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ABSTRACT

In this study, two strategies were used to functionalize cellulose nanowhiskers. Firstly, by
grafting its surface with B-cyclodextrin (BCD) for developing drug-nanocarrier. Secondly, by
conjugating short polymer segments to its surface for reinforcing poly(e-caprolactone) (PCL), in
order to develop nanocomposites with promoted properties suitable for regenerative medicine. In
addition, the production and recovery of biodegradable bioplastics poly(3-hydroxybutyrate)
(P(3HB)) from agro-industrial residues of hemp hurd biomass was also examined.
In the first part, a drug-nanocarrier system based on BCD-grafted bacterial cellulose nanowhisker
(BCNC-g-BCD) was developed as a prolonged drug release nanocarrier. Antibiotic Ciprofloxacin
(CIP) and anticancer drugs; Doxorubicin (DOX) and Paclitaxel (PTX) were conjugated to
BCNC-g-BCD as model drugs to form the drug-nanocarrier (BCNC-g-BCD-drug). Compared
with un-grafted BCNC, the developed drug-nanocarrier showed significant increase in drug
payloads from 495 +4 to 810 +7 pg/mg along with radical improvement in the drug release
profiles. Initial burst releases was reduced significantly and prolonged and sustained release for
(74.5-90%) of drug payload over 4-5.5 days were observed. In addition, an improved drug
release performances were pragmatic in acidic pH of 6.4 that mimicked extracellular tumor cells.
In vitro drug release data pointed to zero-order kinetic model with estimated zero-order release
constants (Ko) of 0.68, 0.74, and 0.79 ug drug/h (at pH 6.4, 37°C) for BCNC-g-BCD-CIP,
BCNC-g-BCD-DOX and BCNC-g-BCD-PTX nanosystems, respectively.
In the second part, the functionalized bacterial cellulose nanowhisker (BCNW-g-BCD-PCL000)
was synthesized. Reinforcing PCL matrix with 4 wt% of the functionalized nanowhisker resulted
in bionanocomposite with promoted bulk properties. Compared to neat PCL, the obtained
bionanocomposite showed 115% and 51% improvements in tensile strength and Young’s
modulus, respectively; 20% increase in hydrophilicity; 7% increase in degradation rate; and 6%
decrease in crystallinity. Gas foaming/combined particulate leaching technique is used to



develop highly porous structures having porosity of 86—-95% and interconnected macropores
with mean pore diameters of 250-420 um. Porous scaffolds showed compression moduli values
of 5.3-9.1 MPa in the range of cancellous bones.

In the third part a dual-function PCL scaffold was fabricated. The envisioned drug-laden scaffold
would provide adequate structural and mechanical supports for the newly regenerated tissues and
simultaneously serve as localized drug delivery system. In this context, reinforced PCL with 4
wt% of BCNW-g-BCD-PCL0 and 25 wit% of doxorubicin anticancer drug resulted in drug-
laden bionanocomposite of combined promoted bulk properties. Improvements of 165% and
107% in tensile strength and Young’s modulus, respectively; 31% in hydrophilicity; 10% in
degradation rate; and 8°C increases in thermal stability. The obtained drug-laden porous
scaffolds showed compressive moduli in the range of 7.2—12.3 MPa. In vitro drug releases fit the
first-order release mechanism and occurred in a diffusion-controlled and sustained manner ~60
days without obvious burst releases. The scaffolds will ultimately minimize systemic toxicities
of drugs, lessen the number of dosing, and diminish the need for removal procedure.

The forth study described prospective trials for greener production and extraction of the
biodegradable bioplastics poly(3-hydroxybutyrate) P(3HB) from agro-industrial residues of
hemp hurd biomass. Results showed that maximum hydrolysis yield of 72.4% was achieved by
alkali pretreatment with 2% NaOH at 135°C for 60 min along with two-step enzymatic
hydrolysis and ultrasonication. Total hydrolysate sugar concentration of 53.0 g/L was obtained.
Under optimum conditions, total P(3HB) production of 13.4 g/L was achieved within 80 h of
fermentation. Ultrasonic-assisted sodium dodecyl sulfate (SDS) has showed effectiveness as
economic recovery method. It recovered bioplastics directly from the broth cell concentrate with
P(3HB) content of 92%. Number average molecular weights (Mn) of recovered bioplastics were
in the range of 150-270 kDa with polydispersity index (Mw/Mn) of 2.1-2.4.
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CHAPTER 1 - INTRODUCTION

1.1 Overview and Background

Sustainable biomaterials such as biocellulose nanofibrils are one of the most abundant natural
biomaterial. They have been widely utilized in nanomedicine as green templates for inorganic
nanoparticles,™ and incorporated into polymer nanocomposites scaffolds for tissue engineering

(241 |n addition to higher purity, attributes such as biocompatibility,™

(TE) applications.
hemocompatibility,’® mechanical strength,!”! biodegradability®® and unique surface chemistry!®
made it attractive to wide industrial sectors. However, the large size of nanofibers limited its
applications in fields where nanoscale structure is required. Nevertheless, hydrogen-bonded
linear chains of B-D-glucopyranose restricted the reactivity of primary hydroxyl groups carried
on their surface and often result in low grafting ratios that hindered their performance and
uses.'*™! With adjustable and much shorter length cellulose nanocrystals (CNCs) has attracted
increasing attention. It possesses rigid rod-shaped nanostructure, high surface area, good aqueous
colloidal stability, favorable surface modification, and excellent mechanical strength.*? The
later properties offer higher flexibility during its functionalization and fabrication of functional
nanomaterial through bottom-up approaches. Various surface modifications for tolerating
structure-function relationship of nanocellulose have been implemented. Those modifications
included but not limited to esterification, oxidation, cationization, fluorescent labeling as well as
polymer grafting.l*¥! Such modifications enabled researchers to tune the surface energy of these
nanocrystals in order to increase their compatibility with different polymer matrixes so as to
explore their full potentials as green and sustainable reinforcing material for different
applications.[**) However, agglomeration and networks formation of CNCs that could be formed
during their reactions are problematic during the modification processes and subsequent

characterization.*4

By taking advantage of bacterial cellulose (BC) over plant-source cellulose, it used in the
current study as main source for obtaining cellulose nanofibers. BC nanofibers are very pure,
biocompatible and showed non-toxic effects toward endothelial cells. In addition, it has been
approved by FDA to be used as a starting material for different biomedical applications, such as
wound dressings, biomimetic scaffolds, and drug delivery devices.' Bacterial cellulose

nanocrystals (BCNW5s) or “nanowhiskers” was obtained by acidic or enzymatic hydrolysis of BC



nanofibers. It showed much smaller dimensions (~150 nm in length; ~15 nm in diameter; aspect
ratio (length/diameter) in the range of 30 t0150).' Its shorter length along with higher aspect
ratio maximized its surface area for promoted functionalization and drug loading applications.
Moreover, BCNWs fall under the category of non-spherical nanoprticles that considered better
candidates for drug targeting/delivery applications due to their enormous surface area-to-volume
ratio that contributes for more interactions with targets and increased permeability.*” Cellular
uptake of cancer drugs-conjugated to CNCs (FITC-CNC-FA) in C6 cancer cells targets was

evidenced by fluorescence microscopy.*®!

B-cyclodextrins (BCD) play significant role in drug delivery owing to their unique structure
and non-toxicity. BCD has an ideal hydrophobic central cavity dimension that can make
inclusion complexes (ICs) with guest compounds such as, drug molecules™ and short polymers
segments!® via non-covalent interactions.’! Therefore, grafting of cellulose nanofibers with
BCD is considered as promising technology for introducing new functionality to nanocellulose.
Indeed, for biomedical applications, the main challenging part during production and
modification of BCNWs is to make sure that either hydrolysis or chemical functionalization
processes have to be done in such a way that only affect the surface of crystals, while the

inherited crystalline structure, morphology, and excellent mechanical properties kept intact.

