cancellous bone that contains pores filled with bone marrow or fat [96]. The
bone structure consists of approximately 20 % organic matter, 10 % water and
65 % inorganic matrix [97]. The organic and inorganic matrix is mainly made up
of an elaborate arrangement of collagen I fibers with hydroxyapatite [98]. Bone
tissue is renewed and remodeled constantly by formation and resorption, which is
performed by osteoblasts (bone forming) and osteoclasts (bone resorbing)
[96,99]. For this reason, the recruitment of mesenchymal stem cells (MSCs),
which are the progenitors of osteoblasts, their homing and the ability of the
surrounding tissue to elicit differentiation to the osteogenic lineage is of great
importance for the repair of bone fractures [100]. Osteoblasts express alkaline
phosphatase (ALP) which is an important enzyme involved in tissue matrix
mineralization, and as they become encapsulated within their own matrix they are
referred to as osteocytes [99,101,102]. These in turn produce substances that
can modulate the recruitment, differentiation and activity of osteoblasts and
osteoclasts upon mechanical stimulation [96]. This makes osteocytes an
essential mediator in directing bone remodeling in response to mechanical
stimulation [103].
12

1.4.2. Requirements
In general the scaffold matrices used as tissue substitutes need to fulfill several
requirements. These are appropriate mechanical strength that can sustain cell
attachment and proliferation and withstands load-bearing, good biocompatibility,
biodegradability that matches tissue growth rate and an interconnected porous
structure that allows flow of nutrients and waste to maintain cell viability [33,104].
To improve applicability, scaffold features such as molecular structure,
embedding of cell signaling factors, surface treatment, mechanical properties and
micro/nanometer scale topography are varied to positively influence adhesion,
migration, proliferation, differentiation and cell signaling [105–112].
A BTE scaffold in particular should favor cell differentiation to the osteoblastic
lineage, which largely depends on the extra cellular matrix (ECM) as regulator of
stem cell fate [107,113,114]. Further tasks include guiding bone growth to desired
areas and stimulating integration of nascent bone tissue into the surrounding
bone matrix [115]. The choice of base material for the scaffold matrix mimicking
mechanical and biological characteristics of natural bone matrix therefore
presents the key challenge for BTE, which is why many materials have already
been tested for BTE application [33,96,116]. Sponge-like scaffolds are favored as
the pores have been shown to support cell adhesion, proliferation, migration and
nutrient/waste flow. Pores are mostly induced by gas foaming, lyophilization or
porogen leaching, whereas size can be adjustable [55,117]. Various authors have
reported on the optimum pore size for BTE with different conclusions, some
ranging from 96 µm to 400 µm [118–122]. A minimum pore size of 300 µm has
been established though as minimum requirement for vascularization and bone
ingrowth, which are imperative for success in tissue regeneration [121–123]. In
addition to porosity, also stiffness is an important feature, which contributes to
more than only mechanical stability. MSCs have been confirmed to show a
varying degree of cell adhesion and different differentiation lineages depending
on the elasticity of the substrate upon which they were cultured. A differentiation
to neuronal lineage has been reported for soft matrices, whereas stiff matrices
were shown to be osteogenic [107,124]. Nanoscale matrix surface has also been
shown to govern stem cell fate, with disordered surfaces eliciting expression of
calcifying proteins, while cells cultured on smooth surfaces failed to do so [106].
13

Summarized, the requirements are:
-

Mechanical strength similar to bone, suitable for load bearing applications.

-

Rough nanoscale surface topography, presence of cell signaling factors,
appropriate surface functional groups and material stiffness similar to
bone, which all influence adhesion, migration, proliferation, differentiation
and cell signaling.

-

Pores with minimum size of 300 µm for cell migration and nutrient/waste
flow which allows vascularization and bone ingrowth.

-

Biodegradability to match tissue growth rate.

-

Biocompatibility to avoid immune response.

1.4.3. Scaffold Materials
Various materials were investigated for application in BTE. These include metals
[125,126], ceramic and silica based materials [127,128] and natural polymers,
such as collagen or silk fibroin [96,129]. Many materials on an exclusive polymer
basis offer great biocompatibility, but face the drawback of being unable to match
the load-bearing requirements of bone tissue. To ameliorate this shortcoming,
composite materials are designed that allow the modulation of mechanical
properties by controlling the composition [33]. By pursuing this approach many
works have been published that successfully elaborate on different material
compositions of composites for BTE scaffolds. The investigated materials include
but are not limited to compositions of SF, (nano-)cellulose and its derivatives,
hydroxyapatite, glass and gelatin [37,45,130–133]. A comparison of advantages
and disadvantages of scaffold materials is provided in Figure 1.3.
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Figure 1.3: General overview of BTE scaffold materials in use, their advantages and
drawbacks [33,116,134,135].

1.5. Transgenic Technology
1.5.1. Applications and Tools for Gene Editing
Transgenic animals are made for various reasons, such as models for particular
diseases [136] or in order to study specific protein functions [137]. They are also
made for economic reasons to aim for disease resistance in cattle [138],
improved

wool

production

performance

[139,140]

and

to

produce

pharmaceuticals like human antibodies [141,142]. The term transgenic
designates an animal with an altered genetic content. This is facilitated by
introduction, inactivation or modification of a gene [143]. This change is
performed in vitro and alters the genome of all cells, which causes the
transmittance of this change to the litters after breeding [144]. Many methods
15

have been established to induce overexpression of a gene by introduction of one
or more copies of that gene into the genome. The methods to achieve this
include pronuclear microinjection (injection of genetic material into nucleus of
fertilized oocyte) [145], embryo infection by retroviral vectors (introduction of
genetic material by use of a retrovirus) [146], transfer of chromosome segments
[147], sperm-mediated DNA transfer [148] and introduction of genetically
modified embryonic stem cells, which leads to chimeras (organism composed of
cells of more than one genotype) [149,150]. In addition to pronuclear
microinjection that simply relies on random integration events of injected DNA,
transposon based methods such as the piggyBac system are also used with
microinjection [151]. Gene knock-outs and knock-ins depend on the introduction
of double strand breaks in the genome that are repaired by the natural
mechanisms

non-homologous

end-joining

or

homology

directed

repair

respectively. This can be achieved by site-specific nucleases which are designed
to target specific loci in the genome. The four nucleases currently employed for
this purpose are meganucleases, zinc finger nucleases, transcription activatorlike effector nucleases (TALEN) and the (clustered regularly interspaced
palindromic repeats) CRISPR/Cas9 system (CRISPR associated 9 nuclease)
[136].
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1.5.2. piggyBac Transposon Method

Figure 1.4: piggyBac Transposon system. A cell is transfected with a vector carrying the
piggyBac transposon and another vector coding for the piggBac transposase. The
transposase (red) is expressed and recognizes the inverted terminal repeat sequences
(L arm and R arm, yellow arrow) of the transposon. The transposase transfers the
transposon into a random TTAA site in the host genome.

The piggyBac transposon was initially discovered in mutant Baculovirus strains
[152] and was later determined to work with the piggyBac transposase, which
facilitates transposition of the piggyBac transposon into the genome. The
transposase recognizes inverted repeat elements 5’ and 3’ of the transposon
cassette (L arm and R arm in Figure 1.4) and transfers it into a random TTAA site
in the genome [153–155]. The piggyBac transposon system has been used for
establishing transgenic silkworm strains [151] and effectiveness was also shown
for gene transfer into human cells [156] and in adult mice in vivo [157]. Footprintfree removal of the transposon is also possible, which was made use of by
17

generation of induced pluripotent stem cells by expression of reprogramming
factors facilitated by the piggyBac transposon system, with subsequent excision
of the transposon cassette by the piggyBac transposase [158].
1.5.3. Objective
The overall aim of this project was to develop scaffold materials for bone tissue
engineering on a SF material basis. This comprises two approaches: The first
one was to make a porous composite material of SF and cellulose, thereby taking
advantage of the mechanical strength of cellulose and the cell growth ability of
SF. The second approach consisted of making recombinant SF, by making and
rearing transgenic silkworms. The recombinant SF was designed to contain a
basic fibroblast growth factor (bFGF) specific binding sequence that allows the
loading of the SF material with bFGF for a timed release.
The third approach was to develop another solvent system to fabricate
SF/cellulose composites in order to achieve a safer and simpler process. A ZnCl 2
based solvent was investigated for dissolving SF and cellulose. However, this
method was found not to be adequate for making composites because of a lack
of a suitable coprecipitation mechanism. But very fine and small fibers appeared
during the precipitation of cellulose, so the objective of the third approach was
changed to the development of a cellulose nanofiber fabrication technology,
thereby contributing to the BTE applicability of cellulose nanofibrils as explained
in chapter 1.3.4. In this project the treatment of cellulose pulp with ZnCl2 for
energy-saving production of cellulose nanofibers was investigated. The scope of
the project was expanded by elaborating on the catalytic and flame retardant
functionalization introducible by ZnCl2 application. When used to supplement SF
scaffolds for BTE, the cellulose nanofibers obtained by our new process will be
useful for improving the mechanical properties.
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2. Chapter – Porous Silk Fibroin/Cellulose Hydrogel for Bone
Tissue Engineering
2.1. Introduction
The aim of Bone Tissue Engineering (BTE) is to investigate methods for
regeneration of bone for tissue models and clinical use. Artificially made BTE
grafts are transplanted for healing of critical bone defects and provide an
additional option for current clinical treatments [1]. Bone tissue is consistently
remodeled and renewed by formation and resorption, which is performed by
osteoblasts (bone forming) and osteoclasts (bone resorbing) [1,2]. For tissue
matrix mineralization osteoblasts express an important enzyme called alkaline
phosphatase (ALP), and as they become encapsulated within their own matrix
they are referred to as osteocytes [2–4]. Generally sponge-like materials are
prefered for BTE, since pores were shown to support nutrient/waste flow, cell
proliferation, adhesion and migration [5]. Apart from porosity, stiffness is a distinct
factor that contributes to not only mechanical stability. Mesenchymal stem cells
(MSCs) exhibited a varying extent of cell adhesion and different differentiation
lineages depending on culture substrate elasticity, whereas stiff matrices were
shown to be osteogenic [6,7].
Various beneficial properties of SF for tissue engineering have been determined,
which lead to investigation of SF as scaffold base material [8–10]. SF possesses
characteristics particularly suitable for BTE such as suppression of an
osteoblastogenesis down regulating pathway [11], osteogenic surface amide
groups [12] and high β-sheet content in SF was shown to promote osteogenic
differentiation of MSCs [13]. The β-sheet content is dependent on the processing
method of SF [9,14] and influences the degradation time in vivo, whereas a
higher content results in a longer degradation time [15]. In order to enhance the
SF performance for BTE, several composite materials have been proposed and
studied, among which, calcium phosphate-based inorganic compounds and
collagen are components, due to their presence in vivo, and also other materials
such as cellulose have been employed to reinforce the scaffold [16–18].
Composition of cellulose and SF results in an increase of mechanical strength of
the scaffold material with increasing cellulose content [19–21], whereas cell
39

adhesion and viability increased when using cellulose and SF together rather
than cellulose alone [22]. SF/cellulose composites have been prepared in various
manners based on organic and aqueous solvents as well as ionic liquids, with
some of them having been investigated for their cell culture performance with
promising results and success in in vivo application. However, these composites
have some disadvantages as many were only developed for fiber or film
application, had insufficient pore size, required regenerated SF as substrate, or
needed high temperature treatment for dissolving SF [18–20,23–26].
The aim of this work is to develop a novel process to fabricate a composite of SF
and cellulose with a porous structure suitable for BTE with improved mechanical
properties through the use of cellulose. The composite preparation method used
in this work is based on the N,N-dimethylacetamide/LiCl (DMAc/LiCl) solvent,
NaCl as water-leachable porogen, and a novel sequential regeneration process
by a combined water vapor and MeOH treatment.

2.2. Materials and Methods
Dried bleached beech sulfite dissolving pulp (Mw = 303.7 kg/mol) was provided
by Lenzing AG (Lenzing, Austria). Silk cocoons (Bombyx mori) were obtained
from an experimental farm in Faculty of Textile Science and Technology, Shinshu
University, Ueda, Japan. The used chemicals were obtained from Wako, Japan
unless otherwise stated.
2.2.1. SF/Cellulose Hydrogel Preparation
2.2.1.1.

Dissolution

Silk (Bombyx mori) cocoons were cut into small pieces and degummed in
0.25 g/L Na2CO3 solution at 98 °C for 30 min. After washing with reverse osmosis
water (ROW) the silk fibroin fibers were dried at 50 °C for storage. The fibers
were washed consecutively with reverse osmosis water (ROW), ethanol,
dimethylsulfoxide (DMSO), and N,N-dimethylacetamide (DMAc) and then stored
in DMAc for more than 12 h. The DMAc was removed by filtration under reduced
pressure and the fibers were added to DMAc/LiCl (9 wt%). The suspension was
kept stirring for 24 h at room temperature to yield a solution with a silk fibroin
concentration of 5 wt%. In order to remove undissolved impurities, the solution
was centrifuged for 5 min at 30,000 × g rcf and the supernatant was further used.
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Dried cellulose pulp was swelled in water and blended by a mixer (Iwatani, IFM800DG, 20,000× g) at room temperature. The cellulose fibers were washed with
ROW, ethanol, and DMAc and kept in DMAc for more than 12 h. After vacuumfiltration, the cellulose fibers were added to the 5 wt% silk fibroin solution in
DMAc/LiCl, to yield cellulose concentrations of 0.3 wt%, 0.5 wt% and 1 wt% (w/v).
Samples made with these solutions were named S5C0.3, S5C0.5, and S5C1.0,
respectively. The solution was kept stirring for 24 h at room temperature.
2.2.1.2.

Hydrogel preparation

Molds were prepared by cutting off the outer stamp and head of 10 ml disposal
syringes (TERUMO Co. Ltd., Tokyo, Japan). The syringe body was filled with
3.6 g of NaCl powder (mean grain size: 440 µm, Wako Co. Ltd., Tokyo, Japan).
Approximately 1 ml of the SF/cellulose solution was added to cover the NaCl in
the syringe and the syringe was centrifuged at 30,000× g rcf for 5 min to settle
the NaCl powder. The syringes were placed into an airtight vessel containing
100 ml of saturated MgCl2 solution to maintain a relative humidity of 33 % [27].
The syringes were kept at room temperature for 7 days. The formed bodies were
pushed out from the syringes and immersed in methanol for 24 h with shaking.
The resulting composite bodies were soaked in ROW for at least 8 h and solvent
exchange was repeated 10 times to completely remove remaining solvents
(methanol and DMAc). During this process, the NaCl in the hydrogels was also
dissolved and leached out. The hydrogels were kept in ROW and autoclaved for
storage to prevent microbial growth. As control, a solution of 5 wt% SF in
DMAc/9% LiCl without cellulose was prepared and processed as above except
for solidification in gaseous methanol and not by aqueous humidity. The control
sample was named S5C0.
2.2.2. Cell Proliferation and Adhesion
For the evaluation of cell adhesion and proliferation behavior on the hydrogels,
MC3T3-E1 cells (RIKEN BRC, Tsukuba, Japan) which can differentiate to
osteoblast-like cells, were cultured on the hydrogels. The cylindrical hydrogels
were cut into disks with a thickness of 1–2 mm and disks with a diameter of
10 mm were punched out. These disks were autoclaved and placed into the wells
of a 48 well cell culture plate. The suspended MC3T3 cells (5 × 10 4 cells/100 µL
in culture medium, Eagle MEM with 10% Fetal Bovine Serum) were seeded per
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well and incubated at 37 °C, 5 % CO2. After 1 day of culturing, 900 µL of medium
were added to each well. The hydrogels were taken on the 1st, 3rd, 5th, and 7th
day after seeding, washed by PBS (-) buffer and immersed in 500 µL of 0.5%
Triton X-100/PBS to make a cell lysate for cell counting by LDH activity assay.
The LDH activity assay was performed according to a previous report [28].
2.2.3. ALP Expression Assay
For the evaluation of ALP expression of cells on the hydrogels, MC3T3-E1 cells
were cultured on the disk hydrogels in the same manner as above described for
the cell proliferation test. The culture was continued for 3 weeks and the
hydrogels were taken on the 1st, 7th, 14th, and 21st day after seeding. As the
samples were analyzed, cell number and ALP activity on the hydrogels were
measured on the same day. TRACP & ALP assay kit (MK301, TakaraBio co ltd.,
Tokyo, Japan) was used for determination of the ALP activity and the assay was
performed according to the manufacture’s manual. Calf ALP (Lot No. 3628209,
Toyobo co. ltd., Osaka, Japan) was used as a standard of ALP activity.
2.2.4. Pore Structure and Porosity
The hydrogels were lyophilized after solvent exchange with ethanol, followed by
transfer to tert-BuOH. Dried samples were coated with platinum by vacuum
evaporation (MSP-20UM, Vacuum Device, Mito-shi, Ibaraki, Japan)) and
observed by Scanning Electron Micrography (SEM) (Keyence VE-9800 SEM,
Keyence, Osaka, Japan) at 10 kV. The average pore size was estimated by SEM
photographs using ImageJ (v1.53a NIH, Bethesda, MD, USA).
The porosity of the hydrogels was estimated by µCT measurement. The
measurement was performed by an X-ray Micro-tomograph apparatus (Skyscan1272, Bruker, Billerica, MA, USA) at 5 µm/pixel resolution. Data sets were
reconstructed (NRecon v1.7.4.6, Bruker, USA) and representative segments
were transformed into binary images with dynamic thresholds and applied for
morphometric analysis (CT Analyzer v1.18.8.0+, Bruker) and for making
3-dimensional models (CTvox v3.3.0, Bruker). The porosity was calculated during
the morphometric analysis process by CT Analyzer.
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2.2.5. Compression Test
The compression test was performed on a Tensile Test device (EZ-SX, EZ Test,
Shimadzu co. Ltd., Tokyo, Japan). The cylindrical hydrogels (diameter 13 mm)
were cut to a height of around 9 mm and kept wet during the compression test.
The round compression area was 133 mm2 and the speed of compression was
5 mm/min. The compressive modulus was calculated from the initial slope of the
stress-strain curve at 5% to 10% strain by Origin software (v9.65, OriginLab,
Northampton, MA, USA). The compressive strength was determined from the
stress at 30% strain, according to the literature [29,30].
2.2.6. FTIR
FTIR measurements were performed within the attenuated total reflectance
(ATR) mode and transmission mode with KBr pellets (IRPrestige-21, Shimadzu
co. Ltd., Tokyo, Japan). The hydrogels were lyophilized with water in order to
prepare them for measurement. The measurement ranges were 4000–600 cm−1,
with an accumulation of 30 scans and resolution of 2 cm−1 for both modes.
The interpretation of the SF secondary structure was based on the analysis of the
amide I region [31]. Briefly, a baseline was drawn between 1720 cm −1 and
1580 cm−1. By calculating the second derivative of the spectral data, information
on bands attributable to specific secondary protein confirmations was obtained;
Gauss-shaped curves were assumed for band integration. Band area ratios
acquired through band deconvolution were used to calculate the relative
structural content of secondary protein conformations. The peak analysis was
performed by Origin software.

2.3. Results and Discussion
2.3.1. Hydrogel Fabrication
SF/cellulose hydrogels with porous structure were fabricated by employing a twostep, sequential gelation process. As shown schematically in Figure 2.1, SF was
dissolved in DMAc/LiCl first and subsequently cellulose was dissolved in the SF
solution (“Dissolution” in Figure 2.1). After adding NaCl powder as porogen
(“Templating” in Figure 2.1), the solution was allowed to absorb minor amounts of
water from the atmosphere of a defined humidity at room temperature. Acting as
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the antisolvent, the water caused gelation/regeneration of the cellulose, while SF
was held in solution (“Regeneration Step 1” in Figure 2.1). At this stage, the
binary solution turned to a gel structure around the porogen. This gel-like
structure was immersed in methanol, which caused the insolubilization of SF
through the crystallization of SF molecules (“Regeneration Step 2” in Figure 2.1),
the solidification of the cellulose gel, and reprecipitation of residual dissolved
cellulose. The final structure of the hydrogels was assumed as crystallized SF
material embedded in the cellulose scaffold, both arranged around the NaCl
porogen. These NaCl templates were removed through leaching in ROW
(reverse osmosis water) at the final step (“Washing” in Figure 2.1). The samples
were named S5C0.3, S5C0.5, and S5C1.0 according to the wt% contents of silk
fibroin (S) and cellulose (C) in the “Dissolution” step. The control without cellulose
was named S5C0.

Figure 2.1: Hydrogel preparation. Dissolution: a) Dissolving silk fibroin (SF) in
DMAc/LiCl. b) Dissolving cellulose in the SF solution. c) Templating: Addition of NaCl
powder. d) Regeneration: 1. Cellulose is regenerated by water entering from air, gelation
occurs; 2. soaking in methanol, SF is insolubilized. e) Washing: Removal of porogen and
solvent, a porous hydrogel is formed.
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2.3.2. Structural analysis by FTIR
Figure 2.2A and 2.2B show FTIR spectra of SF/cellulose hydrogels measured in
transmission mode with KBr pellets and attenuated total reflectance (ATR) mode,
respectively. The amide I band at 1630 cm−1 and amide II band at 1530 cm−1,
which are attributed to SF [20], were clearly observed in the spectra of
SF/cellulose hydrogels and bands at 1019 cm−1 (C-O stretching band) and
1162 cm−1 (C-O-C stretching, glycosidic linkage) assigned to cellulose [32] also
appeared in the spectra. The composition of both SF and cellulose was
confirmed by this result. As all spectra were normalized to the cellulose-specific
band area in the range of 1100 cm−1 to 960 cm−1, a decrease in the amide band
area corresponding to an increase in cellulose content was observed.

Figure 2.2: FTIR spectra of hydrogels. (A) Transmission (KBr) set up, (B) attenuated
total reflectance (ATR) set up. Significant bands (amide I 1630 cm −1, amide II 1530 cm−1,
cellulose C-O stretching 1019 cm−1) are marked by dotted lines. Amide I peak area for
deconvolution is marked in hatching.

Upon comparison of spectra taken in transmission mode (Figure 2.2A) and ATR
mode (Figure 2.2B) a distinct difference in the peak shape of the amide I band
can be noted. The amide I band reflects the secondary structure of proteins, such
as SF. The amide I band of the spectra was deconvoluted to several peaks which
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are assigned to the secondary structures of SF. β-sheet, α-helix/random coil, and
turn/bend structures were assigned to peaks at 1622 cm −1 and 1639 cm−1, 1658
cm−1, and 1660~1700 cm−1, respectively [31]. The ratio of the secondary
structures was estimated from the peak areas. Deconvolution of amide I bands is
shown in more detail in Figure S2.2. Table 2.1 summarizes the results of both
transmission mode and ATR mode measurements.
Table 2.1: Secondary structure ratio of SF in the SF/cellulose hydrogel hydrogels by
analysis of FTIR.