In contrast to traditional polymers, biodegradable polyesters have been the focus of extensive
research for several decades due to their ease of manufacturing, desirable and tunable physical
characteristics, and their hydrolytic degradation profiles throughout the unstable aliphatic-ester
linkages. Later properties made them attractive candidates for utilization in various biomedical
applications.”? Among them, poly(e-caprolactone) (PCL) is one of the most widely studied
biodegradable polyesters. PCL is a biocompatible, semicrystalline, slowly degrading polymer
and used in several tissue engineering (TE) applications. These include bones and cartilage
substitutes, sutures, fibrous meshes, adhesion barriers, temporary orthopedic fixtures and
biopharmaceutical excipient for drug delivery and controlled drug releases.”® PCL gained
popularity in the field of TE after receiving FDA approval. It also showed excellent
biocompatibility, full degradation in the human body,*"! and higher permeability for drug
molecules specially hydrophobic anticancer drugs.” Long-term in vivo studies have

demonstrated that the PCL implants were able to maintain the physical shape after 2 years of



implantation.’?® Additionally, PCL was also capable to degrade slowly into low molecular
weight by the end of 30 months and can be excreted completely out of the body without
accumulating non-toxic degradation byproducts.?® Several systems have been successfully
tested as vehicles for slow release of anticancer drugs at tumor sites *®?"1 and as temporal
support after limb salvage procedure.?® However, PCL showed remarkable hydrophobicity and
non-osteoconductivity that stand as barrier for wider commercial use of PCL as a commodity
polymer in biomedical field and led to suboptimal cell-material interactions.’?”! Nevertheless, its
high degree of crystallinity and hydrophobicity also lowered its biodegradation rate.

Partial solutions for the limitations that confronting PCL were implemented by several
researchers for developing the bulk properties. Those include addition for biological signaling
molecules such as growth factors during scaffold fabrication, attaching cells to the scaffold
surface, or seeding cells and growth factors into the scaffold before implantation.”®! Other
researchers have established to focus on the modification of the PCL by making surface
decorations or blending it with other polymers until the physical and mechanical properties that

required for hard and soft tissue engineering become attainable.”!

Recently, the term tissue-engineering therapeutics has been emerged and coined TE scaffolds
function as template for supporting the new tissue with additional drug delivery properties.®”
Encapsulating drugs in nanopolymeric structures allows drugs to remain at specific sites of
action in sufficiently higher concentration to exert their pharmacological effects, without causing
severe systemic toxicities. Additionally, localized drug delivery also improves drug absorption
and intracellular penetration, prolongs retention time, enhances drug efficacy, and reduces drug
degradation.®***! However, there is a significant challenge in the design and manufacture of
scaffolds that possess all of the above requirements and the ability to control the release kinetics
of drug over the period of treatment or tissue regeneration.®"! For instance, TE polymeric
scaffold (cell delivery) should posses the following:*? (i) mechanical properties that are
sufficient to shield cells from tensile forces; (ii) desired volume, shape, and mechanical strength;
(iii) acceptable biocompatibility; (iv) highly porous and well-interconnected open pore structure
to allow cell seeding and tissue in-growth; (v) bioadsorption at predetermined time period; (vi)
biocompatible chemical compositions and their degradation products, causing minimal immune

or inflammatory responses; (vii) physical structure to support cell adhesion and proliferation,



facilitating cell-cell contact and cell migration. Whereas scaffold for drug delivery should posses
the following: (i) homogenous drug dispersion throughout the scaffold; (ii) ability to release the
drug at a predetermined rate; (iii) low drug binding affinity that is sufficiently allow the drug
released when incorporated in the scaffold; (iv) stable physical dimension and chemical structure

over a prolonged period of time.>®

Numerous therapeutic agents, including growth factors, antibiotics, and anti-inflammatories,
have been successfully loaded into porous PCL scaffolds and demonstrated clinical potentials in
the treatment of bone-related pathologies.*®) However, results from PCL drug-laden 3D
scaffolds such as polycaprolactone/hydroxyapatite blend (PCL/HA) showed a very slow
degradation rate.®” In addition, PCL/anticancer drug blend of varying surface architecture used
for postsurgical care of limb salvage procedure showed burst release of the loaded drug at the
beginning and followed by a slow release in a sustained manner for 112 days. Nevertheless, cell
attachment study demonstrated minimal potentiality of the scaffolds to provide attachment

platforms for tissue regeneration.!

In the view of the later existing challenges and limitations that facing utilization and application
of PCL polymer in biomedical applications, a novel biodegradable drug-laden bionanocomposite
based on PCL and functionalized BCNW is developed. The envisioned dual-function scaffold
would serve as viable alternative for metal prostheses or bone grafts. It provides adequate
structural and mechanical support for newly regenerated tissues, and simultaneously serves as

localized drug delivery system.

Recently, after legalizing the growth of Canadian Hemp, issues concerning the sustainable and
harmless disposal of agriculture solid wastes of hemp hurd biomass (HHB) have generated
interest in microbial biotechnologies. These biotechnologies are contributing to reduce the
environmental footprint by converting waste materials into useful biomaterials such as poly(3-
hydroxybutyrate) P(3HB). P(3HB) is the best-known member of the polyhydroxyalkanoate
family (PHA). It considered as attractive green alternative to synthetic plastics due to its
biocompatibility and complete biodegradation in environment as well as within the blood and
tissue of mammals. P(3HB) is now used for absorbable suture, scaffolds, heart valves and
cardiovascular tissue supports.®® However, its higher production cost stood as barrier and
reduced the industrial sustainability of this environmentally friendly biodegradable plastic.*"!

4



Reducing production cost is one of the plausible solutions that can return this biodegradable
plastic to the market to compete with petroleum-based plastics. Utilization of cheap and
renewable carbon sources such as palm oil mill effluent, grass powder, rice waste biomass, waste
glycerol, cassava starch hydrolysate, starch, organic waste, and fermentative effluents was
reported by several researchers as a potential solution for cutting down the production cost of
P(3HB) to at least 25-40 %.1% Higher carbohydrate content reported for hemp fibers (64 % w/w
of the crop dry matte) made it a promising candidate for P(3HB) production.') In addition, good
selection of the microbial strains that can utilize this cheap biomass as a sole carbon source for

more efficient and cost-effective production for P(3HB) is very challenging.!*”

1.2 Research Objectives and Research Plan

In the present study, surface modification of BCNCs through both chemical grafting and further
immobilization of short polymer segments on nanoparticle surfaces were conducted. One
approach is to develop biocompatible drug-nanocarrier and the other one is to modify PCL
matrix for fabricating drug-laden bionanocomposite scaffold with improved properties.

The first part of the study focuses on the biosynthesis of BC nanofibers as pure source for
cellulose nanowhisker. Few attempts were made using controlled acidic and enzymatic
hydrolysis to obtain true BCNC of reasonable nanosize for controlled agglomerations. Following
that, surface grafting of BCNC with BCD molecules is carried out to obtain novel functionalized
BCNC-grafted-pCD (BCNC-g-BCD). Tryouts involving different grafting agents were carried
out in order to achieve the highest grafting ratio.

The second part focuses on harnessing the beneficial chemical and mechanical properties of
the previously functionalized BCNC-g-BCD. One time it used alone as nano-carrier for
antibiotics and anticancer drug molecules via entrapping model drugs inside the hydrophobic
cavities of BCDs moieties that grafted on nanowhisker surface. Other time it used for assembling
low molecular weight segments of PCLyy on BCNC surface to produce (BCNC-g-BCD-
PCL2o00) a@s a promising nano-reinforcing phase for PCL matrix. The later modification is not
only aims to tune the surface energy of hydrophilic BCNC for better compatibility within
hydrophobic PCL matrix, but also to create difference in the crystallization rates between high
and low molecular weight PCL segments. This envisioned to impairing the higher crystalinity of

PCL matrix and consequently improving biodegradation and drug release rates.



The third and more challenging part of the present study aims to fabricate PCL-drug laden
porous scaffold with adequate mechanical properties along with promoted cell attachment and
drug loading efficiencies. Four-step process is used to implement this part. The first step is to
examine the effect of different loadings of the functionalized reinforcing nanowhisker (i.e.,
BCNW-g-BCD-PCL200) on the mechanical, thermal, hydrophilic properties, and in-vitro
degradation of the obtained PCL-bionanocomposite. The second challenging step is to re-
examine the same properties to figure out the combined effect of incorporating both BCNW-g-
BCD-PCL3g0 and anticancer drug on the final bulk characteristics of the obtained drug-laden
bionanocomposite. More interestingly, to the best of our knowledge, there is no attempts have
been made in exploiting the combined effect of introducing a reinforcing nano-phase and a drug
in drug-laden porous scaffold. The third step involves the fabrication of 3D nanoconstructs of
different porosity levels and have open and interconnected pores network. The forth step is to
investigate the interaction between various parameters, such as nanowhisker loading, drug
loadings and porosity level on the compression modulus and drug release behavior of the
obtained porous drug-laden scaffold. In addition, to examine the kinetic model that best fits
scaffolds’ drug release data.

The last part of study aims to examine the possibility of economic production and recovery of
P(3HB) bioplastics from green sustainable and renewable agro-industrial residues of Canadian
hemp hurd biomass (source of marijuana). This is a green attempt to reduce the environmental
footprint to accommodate the increased disposal of the recently legalized Hemp cultivations. To

date, no work has been reported on the use of Hemp hurd for P(3HB) production.

Following a comprehensive review of the literature and the encountered challenges, the research

plan of the thesis were formulated as follow:

Part 1:
1- Biosynthesis of bacterial cellulose nanofibers
2- Synthesis and characterization of bacterial cellulose nanocrystals (BCNCs)
3- Synthesis of functionalized BCNC-g-BCD by grafting CD onto BCNCs using two
different linkers, and investigating structure, morphology, crystallinity and grafting
density by ATR, *C NMR, TGA, DSC, XRD, FE-SEM, AFM and EDX.



Part 2:
1_

2-

Part 3:
1_

Developing drug-nanocarrier systems (BCNC-g-pCD-drug) by conjugating model drugs
on BCNC-g-BCD surface through the formation of host-guest inclusion complex, and
testing their drug loading and releasing profiles

Synthesis of reinforcing nanowhisker (BCNC-g-BCD-PCLg00) Via molecular assembly of
short PCL segments (M,= 2000 Da) on BCNC-g-BCD, and investigating surface
composition, morphology and loading density by ATR, TGA, DSC, FE-SEM, and EDX.

Reinforcing PCL (M,= 45,000 Da) with different loading ratios of BCNC-g-pCD-
PCL2o00, €xamining the optimum loading ratio, and testing mechanical, thermal,
hydrophilic properties of the obtained bionanocomposite

Loading Doxorubicin anticancer drug to PCL-bionanocomposite, examining the optimum
drug-loading ratio, and retesting the combined effect of nanowhisker and drug loading on
the final mechanical, thermal, biodegradation and hydrophilic properties of the drug-
laden bionanocomposite

Fabricating 3D porous scaffold with different porosity levels

Studying the effect of porosity level and drug loading ratio on the compression modulus
and drug release profiles of the obtained scaffolds

Evaluating kinetic model and drug release mechanism that fit invitro drug release data.

Examining several pretreatment process for concentrating cellulosic substrate in biomass,
and carrying out composition analysis

Implementing several scenarios of hydrolysis for maximizing sugar concentration in
hydrolysate

Activating producing strain, carrying out fermentation experiments and optimizing the
best conditions for maximizing P(3HP) production

Investigating different techniques for effective and economic extraction of product from
cell concentrate

Analyzing composition, purity and molecular weight of the obtained bioplastics from the

different extraction techniques used.



1.3 Thesis Outlines

The thesis compiles seven chapters. Research results are reported in manuscript format from
Chapter 3 to Chapter 6. The scopes of every chapter is outlined as follows: Chapter 1 briefly
introduces chemical/physical characteristics of CNCs, BCD and PCL and display their full
potentials as promising biocompatible and nontoxic material for different TE and biomedical
applications. It also spotlight on existing challenges and limitations that facing their utilizations.
In addition, it draws attention to the production and important properties and uses of P(3HP) as
greener substitute for fossils-plastics. The research objectives and thesis outlines are also
included in this chapter. Chapter 2 is mostly literature review. It introduces BC nanofibers
(structure, synthesis, properties and medical applications); BCD (structures, unique
characteristics, and biomedical applications); PCL (synthesis, mechanical properties,
biodegradation, biocompatibility, application in TE and DDS, previously developed PCL-
nanocomposites and the challenges confronting their uses); CNCs (terminology, structure,
production, surface modification, thermal and mechanical properties, nanocomposites,
processing methods, previously developed CNC-based nanocomposites, biomedical applications,
and the challenges confronting their uses). Last part of chapter 2 was published as book chapter.
The materials displayed in chapter 2 played key role for formulating the research ideas. Chapter
3 reports on the synthesis and characterization of BCNC-g-BCD and its capability to be used as
long lasting drug-nanocarriers for antibiotics and anticancer drugs. This chapter was published as
scientific article in CJCE (CJCE-18-1022). Chapter 4 reports on synthesis and characterization
of BCNC-g-BCD-PCLyp00 and investigates its utilization as reinforcing phase for PCL for
obtaining TE scaffold with improved properties. The mechanical, thermal, hydrophilic properties
of the obtained scaffolds are reported. Version of this chapter was sent for publication in the
Journal of Applied Polymer Science (app.20190241). Chapter 5 reports on the fabrication of
dual-function PCL drug-laden scaffold for long-term drug release and TE applications.
Porosities, compression moduli, drug releases profiles were studied and evaluated. Version of
this chapter was sent for publication in JAPS (app.20190416). Chapter 6 demonestrates the
challenge of microbial production of sustainable P(3HB) bioplastics from hemp hurd biomass.
Biomass pretreatment, fermentation, extraction and characterization are fully demonstrated and
reported. This chapter was published in BPBSE (BPBSE-18-0493). Chapter 7 summarizes the

key conclusions, major contributions and recommendations for future studies.



CHAPTER 2 - LITERATURE REVIEW

2.1 Biocellulose: Diversity, Structure and Molecular Assembly

Biocellulose is synthesized by members of the kingdoms Planate and Animally as well as the
domain Eubacteria. It considered the most abundant product on the earth and widely recognized
as a sustainable raw material with lots of applicable advantages and properties.*? The
availability of extremely heterogeneous sources of cellulose, such as wood, plants (cotton, ramie,
flax, wheat straw), tunicate, algae (green, gray, red, yellow-green), fungi and bacteria have led to
wide varieties of cellulosic materials, but each having unique characteristics. Although the

variations they also share many common features.[*!
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Figure 2.1 Schematic of the molecular structure of cellulose repeat units

Biochemically, cellulose is characterized as high molecular weight homopolymer with a ribbon-
like conformation consisted of B-1,4-linked anhydro-D-glucose units (AGU). These repeated
units bounded covalently through the oxygen atoms that join C1 carbon of one AGU with C4

carbon of the other unit (see Figure 2.1).[*!

Cellulose adopts a linear conformation, as each chair-conformed AGU is corkscrewed 180° to its
neighbors. The degree of polymerization of native cellulose is ranging from 10,000 to 26,000 Da
and mainly depends on cellulose source. *Y The terminal ends of the cellulose structure have a
reducing (open-ring aldehyde) and non-reducing (closed D-glucose ring) end that create
chemical symmetry. The hydroxyl groups (-OH) are positioned in equatorial directions to the
ring, while the hydrogen atoms are positioned in axial direction.” The chains of poly-B-(1—4)-
D-glucosyl residues that formed during the biosynthesis are considered the basic structural

component of cellulose.