Content

Mode

S5C1

S5C0.5

S5C0. 3

S5C0

ATR

64 ± 3

65 ± 2

65 ± 2

65 ± 1

Transmission

36 ± 1

36 ± 1

32 ± 7

37 ± 6

ATR
α-helix and
random coil, % Transmission

18 ± 4

17 ± 2

19 ± 4

18 ± 2

35 ± 2

24 ± 4

29 ± 10

27 ± 12

ATR

17 ± 2

18 ± 2

17 ± 2

17 ± 1

Transmission

29 ± 2

40 ± 5

39 ± 8

36 ± 7

β sheet, %

Turns and
Bends, %

By transmission mode measurement, the β-sheet content for hydrogels was 32%
to 37%. On the other hand, by ATR mode measurement, the celluloseindependent β-sheet content for hydrogels was estimated to be at around 64%.
The ATR-reportable parts of the SF/cellulose hydrogels thus had a highly ordered
crystalline structure. The difference of β-sheet contents measured originates from
the different penetration depths of IR transmission and ATR modes, which is why
they react differently to the internal structure of the composites. The samples
measured in both modes were powders prepared by crushing the freeze-dried
hydrogels. While in transmission mode the IR light detects the structural
information from the bulk composite, ATR mode provides the molecular structural
information only from the surface-near region, because the IR light penetration
depth is limited to several µm from the surface. The penetration depth can be
estimated by Eq. 1. [33]:

√
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(Eq. 1)

6.25 µm for λ at the amide I region wavelength (1600 cm−1) were used. n1 and n2
are the refractive indices of diamond (2.376 at 6.25 µm) [34] and SF (1.530 at 1.5
µm) [35] used for calculation, respectively. θ is the incident angle of IR light to
the prism, set at 45°. The resulting calculated penetration depth was 1.79 µm.
Since the apparent powder size for ATR FTIR measurement was at several
hundred µm, the ATR spectra were accumulated only from the near-surface
region of the powder material. The difference in β-sheet content obtained by ATR
and transmission FTIR measurements can likely be attributed to the solvent
penetration dynamics of methanol in the composite, which seem to favor surfacenear regions. These results indicate that the SF/cellulose hydrogels fabricated by
our process have a characteristic structure of non-uniform crystallinity.
Due to the sequential regeneration step, we assume further the presence of a
cellulose framework structure embedded into a silk fibroin matrix. The
regeneration with water vapor causes the formation of a mechanically robust
cellulose scaffold, which is a typical observation for cellulose gels prepared by
comparable processes [36,37]. We further confirmed this structure, by washing
the hydrogel after this treatment directly with water without the additional MeOH
step (thereby dissolved silk was removed), and the IR spectrum of this celluloserich sample is shown in Figure S2.3. In the process with the MeOH regeneration
step, SF is immobilized, surrounding the cellulose-rich network. Due to this
special bicontinuous SF/cellulose composite structure, we also expected
differences in the cellulose/silk ratio determined from IR measurements at the
sample surface (ATR mode) and the whole bulk sample (transmission mode),
which are clearly shown in Figure S2.4.
2.3.3. Structural characterization and mechanical properties of the
cellulose-SF hydrogels
The hydrogels have a uniform porous structure with homogenous surface and
pore distribution independent of cellulose composition (Figure 2.3). The
determined average pore size and porosity are summarized in Table 2.2. The
pore size and the porosity of the SF/cellulose hydrogels were 340 to 370 µm and
73% to 74%, respectively. There is no significant difference of pore structure, size,
and porosity among samples. These results indicate that the amount of cellulose
in the hydrogel did not affect the pore structure, size, and distribution, which were
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solely determined by the NaCl porogen. Previous reports emphasized the
importance of a minimum pore size of 300 µm to enable adequate tissue ingrowth in 3D scaffolds [38–40]. The pore sizes in our hydrogels fulfill this
requirement.
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Figure 2.3: µCT images (A1–D1) and SEM photographs (A2–D2); yellow scale bar,
500 µm. Appearances of SF/cellulose hydrogels and control (A3–D3); black scale bar,
5 mm. A: S5C0, B: S5C0.3, C: S5C0.5, D: S5C1.0
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Table 2.2: Porosity, pore size and compression properties of hydrogels

Property

S5C1.0

S5C0.5

S5C0.3

S5C0

Cellulose content[a],
wt%

17

10

5

0

Porosity, %

74

71

73

74

Pore Size, µm

346 ± 106

339 ± 124

367 ± 104

345 ± 103

Modulus*, kPa

70.5 ± 17.2

68.4 ± 11.8

72.4 ± 13.9

53.3 ± 3.8

Compressive
17.0 ± 0.5
15.2 ± 2.0
12.9 ± 1.1
11.7 ± 1.0
Strength*, kPa
[a] Estimated cellulose amount calculated from the respective cellulose and silk
content in the precursor solutions.
* Samples were measured in wet hydrogel state
The compression properties of the hydrogels are summarized in Table 2.2, while
Figure 2.4 shows the change of compression modulus and strength according to
the amount of cellulose in the SF/cellulose hydrogels. The compressive modulus
significantly increased by the first addition of cellulose to SF, but did not
significantly increase further with higher cellulose contents. On the other hand,
the compressive strength increased according to the amount of cellulose. The
17 wt% cellulose content showed an improvement of the compressive strength by
a factor of 1.4. These results indicate that the presence of cellulose increases the
mechanical strength and the stiffness of the SF material. Representative stressstrain curves measured for all samples are shown in Figure S2.1. The elastic
modulus of cell substrates has been reported to be a directing factor to determine
stem cell fate. As the material stiffness contributes to the osteogenic ability of
BTE scaffolds [6,7], cellulose addition causes an important improvement of the
osteogenic performance of the SF material.
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Figure 2.4: Change of compressive modulus (A) and compressive strength at 30 %
strain (B) of wet SF/cellulose hydrogels depending on the amount of cellulose.
Significant difference (p < 0.05) is indicated by an asterisk symbol (*).

2.3.4. Biological properties of the cellulose/SF Hydrogels
Initial cell adhesion and cell proliferation experiments were performed on the
hydrogels and the SF control (S5C0) samples. As shown in Figure 2.5A, no
significant differences among the samples with regard to initial cell adhesion were
observed on day 1. SF has been reported to be a good substrate for supporting
cell adhesion. The good cell adhesion of the SF control sample was maintained
in the case of the hydrogels with cellulose, which had similarly good cell adhesion
abilities.
Figure 2.5A also shows the proliferation curve of MC3T3-E1 cells cultured on the
hydrogels and the SF control samples. The cell proliferation profiles on all
samples were similar. Good cell growth on the hydrogels was observed, the
same as for the SF sample. The doubling time for cell growth calculated at
logarithmic growth was estimated to be around 2 days. This is in agreement with
the reported typical time of around 1 to 2 days [41]. Thus, the hydrogels showed
the same biocompatibility as SF.
The function of ALP in bone tissue is to catalyze the hydrolysis of extracellular
pyrophosphates and to increase the local concentration of inorganic phosphates,
which elicits biomineralization [42]. ALP expression is upregulated for
osteoprogenitor cells and osteoblasts, and decreases with ongoing differentiation
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to osteocytes, and no ALP expression occurs in mature osteocytes where the
matrix has already mineralized [42,43].
Figure 2.5B shows the ALP activity for a calculated amount of 1 × 10 6 cells for all
samples and the SF control (S5C0) over a time span of 3 weeks. Samples were
taken on the 1st, 7th, 14th, and 21st day after seeding, while the ALP activity was
measured and the cell number counted. There was no relevant difference
between ALP activity between the samples. This result indicates that the
presence of cellulose in the hydrogels did not impair the advantage of SF on
MC3T3 cell differentiation to osteocytes. Figure 2.5B shows a maximum ALP
activity around 7 days after seeding. From this result, it can be concluded that
osteoblast differentiation to osteocytes was well progressing until at least 7 days
of culture on the hydrogels, while other studies reported that a decrease of ALP
expression was observed after 14 days of culture on cross-linked SF gelatin
scaffolds [13] and 21 days of culture on water based, methanol treated SF
scaffolds [44]. Evidently, an acceleration of MC3T3-E1 differentiation to
osteocytes occurred on our SF/cellulose hydrogels.

Figure 2.5: Cell Proliferation and alkaline phosphatase (ALP) Expression. (A) Cell
proliferation of MC3T3 cells on hydrogel and control sample scaffolds during a time span
of 7 days. Cell number is shown in logarithmic scale (B) ALP activity of MC3T3 cells
cultured on hydrogel (S5C1, S5C0.5, S5C0.3) and control (S5C0) samples over a time
span of 3 weeks. Cell proliferation was observed simultaneously with the same
experimental set up in order to obtain cell numbers for normalization of measured ALP
activity.
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We propose that the mechanism of the earlier differentiation of MC3T3-E1 cells is
due to the presence of low molecular-weight SF which is retained in the
hydrogels, as no dialysis process to make SF solution is used. Low-molecular
weight SF has been reported to be an inhibitor of the Notch pathway, which is
involved in the down regulation of osteogenesis and thereby also an up regulator
of ALP expression at an earlier time. The study suggested that the specific length
of polypeptides, a combination of particular amino acids or a particular mixture of
peptides of low molecular-weight SF is osteogenic, whereas isolated single
repetitive motifs of the heavy chain (GAGVGY, GAGAGY, GAGAGS) did not
show the same effect as the peptide mixture [11].

2.4. Conclusion
SF/cellulose hydrogels with a defined porous structure were successfully
developed by a new approach that uses a binary solution of predissolved, native,
degummed SF and cellulose in DMAc/LiCl and NaCl powder as a porogen. The
pore size and the porosity of the SF/cellulose hydrogels were 340 to 370 µm and
73% to 74%, respectively. They did not change with the cellulose contents in the
hydrogels. The presence of cellulose improved the mechanical stiffness and
strength of the SF material. The sequential regeneration favors the formation of a
reinforcing cellulose framework, regenerated first by atmospheric humidity, upon
which, in a second step, SF is assembled by the action of methanol as the
antisolvent. This causes the formation of a reinforcing cellulose framework
structure embedded in a SF matrix. In surface-near layers, the secondary
structure of SF in the hydrogels assumed abundant β-sheet conformation,
whereas deeper layers of the scaffold show decreased β-sheet contents. As in
vivo SF degradation inversely scales with β-sheet content, this offers great
potential for resorption of the material upon sufficient bone regeneration by the
body. The cellulose framework/SF matrix structure maximized material
dependent improvement of hydrogel properties, as the cellulose framework
mainly contributed to mechanical property enhancement, while the SF matrix
supported cell growth. Osteocyte differentiation of MC3T3-E1 cells cultured on
the hydrogels was observed. Even more, the good differentiation properties of SF
materials were not impaired by the incorporation of cellulose, and the osteocyte
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differentiation was accelerated compared to other SF substrates. These results
show SF/cellulose hydrogels to be a suitable scaffold for BTE.
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2.5. Supplementary Materials
2.5.1. Compression test data

Figure S2.1: Stress-strain curves of all samples and control. Number of samples
measured: S5C1.0 n=5; S5C0.5 n=5; S5C0.3 n=6; S5C0 n=4.
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2.5.2. Deconvolution results

Figure S2.2: Diagrams of deconvoluted peaks in amide I band region. Bands for peak
allocation to secondary structure are: β-sheet: 1611 cm-1, 1619 cm-1, 1626 cm-1, 1699
cm-1. α-helix/random coil: 1631 cm-1, 1641 cm-1, 1649 cm-1. Turns and bends: 1659 cm-1,
1668 cm-1, 1674 cm-1, 1682 cm-1.
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2.5.3. SF matrix /cellulose scaffold composite structure