2.2 Bacterial Cellulose Nanofibers

2.2.1 Source, Structure and Unique Characteristics

Bacterial cellulose has the same chemical structure of plants cellulose. However, bacterial
cellulose has the advantage of being very pure without lignin, pectin, hemicellulose, and other
biogenic products that normally associated with plant cell wall structures.*®

Bacterial cellulose is biosynthesized by certain bacterial strains such as Rhizobium spp.,
Agrobacterium spp., Acetobacter spp., and Alcaligenes spp.l*” The resulting cellulose is termed
either bacterial cellulose (BC) or microbial cellulose (MC). Acetobacter xylinum (A. xylinum) or
Gluconacetobacter xylinus (G. xylinus) is the most efficient producer for BC. Typically, every
single bacterium cell was able to convert up to 108 glucose molecule/h into cellulose.™®
Cellulose molecules are naturally synthesized in the interior of bacterial cell, and then spun out
of export components called “nozzles” to form protofibrils of approximately 1.5 nm in diameter.
Immediately following synthesis, these protofibrils are crystallized into microfibrils 10-20 nm

wide followed by their final bundling assembly into ribbons known as BC nanofibers, Figure 2.2.

Cellulose I Cellulose IT

» Ribbon(microfibrils)

Protofibril —"

VWV VUY

Bacterial cell

5

Figure 2.2 (a) Schematic illustration of BC biosynthesis and fibril formation; (b) G. Xylinus
during biosynthesis of BC (c) Images showing gel-like pellicle in a three-day old culture of G.

Xylinus; SEM of pellicle showing nanofibrillar network of BC.!!
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A typical BC fiber is highly crystalline and rich in cellulose I,. It consists of ~1000 glucan chains
having dimensions of approximately 1-9 pum L x 70-80 nm W x 3-4 nm H.” Due to the
extensive hydrogen bonding and Van der Waals forces, these ribbons bend and combine to form
a stable 3D hydrogel-like membrane structure of high crystallinity (~ 60% crystallinity index).
Moreover, these hydrogen bonds allow BC to retain water in its interstitial spaces.
Approximately 99.8% of BC matrix volume is water and ~ 0.2% is a pure cellulose.”

A. xylinum strain is able to produce BC within a temperature range of 25 to 30 °C and a pH range
of 4.5-7.5.°" Numerous substrates have been investigated for their suitability as potential
carbon source for BC production. These include monosaccharide, disaccharide, polysaccharide,
organic acid and ethylene glycol™®”! Recently, agro-industrial residues have been utilized as
economic sources for BC biosynthesis as simultaneous sources of carbon and nitrogen.®?

Beside its higher purity of BC, attributes such as biocompatibility,™ haemocompatibility,’® high
aspect ratio and microporosity,”® mechanical strength,/”’ and biodegradability!® and unique
surface chemistry!®! made it an attractive raw material for wide industrial sectors. Such as food
industry, biomedical applications (e.g., wound care), and tissue engineering (e.g.,
nanocomposites).*”! Synthetic nanofibers, such as glass and carbon fibers, are brittle, and they
are often broken into smaller fragments, whereas cellulose nanofibers is flexible and will not
fracture during processing over sharp curvatures.”®! This unique characteristic of BC is being
widely used in producing biomedical devices of various shapes and forms. The stability of
bacterial cellulose at high temperature also makes it amenable to heat sterilization.® It can be
purified using sodium hydroxide and yielded a form of BC with endotoxin values of < 20
endotoxin units/device. As specified by FDA, the later falls within the acceptable endotoxin
values range for implants used for intravenous applications.®*

2.2.2 Mechanical Properties of BC Nanofibers

BC exhibits desirable mechanical properties, which are attributed to the high density of the
interfibrilar hydrogen bonds and large contact area due to the presence of uniform reticulated
structure comprising nanofibers.®® Variable mechanical properties have been reported for BC,
which depends on its form. Mechanical properties were first studied by Yamanaka et al®"! whom
used purified BC obtained from Acetobacter aceti AJ12368 cultivated under static conditions.
The Young’s modulus of both air-dried and hot-pressed BC was found to be >18 GPa, and

tensile strength of air-dried BC films were found to be as high as 260 MPa, whereas that for hot-
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pressed BC was found equal to 216 MPa. Interestingly, the mechanical properties of BC were
not adversely affected even after treatment with 0.1M NaOH that used for purification.*® In
addition, further purification with alkaline and/or oxidative solutions significantly improved the
mechanical properties, where Young’s modulus of the resulting sheets was ~30 GPa.l*
Moreover, the mechanical properties of single BC nanofibers of diameters ranging from 35 to 90
nm have been measured using AFM nano-bending tests. In the same study, Young’s modulus of
the nanofibers was found to be considerably high and equal 78+ 17 GPa.*” In another study,
elastic modulus of 114 GPa was reported by Raman spectroscopy for single BC fiber.®™ The
outstanding mechanical properties of BC make it an attractive material for use in regeneration
medicine of several types of tissue such as meniscus and blood vessels. Therefore, BC was
produced in the form of tubes with a Young’s modulus of ~5 MPa that can sustain a blood

pressure of 250 mmHg.

2.2.3 Bacterial Cellulose in Tissue-Engineering Scaffolds and Drug Delivery Applications

The nanofibrous BC material has shown promise for tissue engineering scaffolds (TES).[ In
this context, several researchers have already focused on designing and engineering ideal BC-
based products for targeted applications. Figure 2.3 illustrates various promising biomedical

applications of BC-based materials.

Skin

Blood

Cartilag} vessels

Bacterial cellulose

Heart

Bone valves

Urethra Cornea

Figure 2.3 Prospects for the various biomedical applications of BC and BC-based materials.
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Due to its moist environment and bacterial barrier potential, BC is extensively used as a wound-
healing device. Solway et al demonstrated the use of BC as an effective method for healing
chronic diabetic foot ulcers.® It showed a proven ability to reduce wound size, increases
healing efficiency and creates less discomfort to the patient. For burn healing, it also shows
remarkable conformability to various body contours and maintain moist environment that

significantly reduce pain, Figure 2.4.
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Figure 2.4 Different examples for substitutes made from never-dried BC membranes!®*!

Table 2.1 compiles important biomedical applications for BC and/or BC-based materials that

approved by FDA and already present in the market.!®!

Table 2.1 Commercial products based on BC and/or BC based materials for biomedical

applications currently available in market

BC product Medical Applications Company/Agency
Biofill® Temporary wound dressing Robin goad
- ® . - . .
Gengiflex Regen_eratlon of perlqdontal tissues, guided Biofill Products
bone tissue regeneration
Securian ™ Tissue reinforcement matrix for tendon .
. Xylos corporation
repair
® Artificial blood vessel, artery bypass, cuff | Jenpolymer materials Ltd. &
BASYC :
for nerve suturing Co.
Dermafill ™ Wound dressing Fibrocel
Mineral Trioxide Biocompatible implant Xylos corporation
Aggregate® P P y P
Bioprocess " Wound dressing Biofill Produtos
Cellulon® Binder, non-woven structures CP Kelco
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2.3 B-Cyclodextrin pCD

2.3.1 Structure and Unique Properties

Cyclodextrins (CDs) are a series of cyclic and non-reducing oligosaccharides composed of 6-8
D-glucose units and named a-, B-, and y-CD, respectively. The D-glucose units are covalently
bonded together via a-1,4- glycosidic bonds to form doughnut-like structures with hydrophobic
inner cavities and hydrophilic outer surfaces,'® (see Figure 2.5). CDs are synthesized by
enzymatic degradation of starch by bacteria. In general, they considered biocompatible, do not
elicit an immune response, and have low toxicities.®® Among them, BCD is the most
commercially attractive system due to the simplicity of synthesis, low water solubility, and
availability and low cost.®”) In addition, BCD has ideal hydrophobic central cavity dimension
that can make inclusion complexes (ICs) with different types of guest compounds such as, drugs

and small organic molecules via non-covalent interactions.
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Figure 2.5 A, B and C are representing the chemical structures and cavity dimensions of a, B and

y cyclodextrins, respectively.

2.3.2 Applications of pCD
Because of their interesting chemical and physical properties, BCD have found great applications

in many fields such as, pharmaceuticals,®® cosmetics,® environmental protection™ and the
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food industry." BCD as environment-friendly auxiliaries, was grafted onto cellulose fibers to
host antimicrobial agents that impart the fiber antimicrobial properties.’? The later became a
promising technology for introducing functional agents into cellulose fibers. Where CD would
be considered as macro container and readily form ICs with different types of guest compounds
including small organic molecules as well as high and low molecular weight polymers.[’>"4
Most importantly, formation of ICs with drug molecules would improve their chemical stability,
absorption, bioavailability and control their release.[’™

Inclusion complex between BCD and adamantan is considered one of the well-known examples
due to the near-perfect size match between BCD cavity and adamantan molecule (AD). The
interaction between them is extremely high with association constant of about 3x10* M. |n
the same context, the later interaction has been employed by many researchers to form polymer
networks and to assemble supramolecular polymeric compounds with various architectures.[’*""]
BCD can be grafted onto macromolecules with crosslinkers to modify them for specific
applications. A number of crosslinking agents have been utilized to graft, BCD onto natural

[’8] N-methylol acrylamidel™ and

fibers, such as epichlorohydrin,™® cyanuric chloride,
polycarboxylic acids (e.g., citric acid).®” Although there have been several reports on the
grafting of cellulose nanofibers with BCDS,[11’66’78] a low grafting efficiency was achieved and
hindered their uses. However, due to the larger specific surface area and unique physical
properties of nano-sized cellulose, it can offer larger number of reactive surface -OH groups.®"

The amount of BCDs immobilized on cellulose nanofibers can reach up to 18% (wiw).[46:82]

2.4 Poly(e-caprolactone) PCL

2.4.1 Synthesis and Physicochemical Properties

Poly(e-caprolactone) (PCL) is one of the most widely studied biodegradable synthetic polyesters.
PCL can be prepared by either ring-opening polymerization of the cyclic monomer (e-
caprolactone) using variety of anionic, cationic and coordination catalysts or via free radical
ring-opening polymerization of 2-methylene-1-3-dioxepane,®! (see Figure 2.6). PCL is
hydrophobic, semi-crystalline polymer; its crystallinity tends to decrease with increasing
molecular weight. PCL has degree of crystallization around 60%, glass transition temperature
(Tg) around -60 °C and melting point of about (59-64°C).B% The number average molecular

weight of PCL may generally vary from 3000 to 80,000 Da and can be graded according to
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molecular weight. % Its homopolymeric repeating unit consists of five non-polar methylene
groups and a single relatively polar ester group. This gives PCL unique properties like high
miscibility with other polymers and the biodegradability that induced by the presence of
hydrolytically unstable aliphatic-ester linkage.® PCL is soluble at room temperature in different
solvents such as carbon tetrachloride, chloroform, dichloromethane, benzene, cyclohexanone and
toluene. Nevertheless, it has low solubility in acetone, 2-butanone, ethyl acetate, DMF and

acetonitrile, and insoluble in alcohol, petroleum ether and diethyl ether.*”

)
Catalyst + Heating 0
[ ]
o - ~C——CHaz—o0—
n
g—Caprolactone poly(e—Caprolactone)

Figure 2.6 Ring opening polymerization of e-caprolactone to polycaprolactone.

2.4.2 Mechanical Properties of PCL

Table 2.2 shows the tensile mechanical properties reported by several groups for bulk PCL
processed by conventional methods. Bulk PCL shows tensile strength about 15-43 MPa and
elastic modulus 250-460 MPa.l*® However, PCL porous scaffold and fibrous scaffold showed
lower value of tensile strength and elastic modulus due to porous structure. Table 2.3 lists some
of the compressive properties reported in the literature of PCL scaffolds manufactured through
solid freeform fabrication (SFF).l®

Table 2.2 Bulk tensile mechanical properties that previously reported for PCL

Manufacturing M M Tensile Modulus Tensile Strength
Method " " (MPa) (MPa)

Injection Molding 47,500 84,500 430 N/A
Melt Extruding 50,900 84,500 264.8 N/A
Compression Molding N/A N/A 340 19.3
Compression Molding 45,000 50,400 N/A 21.6
Compression Molding 42,500 72,500 400 16

Compression Molding 50,500 101,000 251.9 N/A
Compression Molding 50,000 80,000 429.1 16.9
Injection Molding 64,000 124,000 378 27.3
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Table 2.3 Compressive mechanical properties of PCL scaffolds manufactured

freeform fabrication (SFF)

through solid

Manufacturing Compressive Compressive Porosity M M

Method Modulus (MPa) | Strength (MPa) (%) " "

Fused Deposition

Modeling (FDM) 41.9 3.1 61 87343 146,739

FDM 4-77 0.4-3.6 48-77 87,000 147,700

FDM 2.41 0.74 68 92,000 140,000

FDM 4.8 2.2 65 N/A N/A

Precision Extruding

Deposition (PED) 150-200 N/A 53 N/A 44,000

PED 59 5.3 65 N/A N/A

PED 109 N/A 0 N/A N/A

PED 21.0 1.3 70 65,000 N/A

Selective Laser

Sintering (SLS) 52-68 2.0-3.2 37-55 50,000 N/A

2.4.3 Biodegradation of PCL

Biodegradation (i.e. biotic degradation) is a chemical degradation of PCL provoked by the action
of microorganisms that present in ecosystem such as bacteria, fungi and algae.®™ Whereas in
physiological conditions (such as in the human body), implantable PCL scaffolds are degraded
by the hydrolysis of ester linkages. In particular, PCL have special interest for fabricating long-
term implantable devices due to its slower degradation rate that polylactide. Long-term in vivo
studies have demonstrated that the PCL implants were able to maintain the physical shape after 2
years of implantation.”®! Additionally, PCL was also capable to degrade slowly into low
molecular weight by the end of 30 months and can be excreted completely out of the body
without accumulating non-toxic degradation byproducts.”®®! The most important factors that
affect biodegradability are the molecular weight of polymer in implanted device and its degree of
crystalinity.®” Where during the degradation process, the amorphous fraction of PCL degrades
before the crystalline fraction because ester-linkages are easily hydrolyzed in amorphous
domain.’® From degradation studies presented in the literature one can concluded that PCL
degradation happens in a two-stage process. The first stage involves non enzymatic hydrolytic
ester cleavage that autocatalyzed by carbon end groups of the polymer chains until the molecular
weight is reduced to 3,000 g/mol. Whereas the second stage is enzymatic and starts with slower
rate than the hydrolytic scission.® The second degradation step was claimed to undergo
intracellular as evidenced from the observed PCL fragments-uptake in the phagosomes of

macrophages and giant cells and within fibroblasts.!® This in turn supports the fact that PCL is
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completely degraded and biosorbed via intracellular mechanism once the molecular weight was
reduced to 3000 g/mol or less. Figure 2.7 illustrates the mechanism by which PCL degrades
hydrolytically. Hydrolysis intermediates 6-hydroxyl caproic acid and acetyl coenzyme-A are
formed which in turn enter the citric acid cycle and are eliminated from the body.*!

Researchers utilized two approaches to alter or accelerate the rate of hydrolysis of PCL; (i) by
using low-molecular weight samples or (ii) by copolymerization with other lactones or
glycolides/lactides. In that regard, intracellular degradation of low molecular weight PCL (M,=
3000 g/mol; powders, 53-500 nm) was used. The authors reported rapid degradation and
absorption within 13 days inside the phagosomes of macrophage and giant cells, and the sole
metabolite was 6-hydroxyl caproic acid.l® In addition, copolymers of PCL with 3-valerolactone
and DL-lactide such as commercial suture (MONOCRYL, Ethicon) that shows higher

degradation rates.™™!
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Figure 2.7 (a)The degradation of PCL via hydrolysis intermediates 6-hydroxyl caproic acid and
acetyl coenzyme A, which are then eliminated from the body via the citric acid cycle. (b)
Schematic visualization of how crystalline fragmentation could have taken place.®
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2.4.4 Biocompatibility of PCL and Cell Proliferation

Biocompatibility is a factor that must be considered before the selection of biodegradable
polymers to be used as permanent devices/implants or as drug-delivery systems. Originally,
biocompatibility referred to the ability of a material to perform with an appropriated host
response.l®®! In vitro, biocompatibility and cytotoxicity are generally evaluated through cell
culture systems. In vivo histological and pathological examination of pre-implant PCL and the
host responses (immunogenic, carcinogenic and thrombogenic responses) are also studied.l*®
However, most in vivo studies in the tissue-engineering field suffer from being prematurely
ended in order to extract histological and/or biomechanical data before the PCL scaffold itself
has been cleared from the implantation site. It is accepted that long-term in vivo data is costly to
acquire. These studies compound the biocompatibility of the PCL and PCL-composites with no
adverse biocompatibility effects found at short-term time points of 15 weeks up to long-term
implantations of 2 years.