Figure S2.3: Cellulose framework structure embedded in a SF matrix. (A) Cellulose
framework: By omitting methanol treatment of samples, a cellulose-rich, very stable
hydrogel formed (“Scaffold” spectrum); that sample was compared with regenerated
cellulose, degummed silk fibroin and lyophilized SF/cellulose hydrogel by ATR FTIR. (B)
SF matrix: ATR and transmission spectra (KBr) normalized to the cellulose-specific band
area 1100 cm-1 to 960 cm-1 of a lyophilized hydrogel. The larger amide band area in ATR
mode indicates a relatively increased SF content in the surface-near region compared to
the bulk.
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Figure S2.4: Different bulk and surface composition. Ratios of silk fibroin (SF) specific
amide I and II band area and cellulose-specific band area at 1100 cm-1 to 960 cm-1
(respectively area 1 and 2 in A and B) of all samples decrease with increasing cellulose
content in transmission mode (KBr) (C). In ATR mode ratios of samples do not differ, but
show a lower ratio compared to the SF control. This indicates a richer SF structure in the
surface regions of the hydrogel compared to bulk composition.
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3. Chapter – Production of recombinant silk fibroin with basic
fibroblast growth factor binding affinity
3.1. Introduction
Silk Fibroin (SF) is a commonly known material that currently undergoes much
research for tissue engineering application. The protein consists of 3 parts, which
are 6 subunits of disulfide-linked heavy and light chains and a central peptide
called fibrohexamerin [1], which joins the other 6 subunits together by
hydrophobic interactions [2].
In order to improve the biological applicability of SF, systems for engineering
transgenic silkworms are utilized with the aim to make them express recombinant
SF. One such transgenic system is the piggyBac Transposase system which
allows the random integration of gene cassettes into a TTAA sites in the genome.
This way the expression of recombinant silks has been researched and the
method has also been used as a means of investigating the effect of gene
disruptions [3–5]. Such recombinant SF has been applied for tissue engineering,
with the aim of enhancing cell growth by use of a fusion protein of SF and bFGF
as scaffold material. This approach was of limited success, as it was not possible
to acquire functional, dissolved recombinant SF-bFGF fusion protein from
recombinant SF originating from silk cocoons, but only from the posterior silk
glands of transgenic silkworms [6].
bFGF is a heparin-binding growth factor with single chain polypeptide produced
by a variety of different cell types which possess a specific high affinity receptor
for it. It is a fundamental regulator with a broad spectrum of activity comprising
but not limited to inducing or delaying differentiation of target cells and stimulating
proliferation [7,8] by autocrine and paracrine mechanisms [8]. bFGF elicits potent
mitogenic responses from cells of mesodermal or neuroectodermal descent [7,8],
particularly for endothelial cells [9]. Applications for bone tissue engineering have
shown useful effects of bFGF, which has significant osteoconductivity [10] and
supports osteogenic differentiation of mesenchymal stem cells [11]. The use of
bFGF was challenged though by its low conformational stability [12], which
makes the polypeptide susceptible to denaturation by storage at room
temperature, exposition to an alkaline pH or catalytic amounts of Cu 2+ ions [13].
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This property of bFGF is problematic for preservation of function of the
polypeptide upon processing the recombinant SF, due to the harsh reaction
conditions associated with the degumming step and the dissolution of the SF.
This issue had been avoided by renaturation of the bFGF by exposing the
recombinant SF to reducing conditions [5,12]. Differently to the application of
recombinant SF in cell culture media or films, the application for tissue
engineering requires the processing of the material into a 3D scaffold. The
renaturation step for bFGF was likely not performed because it requires reducing
conditions, which would break the disulfide bonds within the fibroin protein
molecule, separating H-chains and L chains, and thereby rendering the L-chain
coupled bFGF unable to aggregate with the H-chain, thus excluding it from the
scaffold structure.
This work covers an alternate approach for using SF associated bFGF for tissue
engineering scaffolds by specifically and non-covalently binding bFGF to a
genetically introduced specific binding site in recombinant SF that is processed
into a scaffold beforehand. The genetically introduced peptide sequence
PLLQATLGGGS, named P7, has been discovered to be bFGF-binding via phage
display technology and shows high homology to the immunoglobulin-like domain
III of bFGF receptors [14]. The aim of this work is to produce recombinant SF for
tissue engineering, which makes use of a recombinant peptide structure that is
short enough to not have its functionality be subject to conformational protein
structures higher than the primary structure. This results in a functional bFGFbinding SF tissue engineering scaffold that can be loaded with bFGF for variably
gradual bFGF release into the surrounding cellular environment.

3.2. Materials and Methods
3.2.1. Experimental animals
The bivoltine strain “Kosetsu” of domestic mulberry silkworm, Bombyx mori, was
used to produce transgenic silkworms with expressing recombinant proteins in
this study. The larvae were fed on artificial diet with mulberry leaves powder
(Kuwano-hana, JA Zennoh Gunma, Takasaki, Japan) and reared at 25°C under a
13-h light/11-h dark cycle (75%–80% relative humidity) [15].
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3.2.2. Preparation of vector to produce transgenic silkworm
The piggyBac based vector construct for the production of transgenic silkworms
to express bFGF-binding peptides (P7) fused with the L chain gene of Bombyx
mori is shown in Figure 3.1A. A transgene coding oligonucleotide cassette of
91 bp was custom-ordered (Figure S3.1, eurofins, Luxembourg) and inserted into
the pLC-MCS plasmid [6], which codes the promoter, the ORF and the
polyadenylation sequence of the fibroin L-chain gene. Apart from necessary
sequence homologies (Figure S3.1, underlined sequence) for HD Infusion cloning
(Takara, Japan), the oligonucleotide cassette coded for the peptide sequence
LEVLFQGPLLQATLGGGS (PPP7) in which LEVLFQGP is a recognition site for
the PreScission Protease (PP) (GE Healthcare, UK) and PLLQATLGGGS is the
desired bFGF-binding sequence (P7) as shown in Figure 3.1B. Transgenic insert
and recombinant peptide sequence are hereafter both referred to as P7. The
oligonucleotide cassette was introduced into the multiple cloning site (MCS)
within the fibroin L-chain coding sequence of the pLC-MCS plasmid via In-Fusion
HD Cloning Kit (Takara, Japan) while the BamH I (Takara, Japan) and Sal I
(Takara, Japan) restriction sites were preserved. The prepared transgene was
amplified with PCR while adding the necessary sequence homologies (pB15L
primers in Table S3.1, sequence homologies to pBac3xP3-DsRedaf vector are
underlined) for subsequent HD Infusion cloning into the pBac3xP3-DsRedaf
vector [16] for the transformation of B. mori. The pBac3xP3-DsRedaf vector was
digested with the restriction enzymes Asc I (NEB, USA) and Fse I (NEB, USA)
and the prepared transgene was inserted via HD Infusion cloning.
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Figure 3.1: piggyBac transposon vector for production of transgenic silkworms to
express recombinant SF (A) and PPP7 nucleic sequence with the translational amino
acid sequence (B). (A) vector with reporter gene (3xP3 promotor, DsRed2 ORF, SV40
Terminator) and SF L-chain transgene (SF L-chain promotor, ORF, PPP7 insert (blue),
Polyadenylation signal); (B) bFGF binding sequence P7 (underlined), PreScission
Protease recognition site (underlined, cleavage site indicated by arrow), Stop Codon
(underlined) and preserved restriction sites (BamH I and Sal I); nucleotide sequence with
blue background and corresponding amino acid sequence with green background.

3.2.3. Germline transformation and marker detection
In order to break the diapause of embryos for microinjection, the eggs of the
bivoltine silkworm Kosetsu were kept in the incubator at 15 °C in the dark until
their heads formed and colored to black. After that, the eggs were moved to the
incubator of 25 °C and kept until hatching. The larvae were reared to moths, and
then non-diapause eggs were prepared for microinjection. The vector with the
transgene and the helper plasmid as source of piggyBac transposase were
microinjected into eggs with a concentration of 0.2 µg/µl respectively [17]. The
silkworms derived from microinjection (G0) were grown and the moths were
crossed in a single mating manner and G1 eggs were collected. Acid treatment
with HCl (specific gravity at 15 °C: 1.11) was performed within 16 h ~ 20 h after
egg laying to break the diapause. Transgenic silkworms were detected using a
fluorescence microscope (M165FC, Leica Microsystems Ltd., Germany).
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3.2.4. Inverse PCR analysis
The genomic insertion loci of the transgene were investigated by inverse PCR.
Genomic DNA was extracted from silkworm eggs using the DNeasy Blood &
Tissue Kit (Qiagen) and digested by Sau3A I (Takara, Japan). After
phenol/chloroform extraction and ethanol purification of the digested DNA
fragments, self-ligation was performed using T4 ligase (Thermofisher Scientific,
USA) at 4 °C for 16 h. The DNA fragments including genomic sequence were
amplified by PCR (35 cycles, 58 °C annealing temperature, 15 s annealing, 2 min
elongation; Ex Taq® Hot Start Version, Takara, Japan) and piggyBac L-arm
specific primers (Primers 25 and 31, see Table S3.1 in Supporting information).
The PCR products were purified by agarose gel extraction (QIAEX II Gel
Extraction Kit, Qiagen, Netherlands) and introduced into a TOPO TA vector
(Thermofisher Scientific, USA). After transformation of competent E. coli
(C2987H, NEB, USA), positive clones were screened by PCR (Primers 25 and 31,
see Table S3.1 in Supporting information). After extracting DNA from the positive
clones of E. coli (illustra plasmidPrep Mini Spin Kit, GE Healthcare, UK), it was
prepared for sequencing by Big Dye reaction (Thermofisher Scientific, USA) with
TOPO TA specific primers (M13 forward and reverse, Thermofisher Scientific,
USA) flanking the insertion site. A 3031xl Genetic Analyzer sequencing device
(Applied Biosystems, Hitachi Japan) was used for the sequence analysis. The
results of sequencing were analyzed with the Silkworm Genome Database
(KAIKObase) and the insertion loci were confirmed manually.
3.2.5. Preparation of Silk Fibroin solution
20 g of silk cocoon shells were degummed by cutting them up and sinking them
in 2 liters of 2 % NaCO3 solution at 95°C for 30 min. After washing with 95 °C hot
reverse osmosis water (ROW) and subsequent drying, 3 g of SF coils were put
into 50 ml of 9 M LiBr over night while stirring and the resulting solution was
dialyzed (cellulose-based dialysis tube, MWCO 12000-14000, 2-316-02, AS ONE,
Japan) against 8 liters of deionized water for 3 days, with 6 solvent changes to
remove LiBr and centrifuged at 30,000× g rcf for 5 min to remove impurities.
Afterwards the concentration of SF in the solution was determined by drying and
weighing of a defined volume.
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3.2.6. SDS-PAGE
The samples and control were adjusted to a concentration of 2 mg/ml for SDSPAGE with ROW. 50 µl of each sample were added to 50 µl of DTT containing 2x
loading buffer (AE-1430, EzApply, ATTO, Japan), spun down and kept at 98°C
for 5 minutes. After setting up gel chamber (WSE-1100, ATTO, Japan), 1 x
electrode buffer (EzRun, ATTO, Japan), and 5-20 % gel (e-PAGEL, E-T520L,
ATTO, Japan), samples were loaded (20 µl per well) and run with a protein ladder
(Ezprotein ladder, WSE-7020, ATTO, Japan) as marker standard. The
electrophoresis was run for 75 min at 20 mA. Afterwards the gel was kept in CBB
staining solution (AE-1340 EzStain Aqua, ATTO, Japan) and subsequently
washed with ROW.
3.2.7. Western Blotting
In preparation of blotting a SDS-PAGE was performed, without the staining and
the following washing step. The separated proteins in the gel were transferred to
a blotting membrane (clearBlot Membrane P-Plus, WSE-4051, ATTO, Japan) via
a blotting device (WSE-4110, ATTO, Japan) at a voltage of 24V. Phosphatebuffered saline without additional calcium ions (PBS (-)) buffer was used for
washing and 1 wt% Casein (Wako, Japan) in PBS (-) buffer was used for
blocking. A custom-made rabbit anti-P7 polyclonal antibody (final concentration of
0.53 µg/ml, eurofins, Luxembourg) was used as primary antibody and Anti-Rabbit
IgG VHH Single Domain conjugated with horseradish peroxidase (final
concentration of 0.05 µg/ml, ab191866, abcam, UK) was used as secondary
antibody. Bands were visualized via the reaction of horse raddish peroxidase
after adding the staining solution (EZblue, ATTO, Japan).
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3.2.8. ELISA

Figure 3.2: ELISA workflow. (A) Digestion of recombinant SF with PreScission Protease.
(B) Binding of added primary antibody to free, cleaved PPP7. (Step 1) Coating of ELISA
plate wells with custom-made peptide. (Step 2) After washing, blocking and addition of
equilibrated solution from (B) competition reaction of primary antibody with wall-coated
custom-made peptide and cleaved PPP7 occurs. (Step 3) After washing and addition of
secondary antibody, secondary antibody binds to primary antibody. (Step 4) After
washing and addition of chemiluminescence reagent, chemiluminescence is ellicited by
reaction of the horse raddish peroxidase (HRP) bound to the secondary antibody.
Chemiluminescence in each well is measured.

2 mg of dissolved recombinant SF were digested in protease buffer (prepared
according to protease protocol) with 10 U of PreScission Protease (GE
Healthcare, UK) at 4°C for at least 16 h (Figure 3.2A). Prior to conducting the
assay sample solutions were prepared by 1:5 dilution of the enzyme digest with
phosphate buffer (Wako, Japan). In order to account for any possible influences
of the protease buffer on the assay performance, the standard solutions were
prepared with a similar protease buffer content as the samples. Each plate (Nunc
no. 437111, Thermofisher Scientific, USA) well was coated with the custom-made
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peptide GPLLQATLGGGS (GenScript Japan Inc, Japan), which corresponds to
the peptide sequence of PPP7 as shown in Figure 3.1B after cleavage by
PreScission protease (Figure 3.2 Step 1). For coating, 100 µl of the peptide
(5 µg/ml) were applied per each well, whereas some wells were left uncoated for
use as blank. The plate was sealed and put into a shaking incubator at 37 °C for
1 h. Afterwards the wells were washed 2 times for 1 min with 200 µl washing
buffer (0.1 v/v% Tween 20 in phosphate buffer) and 2 times for 5 min with 200 µl
phosphate buffer. Then 100 µl blocking solution (1 w/v% Casein in phosphate
buffer) were added to each well, the plate was sealed and incubated while
shaking at 37 °C for 1 h. At the same time standard solutions and sample
solutions were diluted 1:1 with primary antibody solution (concentration of
0.4 µg/ml before 1:1 dilution), custom-made rabbit anti-P7 polyclonal antibody,
(eurofins, Luxembourg) and preincubated at RT for 1 h (Figure 3.2B). Afterwards
the blocking solution was removed, and preincubated standard solutions and
sample solutions were added to the wells (Figure 3.2 Step 2). A standard solution
without peptide was added to non-coated wells as blank. Each sample, standard
and blank was prepared 8-fold. After incubation in the shaking incubator for 1 h at
37 °C the plate was washed as already described and secondary antibody
solution was added to each well (concentration of 0.05 µg/ml, ab191866, abcam,
UK) and the plate was sealed (Figure 3.2 Step 3). After incubation while shaking
at 37 °C for 1 h the solution was removed from each well and the plate was
washed as previously described. Then SuperSignal reaction Mix (Thermofisher
Scientific, USA) was prepared and 100 µl were added to each well. After gently
shaking the plate for 1 min, the plate was inserted into a luminometer (ATTO
bioinstrument luminescenser JNRII AB-2300) and the chemiluminescence at
425 nm in each well was measured one time within the first and fifth minute after
addition of the reaction mixture (Figure 3.2 Step 4).
The chemiluminescence data obtained was processed into a calibration curve by
Origin software (Sigmoidal Boltzmann curve) and the concentration of proteasecleaved PPP7 in recombinant SF was determined. This result was used to
calculate the ratio between recombinant and endogenous SF. 1 ml of reaction
volume was assumed for all calculations, the molecular weights used are 30 kDa
for fibrohexamerin [1], 391.593 kDa for the Fibroin heavy chain (Fib-H) [18],
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27.639 kDa for the Fibroin light chain (Fib-L) [19], 1.822 kDa for the recombinant
peptide sequence (PPP7), and 1.071 kDa for the cleaved recombinant peptide
sequence GPLLQATLGGGS (Cleaved PPP7) used for ELISA (molar mass of P7
containing

sequences

was

calculated

by

https://web.expasy.org/cgi-

bin/peptide_mass/peptide-mass.pl). The SF elementary unit is a hexamer
consisting of disulfide-linked heavy and light chains and the glycoprotein
fibrohexamerin in a molar ratio of 6:6:1. The calculation was performed as shown
below, the used variables are n for the molar amount, c for concentration, M for
molar mass and m for mass.

3.2.9. Quartz crystal microbalance testing
The method for sample immobilization was selected according to the
recommendation of the measurement device maker [20]. Quartz crystal
microbalance (QCM) cells were washed with piranha solution (H2SO4:H2O2 = 1:3).
After washing, Lipoamido-dPEG₈-acid (1 mmol/l, Quanta BioDesign, Ltd, USA)
prepared with Dimethyl sulfoxide (DMSO) was added dropwise to the cell, and
the mixture was kept for 1 h at room temperature. After coating, m-dPEG₈Lipoamide (1 mmol/l, Quanta BioDesign, Ltd, USA) prepared in DMSO was
added dropwise to the cell, and the mixture was kept for 1 h at room temperature.
After washing 3 times with PBS (-) (Wako, Japan), N-Hydroxysulfosuccinimide
(0.1

mol/l,

Sigma-Aldrich,

US)

and
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1-Ethyl-3-(3-dimethylaminopropyl)-

carbodiimide (0.1 mol/l, Dojindo Molecular Technologies, Japan) were mixed in
equal amounts. The mixture was added to the QCM cell and kept at room
temperature for 1 h. After washing 3 times, 5 µl of 1 mg/ml aqueous silk fibroin
solution were added dropwise to the cell, and the solution was kept at room
temperature for 1 h. After washing 3 times with PBS (-), the cell was treated with
1 mg/ml 2-Aminoethanol Hydrochloride (1 mg/ml, Wako, Japan) at room
temperature for 1 h. The cell was washed again 3 times with PBS (-) and kept at
room temperature until the next day. Then PBS (-) was added to the cell and
dissolved bFGF was added 4 times, whereas bFGF was only added after the
QCM measurement indicated an equilibrium between surface bound and free
bFGF.

3.3. Results and Discussion
3.3.1. Confirmation of successful transgenesis
3.3.1.1.

Fluorescent Individuals

Figure 3.3: The eggs (A) and pupa (B) of transgenic line 2-23 and control pupa (C)
during screening by expression of the reporter gene DsRed2. Arrows in (A) and (B)
indicate fluorescence by DsRed2 in eyes; Arrow in (C) indicates the absence of
fluorescence in eye region.

As shown in Figure 3.1A, the transformation vector contains the SF L-chain
transgene as well as the DsRed2 gene with a 3xP3 promotor which is activated in
the nervous system of B. mori [21]. After microinjection the next generation’s
eggs were screened by expression of the marker gene DsRed2 driven by the
3xP3 promotor. Figure 3.3A shows how the eggs of our transgenic individuals
exhibit fluorescence in the eyes as indicated by the grey arrow, whereas other
individuals remain dark. Shown individuals are of transgenic line 2-23; individuals
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of line 2-26 and 2-35 show the same phenotype. Transgenic individuals were
selected by further breeding which led us to establish the transgenic lines 2-23,
2-26 and 2-35. Before each mating step fluorescence of pupae was confirmed,
similar to the transgenic eggs (Figure 3.3B). As indicated by the grey arrow, the
fluorescent eyes clearly indicate expression of the reporter gene, while the
control shows no fluorescence of eyes (Figure 3.3C).
3.3.1.2.

SDS-PAGE and Western Blot

SDS-PAGE was performed to confirm the size of the recombinant protein, the
result is shown in Figure 3.4A. The bands show a smear-like morphology in the
high molecular weight area, where SF H-chains are located. The significant SF Lchain band (lanes 2-4) is also visible next to the marker band at 25 kDa (lane 1)
as indicated by the arrow. The picture shows that no difference in band size is
visible between recombinant SF and WT SF (lane 5). This is to be expected as
the recombinant peptide (PPP7) only has a molecular weight of approximately
1.8 kDa. Figure 3.4B shows the results of western blotting with a P7 specific
antibody. Upon comparison with the recombinant SF and WT SF, the former
shows clear bands at 25 kDa but the latter shows no band. This proves that the
transgenic silkworm lines 2-23, 2-26 and 2-35 produce recombinant SF.
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Figure 3.4: SDS-PAGE (A) and Western Blot (B) of recombinant SF and control WT SF
with identical lane assignment. Lane 1: marker; lane 2: line 2-23 recombinant SF; lane 3:
line 2-26 recombinant SF; lane 4: line 2-35 recombinant SF; lane 5: WT SF. Arrows
indicate molecular weight region of recombinant SF L-chain.

3.3.1.3.

Inverse PCR

The piggyBac Transposon system leads to integration of the transgene into a
random TTAA site in the genome.Thus, inverse PCR was performed in order to
determine the integration site, whereas results could only be obtained for the
sequence flanking the piggyBac left arm site of line 2-23. After sequencing the
result

was

inserted

into

the

B. mori

genome

database

KAIKObase

(https://sgp.dna.affrc.go.jp/KAIKObase/) and the transgene locus in the genome
was confirmed. The transgene was inserted into an intron of a cytochrome p450
gene located on chromosome 18 (scaffold 2; Accession number NP_001121192).
Figure S3.2 shows the insertion locus and sequence at the insertion site.
3.3.2. Quantification and Binding Affinity
3.3.2.1.

Quantification of recombinant Fibroin L-chain by ELISA

As the individuals of the transgenic lines have a normal SF L-chain gene as well
as a transgenic SF L-chain gene, both genes are expressed when the silkworm is
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spinning its cocoon. This leads to a mixture of recombinant and endogenous SF
L-chains in the obtained SF. For estimation of the recombinant P7 efficacy it is
necessary to measure the amount of recombinant SF L-chains expressed. In
order to measure the amount of recombinant P7 an ELISA was established that
was able to measure the P7 peptide concentration after cleavage from
recombinant SF by a protease. The same peptide was custom ordered and used
for making a standard curve as shown in Figure 3.5. As a result of calculation the
percentage of recombinant SF L-chain of SF L-chains was 26.75 % ± 9.46 % in
line 2-23, 23.96 % ± 9.58 % in line 2-26 and 16.18 % ± 6.40 % in line 2-35. Four
assays were performed for lines 2-23 and 2-26 and three assays for line 2-35.
Whereas all samples, standards and blanks were prepared 8-fold for each assay,
the 2-35 recombinant SF sample could only be preprared 4-fold for the result
shown in Figure 3.5A.

Figure 3.5: ELISA standard curves for determination of P7 content in recombinant SF.
Determined P7 concentrations are marked in red.
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3.3.2.2.

Binding affinity by QCM

The affinity constant of SF to bFGF for WT SF and line 2-23 recombinant SF was
successfully determined by QCM. The results showed an affinity constant of
2.92×107 for WT SF whereas the recombinant SF had an affinity constant of
3.56×107. The measurement could only be conducted sucessfully once, therefore
the determined binding affinity should still be considered as preliminary.
Nonetheless, the difference in binding affinity indicates an enhanced bFGF
binding affinity of our new recombinant SF compared to WT SF.