Tang et al !

proved that the different solvents used in fabricating PCL do not have an effect on
the surface properties and biocompatibility (adhesion and proliferation) of the scaffolds. It was
also reported that during the culture period, the growth of the cells in recombinant PCL
composite scaffold were significantly higher than in the pure PCL such as in, spider silk protein-
PCL-gelatin (pNSR32/PCL/Gt),® PCL/silk fibroin (PCL/SF),® PCL/biphasic calcium
phosphate, % and PCL/chitosan.'® In addition, endothelial cell growth has been improved on
the PCL/PEG scaffold by modifying it with fibrin, fibronectin, gelatin, growth factors, and

proteoglycans. %

2.4.5 PCL in Tissue Engineering and Drug Delivery

Scientific advances in biomaterials, stem cells, growth and differentiation factors, and
biomimetic environments have created unique opportunities to fabricate tissues in the laboratory
from combinations with engineered extracellular matrices scaffolds. However, the basic
requirements needed for tissue engineering scaffold candidates should be fulfilled; (i) three
dimensional and highly porous structures with an interconnected pore network for cell growth
and flow transport of nutrients and metabolic waste, (ii) biocompatible and bioresorbable with a
controllable degradation and resorption rate to match cell/tissue growth in vitro and/or in vivo,
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(iii) suitable surface chemistry for cell attachment, proliferation and differentiation, and (iv)

mechanical properties to match those of the tissues at the site of implantation, % see Figure 2.8.

=
Biomolecules

In (a) and (b), the
scaffold should support
cell attachment,
migration, growth and
differentiation in vitro.
In (c) and (d), scaffold
containing appropriately
differentiated cells
implanted in vivo to

repair defects and guide
tissue development into
a mature and healthy

ctate

Figure 2.8 Scaffold-based tissue-engineering aims to promote the repair and/or regeneration of
tissues through the incorporation of cells and/or biomolecules within a 3D scaffold system that
can be maintained in vitro culture conditions until implantation. Reproduced from CRC Press-
“Handbook of fabrication and processing of biomaterials” (2008).

Amongst the different classes of biodegradable polymers, PCL has found widespread uses in
biomedical arena, especially in the field of tissue engineering and drug delivery. Compared to
PLA and PGA:s, its incredible and versatile flexibility besides its superior rheological properties,
bioresorbability, excellent biocompatibility, negligible tendency to generate an acidic
environment during degradation made it attractive for TE scaffolds fabrication. It can be shaped
by any polymer processing technology to fabricate enormous array of fibrous meshes and porous
scaffolds (see Figure 2.9). Furthermore, PCL showed a slower degradation rate and higher
degree of permeability toward low molecular weight drugs (<400 Da) rather than any other
biodegradable polyesters.?) The later properties made it attractive candidate for fabricating
long-term and diffusion-controlled drug delivery systems that remain active for more than 1 year.
In fact, numerous drug-delivery devices fabricated from PCL were already approved by FDA

and have CE mark registration.
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Figure 2.9 Structures made of PCL: nanospheres (a,b), nanofibers (c,d), foams (e,f), knitted

textiles (g,h,i), selective laser sintered scaffold (j-0), and fused deposition molded scaffolds (p-
u).[103]

Due to its nontoxic nature, biodegradability and biocompatibility PCL has been gained
significant popularity in the field of localized and targeted drug delivery. In the scope of the local
drug delivery applications, PCL has been successfully tested as a vehicle for slow release of
drugs at tumor reactions sites.'®! Numerous drugs such as cisplatin,'*® doxorubicin,!* and
gentamicin sulfate,’*) have been successfully incorporated into PCL in the form of
nanoparticles. Table 2.4 lists the recent studies that investigating the fabrication and utilization

of PCL scaffold for various TE and drug delivery applications.
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Table 2.4 Review of some studies investigated the fabrication of PCL scaffolds for use in various TE applications

Brief method and outcomes Ref.
Microporous, non-woven PCL scaffolds were made by electrospinning. Mesenchymal stem cells (MSCs) derived from the bone marrow [108]
of rats were cultured, expanded and seeded on electrospun PCL scaffolds.
A highly porous, degradable PCL scaffold with an extracellular matrix-like topography was produced by electrospinning. Bone [109]
formation from MSCs on a novel nanofibrous scaffold in a rat model was assessed.
A three-dimensional nanofibrous scaffold fabricated from PCL for its ability to support and maintain multiline age differentiation of [110]
bone marrow-derived human mesenchymal stem cells (hMSCs) was tested.
To evaluate the repair potential in large osteochondral defects on high load-bearing sites, a hybrid scaffold system that comprised 3D [111]
porous PCL scaffold for the cartilage component and tricalcium phosphate-reinforced PCL scaffold for the bone portion were fabricated.
PCL/collagen nanofibers of different orientations for restoring large skeletal muscle tissue defects were produced and tested. [112]
MSCs-seeded PCL nanofibrous scaffolds for cartilage repair using 7 mm full-thickness cartilage defects in a swine model were [113]
evaluated. The approach showed promising and effective cartilage repair in vivo.
3D microfibrous meshes of PCL as potential scaffolds for tissue engineering applications were developed. Cell culture experiments [114]
employing MC3T3-E1 osteoblast like cells showed good cell viability, adhesion and collagen production on the PCL scaffolds.
The structural and functional properties of three-dimensional (3D) nerve guides fabricated from PCL using the air gap electrospinning [115]
process was describe.
PCL nanofibers scaffolds were fabricated to include both 10 and 20% (w/w) rifampicin (RIF). RIF release kinetics and bactericidal [116]
efficacies of the scaffolds were evaluated and compared to RIF-free control scaffolds.
Porous PCL scaffolds serve as both targeted drug delivery system and attachment platform for tissue regeneration post limb salvage
procedure were fabricated and tested. In vitro drug release studies showed that rhodamine B was released in a slow and sustained manner | [117]
for 112 days. Cell attachment study demonstrated low affinity for the scaffolds to provide attachment platforms for tissue regeneration.
Hallow fibers were successfully manufactured from blends of PCL/PLGA by phase separation. These have adequate elongation
characteristics to be applied in small-caliber blood vessel regeneration. The PCL/PLGA (85/15) ratio yielded a miscible blend after | [118]
processing, whereas higher PLGA contents in the blend led to separation of the polymer phases.
PCL/PLA blend scaffolds are produced by novel biomanufacturing system called BioCell Printing. Scaffolds with 0/90° architecture and
350 um of pore size were morphologically evaluated. Biological tests using osteosarcoma cell line G-63 were performed and results [119]
showed BioCell printing system produces scaffolds with regular and reproducible architecture, presenting no toxicity and enhancing cell
attachment and proliferation.
Porous scaffolds were produced by thermal crosslinking of PCL-diacrylate in the presence of hydroxyapatite (HA) and sodium chloride
porogen for bone TE. Results showed both the storage modulus (E’) and Tag increased, while the loss factor (tan &) decreased. In | [120]
addition, cytocompatibility of PCL/HA network scaffold indicated no toxicity and cells were attached and spread to the scaffold walls.
3D composite scaffold composed of PCL backbone network and a poly(lactide-co-glycolide)-block-poly(ethyleneglycol)-block-
poly(lactide-co-glycolide) (PLGA-PEG-PLGA) thermogel surface was prepared for enhanced cartilage TE. 3D PCL/Thermogel | [121]

composite scaffold showed a greater number of cell retention and proliferation in comparison to the PCL platform.
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2.4.6 Challenges Facing PCL Scaffolds

The wider commercial use of PCL as a commodity polymer in biomedical field is still
constrained by its low melting temperature and low mechanical properties. In addition, the
higher degree of crystalinity, non-osteoconductivity and hydrophobicity that decrease its
biocompatibility with soft tissues and lowers its biodegradation.[?®) Nevertheless, the current
fabrication techniques of drug-laden PCL nanoparticles, namely, emulsion solvent
extraction/evaporation, phase separation, and spray drying, unfortunately could only achieve
low drug loading efficiency and produce scaffolds with one sole function of controlled drug
release.['??