3.4. Conclusion
In this work we successfully prepared a novel recombinant SF with the ability to
specifically bind the growth factor bFGF. The three transgenic lines 2-23, 2-26
and 2-35 could be established, and it was confirmed that the SF from line 2-23
contains the highest amount of recombinant SF L-chains with a content of
26.75 %. The genomic insertion locus for line 2-23 was confirmed and the affinity
measurement by QCM indicates an increased binding affinity of our recombinant
SF to bFGF compared to wild type SF. This carries great potential for therapeutic
application, as SF matrices can be designed to be loadable with bFGF in
desirable amounts for timed release. As the SF matrix supplies bound bFGF, the
growth factor would be able to elicit its effect to cells in direct proximity
immediately upon release. Further, bound bFGF is expected to be stable for a
longer period of time than free bFGF. This opens up exciting possibilities for
addition of our recombinant SF to scaffolds for tissue engineering or wound
healing gels. As such we are looking forward to continue our research and further
investigate upon the beneficial properties and applicability of our improved
recombinant SF.
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3.5. Supporting information
Table S3.1: Primer Data. Sequence homologies for HD infusion are underlined.
Application
Primer Name
Target
Inverse PCR
25 (Forward)
pBac L arm
Inverse PCR
31 (Reverse)
pBac L arm
HD infusion
pB15L Forward
SF Lchain transgene
HD infusion
pB15L Reverse
SF Lchain transgene
Sequencing
Lseq Forward
Lchain before MCS
Sequencing
pBseq Forward
Before Asc I site
Transformation Check
FL-490 F
Lchain before MCS
Transformation Check
FL-1030 R
Lchain before MCS
Transformation Check
30ntFL1092F
Lchain before MCS
Transformation Check
30ntFL1392R
Lchain before MCS
Transformation Check
30ntP7R
P7 sequence
Presence Check
FL-Forward1
Lchain before MCS
Presence Check
P7-Reverse1
P7 sequence

Primer Sequence 5’ to 3’
CGCATTGACAAGCACGCCTC
TGACGAGCTTGTTGGTGAGGATTCT
TACGCGTACGGCGCGTCGATTGGCGCGCCGGTACGGTTC
GCCATTCGAATTCGGCGATTGGCCGGCCCATGACAACAG
ATGCAATCTTAGCCAGCAGTGACT
ATAATCAGCCATACCACATTTGTA
TCATCTTCATTAGAAACTAAACCT
CTGTGTAAGAGTTAATGACGTTAG
ATCTCTCGGTCCCTTCTTCGGACACGTGGG
TGATTGGTGGAACACTTGAGCAACCGGGGG
CTATTAGGACCCACCTCCCAGCGTAGCTTG
AATCAACTCGTCATCAACCCTGGT
CTATTAGGACCCACCTCCCAGCGTA

Figure S3.1: Oligonucleotide cassette with 91 bp length coding for transgenic insert
PPP7 and sequence homologies for the HD infusion protocoll (underlined).
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Figure S3.2: Schematic diagram of insertion locus of SF L-chain transgene in
chromosome 18, 10390 kbp to 10490 kbp region. The transgene (red) was inserted into
an intron of the cytochrome P450 CYP339A1 gene (blue). Exons are shown as boxes,
lines inbetween of the same color show introns, the triangle shows an exon and indicates
the reading direction. The sequence detected by inverse PCR is shown in a bracket
below the transgene: letters in blue show the intron sequence, letters in red show the
transgene sequence (piggyBac L arm). Adjacent genes (Myb-MuvB complex subunit Lin52, violet; N-acetyltransferase, yellow) on the chromosome are also indicated. The
diagram does not reflect the actual or relative size of gene segments.
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4. Chapter – A Facile and Sustainable Pathway to Functional
Cellulose Nanofibers with Flame-retardant and Catalytic
Properties
4.1. Introduction
In chapter 2 the improvement of mechanical properties of a SF-based scaffold for
BTE was demonstrated by composition of SF with cellulose. Though the
properties of the composite were well suited for BTE application, the production
method required a harmful, organic solvent. In order to establish a safer solvent
system for making SF/cellulose composites a ZnCl2-based solvent was
investigated, whereas coprecipitation did unfortunately not yield desirable
material properties. Nonetheless, after the ZnCl2-treatment the used cellulose
pulp was very finely fibrillated. With this finding the initial focus was adjusted to
investigate the use of ZnCl2 for the production of cellulose nanofibers. As ZnCl2
pretreatment seemed promising as an energy-saving measure for fibrillation, this
work aimed to improve the general feasibility of cellulose nanofiber application, in
particular the use of cellulose nanofibers as structural compound for BTE
scaffolds.
Nano-structured cellulose is a term for cellulosic materials with the size of at least
one dimension being in the nanometer range [1], whereas nanofibrillar and
nanocrystalline cellulose are the two most known subforms. Commercial uses for
nanocellulose include the use as absorbent in diapers and rheology modifier in
pen inks (cellulose nanofibrils) [2,3], or as food product by the name “nata de
coco” (cellulose of bacterial origin) [4]. The application of cellulose nanofibrils and
nanocrystals is also considered for use in composites, whereas the high aspect
ratio of nanofibrils [5,6], and the high crystallinity and strength of nanocrystals [7]
are both useful for enhancing composite properties. An example for this is the
use of nanocellulose together with brittle, silica-based materials for bone tissue
engineering, with the nanocellulose component aiding the stability of the material
[8]. Cellulose nanofibrils and nanocrystals also exhibit osteoconductive behavior
[9] and many methods have been established to form tissue engineering
scaffolds with varying elastic modulus, pore size and interconnectivity [10]. The
defibrillation of fibers to nanocellulose requires energy-intensive - and thus costly
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- mechanical treatments. Therefore to reduce the energy demand and increase
the economic viability, biotechnological, chemical or physical treatments are often
performed [11,12]. Such pretreatments commonly augment the accessibility of
hydroxyl groups, break physical inter-fibrillar interactions and reduce crystallinity
[13]. One group of solvents used for cellulose pretreatment are molten salt
hydrates which are non-derivatizing, though they can be used as media for
chemical derivatization [14–16]. ZnCl2 hydrate is the inorganic molten salt
hydrate [16] most widely used for dissolution of cellulose and as a medium for
hydrolysis and derivatization [17]. The latter use is related to the catalytic ability
of ZnCl2 to act as a Lewis acid and to promote esterification reactions [18,19].
ZnCl2 is a low-cost chemical with low risk of volatilization and ignition [20], which
is a plus against ordinary organic solvents. Cellulose recovery and regeneration
processes from ZnCl2 solutions have also been established [21]. ZnCl2 has also
been shown to be recyclable [22], even from a complex biomass mixture [23].
Whether ZnCl2 hydrate is able to dissolve cellulose or only swell it greatly
depends on the amount of water present: Cellulose can be only dissolved in the
trihydrate (ZnCl2•3H2O), whereas swelling occurs in the cases of the dihydrate or
tetrahydrate salt [24,25]. The occurrence of structural changes within the
celluloses’ crystal lattice is dependent on whether the cellulose has only been
swollen by ZnCl2 hydrate or had been dissolved. The swelling of cellulose with
this salt hydrate has been described to affect the cellulose I crystal structure only
slightly or not at all [26,27], while dissolution and subsequent regeneration of
cellulose obviously yields a cellulose II crystal lattice [24].
ZnCl2 hydrate melts are used to obtain vulcanized fibers. This process works by
swelling and subsequent gelation of the cellulose fiber exterior, which increases
inter-fibrillar adhesion, preserving the native cellulose I structure [21]. The
presence of ZnCl2 in the end product can often be desirable due to various
beneficial properties of ZnCl2. It acts as an excellent flame retardant which is of
obvious use in particular for cellulosic materials [28]. The antimicrobial and
antifungal [29] properties of ZnCl2 have also been reported, which led to
numerous commercial applications in mouth rinses and dentifrices, as well as
considerations as a food preservative [30–32]. The application as preservative
might also offer great potential regarding the storage of cellulose nanofibers: this
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material is usually stored in never-dried form which is highly susceptible to
microbial growth. ZnCl2 was also shown to impose increased freeze tolerance,
ion conductivity and temperature dependent shape reversibility properties in
cellulose hydrogels when used with CaCl2 [33].
As cellulose nanofibers are investigated for use in bone tissue engineering
scaffolds, this work aims to promote the feasibility of cellulose nanofiber
application by establishing an environmentally friendly, energy-saving method for
their production. To expand on the scope of applications for these nanofibers
possible functionalization via ZnCl2 hydrate melt as physical and mild
pretreatment was investigated. It met all our prerequisites, offering established
recovery procedures, chemical innocuousness, and the plus of simultaneously
introducing new advantageous properties. The swelling of the cellulose fibrils by
the salt hydrate melt evidently also reduces the amount of energy necessary for
homogenization of the fibrils to nanocellulose. This paper demonstrates these
advantages and studies the functionalization of these nanocelluloses with regard
to their increased thermal stability and catalytic activity.

4.2. Materials and Methods
Dry cellulose fibers in the form of a beech dissolving pulp was provided by
Lenzing AG (Lenzing, Austria) and was used for all related experiments. All
chemicals were from Sigma-Aldrich Handels GmbH (Vienna, Austria).
4.2.1. ZnCl2 treatment
The dried pulp was blended for 2 min (DeLonghi Blade KG49) in dry state. Then
the pulp was added to 20 wt% or 65 wt% aqueous ZnCl2 solutions at a
concentration of 4 % (mass cellulose per volume ZnCl2 hydrate). For comparison,
a blank sample was produced with the same volume of deionized (DI) water.
Upon addition of ZnCl2 solutions or DI water, the samples were mixed using a
stirrer and afterwards kept on a shaker for approximately 16 h at room
temperature. Finally, the suspensions were diluted with DI water to 0.5 wt%,
washed and filtered. The celluloses were dispersed with a magic LAB ® UTC
dispersion unit (IKA®-Werke GmbH & Co, Staufen, Germany) in DI water
(0.4 wt%) at 10000 rpm for 10 min, 15000 rpm for 25 min and 20000 rpm for
10 min. Finally, the dispersions were passed 5 times through a high-pressure
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homogenizer (AVP-1000, SPX FLOW, Inc., Charlotte, United States) at a
pressure of 800-900 bar. The obtained suspensions (ZnCl2-CNF and blank) were
analyzed by rheological measurements and used to prepare cellulose films.
The amount of ZnCl2 in the sample was approximated by thermogravimetric
analysis (see TGA section for more information) from the residual mass value at
400 °C, with ZnCl2-pulp and CNF containing approx. 20 wt% (Figure 4.4). This
was repeated at different washing stages to produce ZnCl2-CNF-h with 33 wt%
ZnCl2.
4.2.2. Film preparation
Films were prepared from fibrillated celluloses by filtration through a filter
sandwich composed of a glass fiber filter (grade 696, porosity of 1.2 µm, VWR
International GmbH, Vienna, Austria) topped with a paper filter. The wet film was
dried in a hot press at 80°C and 1 bar pressure.
4.2.3. Flammability test
Flammability tests were performed with paper strips produced from CNF-ZnCl2,
CNF-ZnCl2-h and non-ZnCl2-treated sample (blank), having the same dimension
(7.4 cm x 1.5 cm and a thickness of approx. 0.02 cm), produced analogously to
the “film preparation”.
All samples and the reference were fixed at the same distance from the flame
source (lighter) (see Figure 4.6 and Figure 4.7). The flame source was switched
on for a total of 20 s to ignite the respective samples. Pictures of the sample were
taken sequentially to estimate the flame resistance of the samples. The residual
mass percentage after the test (mass of sample after 20 s ignition / mass of
sample at t0 *100) was measured in duplicate and averaged values are reported.
4.2.4. Fiber acetylation
The catalytic activity of ZnCl2-CNF50 in acetylation was studied by comparison to
the same reference material as in the flammability test. The sample was
immersed in acetic anhydride for 10 s, removed and transferred into a 20 ml
glass vial. The sample was then heated at 60 °C in an oven for 4 h and finally
analyzed by IR to qualitatively evaluate the acetylation efficiency.
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4.2.5. Sample preparation for gel permeation chromatography (GPC) and
nuclear magnetic resonance spectroscopy (NMR)
The 0.5 % cellulose dispersion was washed extensively and dried with a suction
filter. Part of the dried cellulose was used for NMR analysis as it was. The
remaining cellulose was washed with DI water, ethanol and DMAc, before being
dissolved in DMAc/9% LiCl. The dissolved sample was analyzed by GPC.
The solid-state NMR experiments were performed by using a Bruker Avance III
HD 400 spectrometer with a resonance frequency of 1H of 400.13 MHz, and

13

C

of 100.61 MHz, respectively. A 4 mm dual broadband CP-MAS probe was
equipped.