However, thermo-mechanical limitations of PCL were partially solved by researchers through
the development of PCL-based nanocomposites. For instance, the addition of relatively
small amounts of nanosized particles to PCL matrix lead to dramatical improvement of
mechanical, thermal and heat distortion properties. Recently, efforts to increase the
mechanical properties of PCL nanofibers have been reported by the addition of several
synthetic nanofillers such as layered silicate (Montmorillonite)**! and carbon nanotubes
(CNTs)."1 Although the introduction of CNTSs yielded composite with increased mechanical
properties, manufacture protocols and special processing conditions made such types of
composites quite costly.'?! In addition, CNTs possess some degree of cytotoxicity toxicity in
vivo applications predominately due to their sizes or their contamination with traces of
transition metal catalysts that used in their production.**! The use of biological materials
such as proteins from egg shells has also been reported as a reinforcing agent for PCL based
nanofibers.*?”) Although the mechanical and interfacial properties of the composites were
improved, the incorporation of soluble polymers in the PCL matrixes required special
manufacturing protocols. However, due to renewability, biocompatibility and excellent
thermo-mechanical properties of CNCs, it considered as potential nanoreinforcing candidate
for the preparation of bio-nanocomposites.[*?®! Composites based on biodegradable PCL with
both unmodified and chemically grafted CNCs derived from ramie fibers were successfully
produced via the electrospinning technique.™® Results showed the reinforcement with 2.5%
unmodified CNCs in PCL fiber webs induced minimal changes in the thermal behavior, but
increased Young’s modulus and the ultimate strength of ca. 1.5-fold compared to neat PCL
webs. Results also showed that chemically grafted ramie-CNCs with short PCL chains was
led to better compatibility between the hydrophobic PCL matrix and the hydrophilic CNC
dispersed phases. Moreover, when short PCL chains were grafted onto the surface of CNCs,
annealed febrile morphologies were obtained due to the differences in the crystallization rates
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of the high and low molecular weight PCL segments which impaired the crystalline
properties of PCL matrix.**! Nanocomposites materials obtained from chitin whiskers and
polycaprolactone were produced by evaporation, freeze drying and melt-compounding in a
mini-extruder followed by hot pressing. As revealed from thermo gravimetric analysis,
nanocomposites showed higher thermal stability than that of the pure PCL, the highest
increase in Young's moduli was obtained for a chitin whisker content of 10 wt%. Higher
chitin whisker contents resulted in a more brittle failure behavior of the nanocomposites,
which was accompanied by reduced tensile strength and elongation at break. However, melt-
compounded specimens showed improved mechanical properties compared with those
processed by evaporation and freeze drying techniques.™® In another study, PCL-BC
biocomposites were prepared by melt-compounding using a mini twin-screw extruder. In this
study, BC was utilized as reinforcing agent for PCL matrix in two different forms; (i)
particulate BC (PBC), and fibrous BC (FBC). Mechanical testing reported that the addition of
BC positively contributed to the Young's modulus of PCL by increasing it up to six times.
However, FBC showed better homogeneous dispersion and higher composite yield stress and
strain at break than PBC. Moreover, the addition of BC had a significant positive effect on
the heat deflection temperature (HDT) of PCL, which was doubled with the addition of as
little as 10 vol% of BC.1¥!

2.4.7. Developing Porosity

Cell adhesion and proliferation in scaffolds are a must and can be promoted by generating
porosity within the 3D constructs.**] Porosity is induced in polymeric matrices using a
variety of methods including electrospinning, freeze-drying, and solvent casting/salt
leaching.!*** However, the disadvantages of these techniques include the use of toxic organic
solvent, formation of thin 2D structures, nonhomogenous and limited porosity, irregularly
shaped pores, and insufficient pore interconnectivity.**? Gas foaming process has been
widely employed to eliminate the problems associated with the use of these conventional
methods for porosity generation. Porous structures of amorphous or semi-crystalline
hydrophobic polymers such as poly(lactic) acid (PLA), PLGA, PCL, poly(methyl
methacrylate) (PMMA) and polystyrene have been obtained using gas foaming technique.™!
However, the formation of a non-porous external skin layer 3 and lack of interconnectivity
between porest*** are common issues in gas foaming technique. Gas foaming/salt leaching
methods have been developed to address these issues,** see Figure 2.10. For instance,

Salerno et al. produced PCL foams with porosity in the range of 78-93% and pore sizes
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between 10-90 um!™3®! However, the gas foaming technique is not efficient for the creation of

porosity in crystalline and hydrophilic polymers.
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Figure 2.10 Developing porous structures by gas foaming/particulate leaching technique. %!

2.4.8 Drug-laden PCL Scaffolds

The drug-laden PCL nanoparticles used in targeted drug delivery often possess no other
function rather than to release drugs, while the regular 3D PCL scaffolds developed for TE
usually contain no drug. The term tissue engineering therapeutics emerged to coined 3D
scaffolds with additional drug delivery properties.®™ To minimize systemic drug toxicities
and to ensure adequate supply of the various therapeutic agents, targeted and controlled drug
delivery systems were designed. By encapsulating drugs in micropolymeric or nanopolymeric
structures, this allows drugs to remain at specific sites of action at sufficiently high
concentration and to exert their pharmacological effects without causing severe systemic
toxicities. Additionally, localized drug delivery also improves drug absorption and
intracellular penetration, prolongs retention time, enhances drug efficacy, and reduces drug
degradation.®*!

Numerous therapeutic agents, including growth factors, antibiotics, and anti-inflammatory,
have been successfully loaded into three-dimensional bioactive scaffolds and demonstrated
clinical potentials in the treatment and management of bone-related pathologies.*® Although
PCL has demonstrated tremendous potentials in targeted drug delivery and tissue
engineering, very limited studies were reported these two distinct combined functions.
Recently, dual-function drug-laden PCL scaffolds of varying surface architecture were
fabricated by microneedle arrays to serve as targeted drug delivery system and attachment

platform for regenerated tissue following limb salvage procedure. However, results from in
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vitro drug release and cell attachment showed burst release at the beginning and followed by
a slow drug release for about 112 days along with poor cell attachment ability.!?®!

Doxorubicin is hydrophobic anticancer drug, sold under the trade names Adriamycin. It
works by intercalating infected DNA strands, (see Figure 2.11). It widely used in the
treatment of a wide range of cancers, including blood cancers, (like leukemia and
lymphoma), many types of carcinoma (solid tumors) and soft tissue sarcomas.[*”) It is often
used in combination chemotherapy as a component of various chemotherapy regimes.**®!
Doxorubicin is administered intravenously as a hydrochloride salt. I1ts common side effects
include hair loss, nausea and vomiting, skin reactions (including hand-foot syndrome) and

localized swelling and redness along the vein in which the drug is delivered.!**!

a

Figure 2.11 (a) Doxorubicin hydrophobic anticancer drug (b) Diagram of anticancer drug-
DNA complexes of two doxorubicin molecules intercalating DNA (c) Induced structural
distortions due to intercalation; left: unchanged DNA strand; right: DNA strand intercalated

at three locations (black areas) by Doxorubicin.