13

C spectra were measured by using the TOSS (total sideband

suppression) sequence at ambient temperature with a spinning rate of 5 kHz.
Other measurement settings were a cross polarization (CP) contact time of 2 ms,
a recycle delay of 2 s, SPINAL-64 1H decoupling, an acquisition time of 49 ms,
and a spectral width set to 250 ppm. The chemical shifts were externally
referenced against the carbonyl signal of glycine with δ = 176.03 ppm. Before
Fourier transformation the acquired FIDs were apodized with an exponential
function (lb = 11 Hz). Crystallinity was estimated by the area of the crystalline C4
peak divided by the areas of the amorphous and crystalline contribution of the C4
peak. All materials for solid-state NMR were air-dried at room temperature before
measurement.
The GPC measurement setup comprised an online degasser Dionex (Sunnyvale,
California, United States) DG-2410; a Kontron (Augsburg, Germany) 420 pump,
pulse damper; and an auto sampler, HP 1100. Further, a column oven, Gynkotek
(Munich, Germany) STH 585; and a MALLS detector, Wyatt (Santa Barbara,
California, United States) Dawn DSP with argon ion laser (λ0= 488 nm); as well
as a RI detector, Showa Denko (Tokyo, Japan) Shodex RI-71 were used. The
data was evaluated with Wyatt ASTRA software. The measurement settings were
as follows: a flowrate of 1.00 ml/min was set; and four columns from Agilent
Technologies (Santa Clara, California, United States) PLgel mixed-A LS, 20 µm,
7.5 × 300 mm were used. Furthermore the injection volume was set at 100 µl
(sample concentration: 10-20 mg/ml); the run time was 45 min and DMAc/LiCl
(0.9 % w/v) was used as mobile phase.
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4.2.6. Rheology measurements
The rheological properties of the fibrillated celluloses (blank and ZnCl2-CNF)
were studied with a Bohlin Instruments (Gloucester, England) CVO 50 rheometer.
All measurements were performed at 25°C using a cone-plate measuring system
(4°/40 mm) with a gap size of 150 µm. The shear viscosity was measured at
shear rates from 0.1 s-1 to 100 s-1.
4.2.7. SEM
Scanning

electron

microscopy

(SEM)

was

performed

to

examine

the

microstructure and surface morphology of cellulose samples. High vacuum
secondary electron imaging was performed using an Apreo VS SEM (Thermo
Scientific, The Netherlands) at 500 V. Samples were not coated with conductive
layers.
4.2.8. TGA
A thermogravimetric analyzer (TG 209 F1, Netzsch, Selb, Germany) was used to
monitor the combustion kinetics of the different variations. An Al2O3 crucible was
loaded with a minimum sample mass of 8 mg. The heating range was defined
from 25 °C to 650 °C, with a linear increase of 10 K/min. The whole experiment
was performed under atmospheric pressure with an air to nitrogen ratio of 80 to
20, respectively. The flow rate was set to 20 ml/min. As comparison, an analogue
experiment was conducted under pure nitrogen atmosphere (Figure 4.4). Two
samples per variant were recorded.
4.2.9. Tensile test
For the mechanical characterisation, six samples per variant with a length of 60
mm and a width of 5 mm were prepared. The samples were preconditioned at
45 % r.h. and 21 °C for 24 h. The tensile test was conducted with a universal
testing machine (Z20, Zwick-Roell, Ulm, Germany) equipped with a 500 N load
cell. The preload was set to 0.2 N and the testing was performed at a
displacement rate of 1.5 mm/min. The extension was measured indirectly via the
crosshead travel and the modulus of elasticity in the linear-elastic range was
adjusted by a linear regression.

94

4.2.10.

NMR measurements

Freeze-dried samples were used for NMR analysis according to Beaumont et al.
[34]. The crystallinity index was determined by the peak separation method of the
cellulose C4 peaks according to Park et al. [35]. The ratio of cellulose allomorphs
I and II was determined by integration of characteristic cellulose I and cellulose II
regions identified from literature [36]. A comparison of characteristic regions is
shown in Figure S4.5.

4.3. Results and Discussion
4.3.1. Fibrillation to Nanofibers

Figure 4.1: Schematic workflow for production of ZnCl2-CNF. Dried cellulose pulp was
added to aqueous 65 wt% ZnCl2 solution for 16 h at room temperature. The swelling of
the pulp fiber in the melt hydrate is clearly shown by comparison of images of the nontreated (A1-2) and treated fibers (B1-2). The treatment facilitated greatly the necessary
energy to defibrillate into nanofibers.

As illustrated in Figure 4.1, the ZnCl2-treatment is simple and straightforward:
Dried cellulose dissolving pulp, with a hemicellulose content of only 3.7 % [37],
was suspended and equilibrated in an aqueous 65 wt% ZnCl 2 solution for 16 h.
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This treated pulp (ZnCl2-pulp) was subsequently washed and homogenized by
only 5 passes through a high-pressure homogenizer yielding cellulose nanofibers
(ZnCl2-CNF). Conventional fibrillation of the same pulp in never-dried state, i.e.
without ZnCl2 treatment, has been reported to require approx. 20 passes [38,39],
to yield cellulose nanofibers. Please note that comparable fibrillation of dried pulp,
which we used in our work, would most likely require an even higher number of
passes [40], due to irreversible drying effects, i.e. hornification [41].
Figure 4.1A and 4.1B show the difference in sample condition before and after
ZnCl2-treatment, respectively. A distinct change was evident: ZnCl2 induced
swelling and ballooning of the fibers (Figure 4.1B1). This is attributed to the
interactions of the cellulose surface with the ZnCl2 molten salt hydrate. To better
assess the effect of the ZnCl2-treatment on the material properties, all studies
were conducted in parallel with the ZnCl2 samples and with blanks treated with
water instead but otherwise handled the same. Both sample and blank had the
same processing time and received the same mechanical energy input. Other
samples were also prepared using 40 wt% and 20 wt% ZnCl2 solutions (Figure
S4.2), but notable effects were only observed upon treatment with the 65 wt%
ZnCl2 solution.
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4.3.2. Mechanical, morphological and molecular properties of cellulose
nanofibers

Figure 4.2: Effect of the ZnCl2-treatment on the cellulose structure: infrared
spectroscopy (A) and gel permeation chromatography (B). Part of the native cellulose I
allomorph was transformed into cellulose II, i.e. regenerated cellulose, as shown in the
appearance of characteristic cellulose II bands in the IR spectrum (3491 cm-1 and 3447
cm-1). The molar mass distribution was largely unaffected by the treatment.

The ZnCl2-pulp was analyzed by IR spectroscopy (Figure 4.2A), gel permeation
chromatography (GPC, Figure 4.2B) and solid-state nuclear magnetic resonance
spectroscopy (NMR, Figure 4.3 and Table 4.1) to study the effect of the treatment
on the fibers crystalline structure and their molar mass. In all studies, the ZnCl 2treated sample was compared to the blank sample.
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Figure 4.3: 13C Solid-state NMR spectra of ZnCl2-pulp and blank.

The IR spectrum in Figure 4.2A shows clearly that the crystal structure of the
fiber was affected by the ZnCl2-treatment and the characteristic cellulose II bands
are highlighted [42]. In addition, the OH-stretching bands in between 3600 cm-1
and 3000 cm-1 and the band at 1600 cm-1 related to the adsorbed water on the
cellulose fiber, are more pronounced in ZnCl2-pulp. This indicates that the treated
samples feature a more accessible structure. More detailed examination of the
crystalline structure with solid-state NMR (Figure 4.3 and Table 4.1) showed that
the more pronounced water interaction is primarily caused by partial
amorphization of the cellulose structure. The crystallinity was significantly
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reduced from 47% to only 20%; the resulting crystallites interestingly being a
cellulose I/cellulose II mix. This is in contrast to recent publications, which did not
show any effect on the crystal structure, although using a short treatment of
cellulose with 65 wt% ZnCl2 solution [21]. With regard to allomorph transition, the
treatment time seems to be crucial; and our prolonged treatment enabled ZnCl 2
interactions not only with cellulose chains in accessible, but also non-accessible,
crystalline cellulose regions. Similar observations were made upon ZnCl 2treatments of cotton fibers, which showed that the effect of ZnCl 2 on the crystal
structure is rather slow in comparison to sodium hydroxide treatments and hence
strongly dependent on the impregnation time [43]. The ZnCl2 interaction with the
cellulose’s hydroxyl groups break the inter- and intra-chain hydrogen bonds [44],
resulting in a more accessible (amorphous) cellulose structure of the ZnCl 2treated samples. The fact that remaining crystalline regions after the treatment
are both of cellulose I and II indicates that a process similar to the mercerization
with NaOH occurs as well with ZnCl2, and similar to NaOH aqueous 65 wt%
ZnCl2 solution is not able to solubilize cellulose [25]. Although the changes on the
crystalline cellulose structure are rather severe, the molar mass distribution of
cellulose is hardly affected by the treatment. This was shown by gel permeation
chromatography; the so-obtained molar mass distribution is shown in Figure 4.2B.
The weight-averaged molar mass is not influenced by the treatment, but it seems
that the low-molar mass fraction (mostly associated with hemicelluloses) is
slightly degraded or lost by the treatment. This hemicellulose-specific ZnCl2mediated degradation has been reported in the literature [45]. As the
hemicellulose content of the pulp used in this work was 3.7% [37], this is also
approximately the mass loss experienced by ZnCl2 treatment and subsequent
washing. The amount of ZnCl2 in the samples (ZnCl2-pulp and ZnCl2-CNF) was
approximated to be 20 wt%, by thermogravimetric analysis (Figure 4.4).
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Figure 4.4: Thermal gravimetric analysis in nitrogen atmosphere (A) and oxygen-rich
atmosphere (B), weight mass differences at 400 °C can be used to estimate the
remaining ZnCl2 in the sample. The onset temperature for the thermal degradation of the
ZnCl2-containing sample experiences a minor decrease compared to the cellulose blank
sample, which is in accordance with similar results by other authors [25]. ZnCl2 vaporizes
above 400 °C in oxygen-rich atmosphere [46], which we observed as well (B).

ZnCl2-pulp was homogenized to obtain a stable dispersion of cellulose nanofibers
(ZnCl2-CNF). After the homogenization, the ZnCl2-CNF featured an increased
viscosity and a more pronounced shear-thinning effect (Figure 4.5F). As the
viscosity depends on the aspect-ratio, a higher degree of fibrillation causes
higher viscosity [47,48]. This proved that the ZnCl2-treatment significantly
increased the fibrillation tendency of the cellulose fiber. This is also clearly shown
in the SEM and light microscopy images (Figure 4.5). ZnCl2-CNF was well
fibrillated into a nanofibrous structure, whereas the blank was only partially
fibrillated and contained intact fiber residues. The fiber diameter also affects the
optical properties of CNF films and explains the higher transparency of the ZnCl 2CNF in comparison to the blank, shown in the insets of Figure 4.5D. The fibrillar
morphology

of

ZnCl2-CNF

stays

in

contrast

to

spherical

cellulose

nanocelluloses extracted from previously dissolved cellulose fibers [34,49–51].
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II

Figure 4.5: ZnCl2-treatment significantly increased the fibrillation tendency of the
cellulose fibers. Scanning electron microscopy images (A, A1, B) and light microscopy
images (C,E). The films (D) made from ZnCl2-CNF are more transparent due to its
mostly nanosized fibrous structure than the paper-like films from the non-ZnCl2-treated,
homogenized blank sample (note that both samples were homogenized with the same
processing time and energy input). The higher fibrillation degree accounts as well for the
higher viscosity (F), the stronger shear-thinning effect and the higher tensile strength (G)
of ZnCl2-CNF.
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Table 4.1: Effect of ZnCl2-treatment on crystal structure and mechanical properties of the
produced films in comparison to non-treated cellulose. Crystalline structure and
crystallinity indices were investigated with solid-state 13C NMR spectroscopy.

Cellulose
allomorph

Crystallinity

Young’s Modulus
(MPa)

Tensile Strength
(MPa)

ZnCl2

Cellulose I/II

20 %

4296 ± 533

61 ± 6

Blank

Cellulose I

47 %

1945 ± 118

24 ± 2

Tensile strength and Young’s modulus were measured from films of ZnCl2-CNF in
comparison to those of a homogenized blank sample (Figure 4.5G and Table 4.1).
It was obvious that both tensile strength and young modulus increased more than
twofold through the ZnCl2-treatment, namely to 61 MPa and 4.3 GPa,
respectively. This remarkable increase is a result of the higher fibrillation degree
of the ZnCl2-treated sample. The mechanical properties of ZnCl2-CNF films are in
the lower range of CNF literature values [52–54], which is likely due to the low
crystallinity of the ZnCl2-treated samples.
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4.3.3. Additional functionality of cellulose nanofibers

Figure 4.6: The fire-retardant properties of the ZnCl2-treated cellulose nanofibres are
demonstrated by a flammability test (A) of ZnCl2-CNF-h (containing 33 wt% ZnCl2) in
comparison to the non-ZnCl2-treated blank papers (7.4 cm x 1.5 cm specimen). ZnCl2CNF featured a 10 times higher residual mass than the blank. The IR spectra (B) prove
the catalytic activity of ZnCl2-CNF-h treated with acetic anhydride. Characteristic acetyl
group-related bands are indicated in the IR spectrum and show a distinctly higher degree
of acetylation of the ZnCl2 sample compared to the blank.
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ZnCl2-CNF with a higher ZnCl2 content of 33 wt% (ZnCl2-CNF-h) was prepared
and used to identify the functional properties of the ZnCl 2-loaded nanocellulose.
As shown in the flammability test in Figure 4.6A, non-ZnCl2-treated CNF almost
completely combusted under test conditions (mass loss > 90 wt%). Although,
ZnCl2 shifted the onset temperature of the combustion to slightly lower
temperatures (Figure 4.4A), the sample ZnCl2-CNF-h was only little affected
under the flammability test conditions, with only 10 wt% mass loss after the test.
We performed a test with the ZnCl2-CNF sample (with 20 wt% ZnCl2) as well, at
this lower salt content, combustion of the sample occurred but was delayed, and
we noticed an increased char formation (Figure 4.7).

Figure 4.7: Flammability test of ZnCl2-CNF in comparison to the blank sample, the
combustion of the sample is delayed in the former and a higher char formation is noticed.
The remaining sample mass was 37 % and 9 % in the case of ZnCl2-CNF and blank,
respectively.

ZnCl2-CNF showed a catalytic activity in esterification reactions due to the ZnCl 2
located at the fiber surface, which due to its Lewis-acid character caused
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increased acetylation efficiency in a test reaction with acetic anhydride, as proven
by the pronounced acetyl group-related bands (C=O at 1744 cm-1 and C-O band
at 1229 cm-1) [55] in the IR spectrum in Figure 4.6B. The reference was
acetylated only to a hardly traceable degree.

4.4. Conclusion
An easy, environmentally friendly and energy-saving method for processing
cellulose pulp into nanocellulose has been established. Cellulose samples were
pretreated with a readily recyclable, aqueous 65 wt% ZnCl2 solution, which swells
the fiber structure by ballooning. Although the molar mass of the treated cellulose
was very little affected, there were significant changes in the cellulose´s crystal
structure. After a 16 h treatment, the crystallinity was reduced to 20 % and solidstate NMR showed the remaining crystallites to be of both cellulose I and
cellulose II allomorph. The treatment thus effected a partial phase transition from
cellulose allomorph I into II. Rheology measurements and SEM showed that the
ZnCl2-treatment strongly augmented the fibrillation tendency allowing for an
energy-saving CNF production. The obtained CNF was processed into
translucent films with an elastic modulus of 4.3 GPa. Remaining ZnCl 2 in the
samples introduced fire retardant properties as demonstrated by flammability
tests. Surface acetylation in the ZnCl2-CNF was pronouncedly increased
compared to the blank counterpart. Possible antimicrobial and antifungal
properties the ZnCl2-treated specimens can be deduced from established
knowledge but have not been tested for our samples. A beneficial effect in
preventing growth of bacterial and fungi during CNF storage can be reasonably
expected.
In summary, we would like to promote the usage of the ZnCl2-method for
cellulose nanofiber production, since it allows not only for increased energyefficiency but can be simultaneously used to yield materials with special
properties that are otherwise achieved not that conveniently.
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4.5. Supporting Information

Figure S4.1: 13C Solid state NMR Comparison of ZnCl2-pulp in comparison to a cellulose
II fiber and the blank sample. Characteristic peaks of cellulose I and cellulose II
allomorph in C4 peak region (80-92 ppm) and C6 region (58-68 ppm) were used to
approximate the allomorph ratio.

Blank
20 wt% ZnCl2

Absorbance

40 wt% ZnCl2

ZnCl2-pulp

3500

3000

2500

2000

1500

1000

Wavenumber (cm-1)
Figure S4.2: Comparison of IR spectra of samples from different ZnCl2-treatments and
blank sample. Structural changes were only observed at 65 wt% ZnCl2 (ZnCl2-pulp). This
agrees with observations made in GPC analyses and tensile tests (data not included).
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5. Chapter – Conclusion
Nowadays the use of autografts, allografts and BMPs to treat atrophic or
hypothrophic bone non-unions is common. However, unfortunately these
methods have several drawbacks: While autografts show the best performance of
bone growth in non-unions, their harvest is quite problematic as significant donor
site morbidity ensues, which may lead to chronic pain and even sensory loss at
the donor site. Allografts are easier to acquire and even though they are not
osteogenic because of decellularization, they retain a certain degree of
osteoinductivity and offer a very good osteoconductive template. Regrettably,
they carry a high infection risk of 5% to 12.2%, which poses a danger, particularly
to elderly patients. BMPs are an elegant solution to promoting bone growth in
non-unions, but as pharmaceuticals, they are only admitted for select procedures,
which strongly limits their application. Widely applicable, safe alternatives to the
current methods are needed. For this reason the aim of this dissertation was the
innovation of silk fibroin based bone tissue engineering scaffold materials for use
as alternatives to autografts and allografts.
As described in the second chapter, SF/cellulose hydrogels with a defined porous
structure were successfully developed by a new approach that uses a binary
solution of predissolved degummed SF and cellulose in DMAc/LiCl and NaCl
powder as a porogen. The pore size and the porosity of the SF/cellulose
hydrogels were 340 µm to 370 µm and 73% to 74%, respectively. They did not
change with the cellulose contents in the hydrogels. The presence of cellulose
improved the mechanical stiffness and strength of the SF material. The
sequential regeneration favors the formation of a reinforcing cellulose framework,
regenerated first by atmospheric humidity, upon which, in a second step, SF is
assembled by the action of methanol as the antisolvent. This causes the
formation of a reinforcing cellulose framework structure embedded in a SF matrix.
In surface-near layers, the secondary structure of SF in the hydrogels assumed
abundant β-sheet conformation, whereas deeper layers of the scaffold show
decreased β-sheet contents. As in vivo SF degradation inversely scales with βsheet content, this offers great potential for resorption of the material upon
sufficient bone regeneration by the body. The cellulose framework/SF matrix
structure maximized material dependent improvement of hydrogel properties, as
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the cellulose framework mainly contributed to mechanical property enhancement,
while the SF matrix supported cell growth. Osteocyte differentiation of MC3T3-E1
cells cultured on the hydrogels was observed. Even more, the good differentiation
properties of SF materials were not impaired by the incorporation of cellulose,
and the osteocyte differentiation was accelerated compared to other SF
substrates. These results show SF/cellulose hydrogels to be a suitable scaffold
for BTE.
An important reason that contributes to the bone healing results achieved by
autografts is the presence of growth factors that are endogenous to bone tissue.
The project described in the third chapter aimed at making a recombinant SF
based scaffold material with the ability to release basic fibroblast growth factor
(bFGF) and thereby imitate natural bone tissue. In the project a novel
recombinant SF with the ability to specifically bind bFGF was successfully
prepared. This has great potential for therapeutic application, as SF matrices can
be designed to be loadable with bFGF in desirable amounts for timed release. As
the SF matrix supplies bound bFGF, the growth factor would be able to elicit its
effect to cells in direct proximity immediately upon release. Further bound bFGF
is expected to be stable for a longer period of time than free bFGF. Addition of
the recombinant SF to scaffolds for tissue engineering would allow a tailorable
supply of bFGF for tissue regeneration.
In another approach for making SF/cellulose composites for BTE, both materials
were dissolved in ZnCl2 hydrate solution. While this process yielded cellulose
fibers of a very small size upon precipitation of cellulose, the method was not
adequate for making composites. Upon further investigation of the small, fibrous
cellulose obtained and as the application of nanocellulose for BTE has already
been investigated, the previous research goal was adjusted to improve the
production process of cellulose nanofibers and thereby promote their application
for BTE and in general. By taking advantage of the constitution of the ZnCl2treated cellulose fibers, an easy, environmentally friendly and energy-saving
method for processing cellulose pulp into nanocellulose has been established.
Cellulose samples were pretreated with a readily recyclable, aqueous 65 wt%
ZnCl2 solution, which swells the fiber structure by ballooning. Although the molar
mass of the treated cellulose was very little affected, there were significant
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changes in the cellulose´s crystal structure. After a 16 h treatment, the
crystallinity was reduced to 20 % and solid-state NMR showed the remaining
crystallites to be of both cellulose I and cellulose II allomorph. The treatment thus
effected a partial phase transition from cellulose allomorph I into II. Rheology
measurements and SEM showed that the ZnCl2-treatment strongly augmented
the fibrillation tendency allowing for an energy-saving cellulose nanofiber (CNF)
production. The obtained CNF was processed into translucent films with an
elastic modulus of 4.3 GPa. Deliberately retained ZnCl2 in the samples
introduced fire retardant properties as demonstrated by flammability tests, and
elicited pronouncedly increased surface acetylation compared to the blank
counterpart. Possible antimicrobial and antifungal properties of the ZnCl2-treated
specimens can be deduced from established knowledge but have not been
tested for our samples. A beneficial effect in preventing growth of bacteria and
fungi during CNF storage can be reasonably expected. In summary, the usage of
the ZnCl2-method for cellulose nanofiber production, allows not only for increased
energy-efficiency but simultaneously yields materials with special properties that
are otherwise achieved not that conveniently.
Bone restoration in non-unions depends on the mechanical environment, the use
of growth factors, mesenchymal stem cells and scaffolds. In this dissertation silk
fibroin was strengthened with cellulose for use as scaffold material and
genetically modified to allow silk fibroin to supply growth factors. By fulfilling two
of the prerequisites for bone restoration, the established methods and materials
will hopefully contribute to the substitution of autologous and allogeneic bone
grafts with more patient-friendly alternatives.
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