2.4.9 Limb Salvage Procedure

Limb salvage procedure is a type of surgery that involves local resection of bone or soft
tissue cancers in order to avoid amputation.**” This procedure has proven to be effective in
the treatment of osteosarcoma due to its superior ability to maintain the external appearances
and physiological functions of the patients’ limbs.™ Typically, the surgery involves the
removal of tumors and some surrounding tissues, followed by the placement of either metal
prosthesis or bone graft in the resected space to provide mechanical support and platform for
new bone regeneration (see Figure 2.12). The use of metal prosthesis is constrained with
numerous limitations, such as corrosion, ™2 metal hypersensitivity,**! stress shielding,™**"
growth restriction,"* imaging interference,™*® and the need for additional removal
operation. *”) The usage of bone grafts is also not ideal because allograft is often associated

with nonunion, infection, disease transmission, and limited donor availability.**®! While
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autografting can circumvent the problem of disease transmission and tissue incompatibility,
limited by donor site morbidity, increased operative time, and chronic pain.*

Biodegradable polymer implants, therefore, emerged as viable alternatives for limb salvage

procedure and have demonstrated promising results in bone regeneration of cranioplasty and
[150]

bone defects.

Figure 2.12 Showing limb salvage procedure. (Adapted from Photos courtesy of the Southern
Arizona Limb Salvage Alliance (SALSA).

Following limb salvage procedure, chemotherapy is often prescribed to patients to destroy
any lingering microscopic deposits of the malignant cells and reduce cancer recurrence.*!
Although chemotherapy has proven to be highly effective in increasing the disease-free
survival rate of localized osteosarcoma,™®? conventional systemic chemotherapy is
unfortunately highly toxic.[**3 While radiotherapy is generally considered safe and effective,
it also possesses several disadvantages such as, soft tissue damage, increased pain, the need
for additional orthopedic procedures, and also some bone cancer cells also do not respond
well to radiotherapy.*®! Moreover, one major complication following a limb salvage
procedure is surgical wound and orthopedic device infections.[***! Hence, oral or intravenous
broad-spectrum antibiotics, opioids, mild narcotics, anti-inflammatory are regularly
prescribed to control pain and to prevent or treat infections associated with limb salvage
surgeries.!*%®

Therefore, in view of the existing challenges and limitations confronting limb salvage
surgery, a novel PCL drug-laden bionanocomposite scaffold is developed. The envisioned
dual-function scaffold would serve as viable alternative of metal prostheses or bone grafts
(promote bone and tissue regeneration) and simultaneously act as localized and controlled
drug delivery system. Getting these two functions into one scaffold is a noble attempt to
minimize undesirable systemic toxicities of chemotherapeutic drugs, ensure adequate drug

supply, and reduces cancer patients’ suffering from taking long-term medications.
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2.5 Poly(3-hydroxybutyrate) P(3HB)

P(3HB) is the best known member of the polyhydroxyalkanoate family (PHA). It considered
as energy storing material that synthesized and accumulated intracellulray by many microbial
strains.l** It characterized by its strength, hydrophobicity, inertness, relatively high melting
point, optical purity and thermoplastic process ability similar to those of polypropylene.™®
The later properties made P(3HB) an attractive green alternative to synthetic plastics. In
addition, low molecular weight P(3HB) and its degradation product D(-)-3-hydroxybutyrate
are common metabolite detected in humans plasma.[**® This significant advantage of being
completely biocompatible and biodegradable within the blood and tissue of mammals has
further exploited the high-value of P(3HB) for medical implants. P(3HB) is currently used for
absorbable suture, heart valves and cardiovascular tissue supports.

Ralstonia eutropha (R. eutropha), or Cupriavidus necator, is among the bacterial strains that
have proven to assimilate sugar carbons to P(3HB). R. eutropha has been the most commonly
used strain for the industrial production of P(3HB) from lignocellulosic biomass. It can
metabolize sugar carbons obtained from the hydrolyzed lignocellulosic biomass such as
glucose, xylose, and arabinose and accumulate P(3HB) as discrete inclusions in cell
cytoplasm whenever they exposed to stresses.**! These P(3HB) granules, typically 0.2 + 0.5
um in diameter were visualized quite clearly with transmission electron microscopy or phase
contrast light microscope due to their high refractivity,**” (Figure 2.13). P(3HB)
accumulation to the level of approximately 90% of its dry cell weight has been reported. ™"’

In R. eutropha, two acetyl-CoA moieties are condensed to acetoacetyl-CoA by a B-
ketothiolase (PhaA). The product then undergoes reduction by NADPH-dependent reductase
(PhaB) which produces the (R)-isomer of 3-hydroxybutyryl-CoA ™ (Figure 2.14). Studies
using R. eutropha, showed that the intracellular degradation of P(3HB) inclusions is a very
slow process, with rate degradation calculated to be about 10 times slower than the rate of its
synthesis.™®? Previous studies also showed the quantity of P(3HB) accumulated increased as

the carbon to nitrogen ratio increased.[*¢%164!
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Figure 2.13 Transmission electron micrograph of thin sections of R. eutropha cells containing
large amounts of P(3HB) inclusions (90% of the dry cell weight) appear as electron-dense
bodies. Bar represents 0.5 pm.!**%
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Figure 2.14 A; Schematic representation illustrating the key aspects of heterotrophic
metabolism of R. eutropha. The yellow circles represent the processes of central metabolism,
whereas the gray circles indicate polyhydroxyalkanoate (PHA) storage granules. B; Cyclic
metabolic nature of P(3HB) biosynthesis and degradation in bacteria. PhaA, B-ketothiolase;
PhaB, NADPH dependent acetoacetyl-CoA reductase; PhaC, PHA synthase; PhaZ, PHA
depolymerase; 1, dimer hydrolase; 2, (R)-3-hydroxybutyrate dehydrogenase; 3, acetoacetyl-
CoA synthetase; 4, NADH-dependent acetoacetyl-CoA reductase.[**!
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2.6 Cellulose Nanocomposites: Opportunities, Challenges and applications*

Nanocellulose as renewable natural fibers has gained significant research interest and
considered the prime and promising candidate for replacing synthetic fibers. It found
enormous biomedical applications when combined with bio-based/renewable polymers. This
chapter compiles four main sections. The first section briefly discussed the different sources
and hierarchy of cellulose nanofibers, while the second section critically discussed the
production of cellulosic nanoparticles, i.e. cellulose nanocrystals (CNCs) and microfibrillated
cellulose (MFC), their self-assembly in solution and solid phase, their tensile and reinforcing
properties, as well as surface modification done to assist their incorporation into different
polymer matrices. The third section discussed the mechanical properties, the effect of
processing methods on mechanical properties and displayed micromechanical modeling used
for predicting their reinforcing potential in nanocomposites. In addition, this section also
reviewed the up to date challenges and progresses that were accomplished by researchers to
fabricate potential nanocellulose-based nanocomposites. Enormous biomedical applications

of nanocellulose and its nanocomposites were listed and highlighted in the last section.

2.6.1 Introduction

“Back to Nature” is the present day mantra of the modern world. The current trend is to find
out new materials based on natural substances. Increased environmental awareness and the
current economic situations tempt the modern man to make use of natural fibers in
developing new composite materials. Natural fibers are extracted from different resources,
the fibers properties depend on their origin and the extraction methods used as well.

Cellulose fibers, the most abundant renewable and biodegradable polymer, are the promising
feedstock owing to their applications in various industries. Annual production of natural
cellulose is estimated to be of 10! — 10'* tons.!*® The value of cellulose is also recognized as
a versatile starting material for subsequent chemical transformation in the production of
artificial cellulose based threads and films, as well as a variety of cellulose derivatives such
as food, printing, cosmetic, oil well drilling, textile, pharmaceutical, domestic life and

biomedical applications.!*®®!

*This chapter is adapted from a published book chapter “Mohamed M. Khattab, Noha A. Hady and
Yaser Dahman. “Cellulose nanocomposites: opportunities, challenges, and applications.” In
Cellulose-Reinforced Nanofibre Composites: Production, Properties and Applications, edited by
Mohammad Jawaid et al., Woodhead, Elsevier, 2017, pp.483-516. DOI:org/10.1016/B978-0-08-
100957-4.00021-8.”
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Nowadays, researchers are increasingly acknowledging the importance of the use of natural
cellulose nanofibers, not only because of their large surface area to volume ratio, but also due
to their sustainability, biocompatibility, biodegradability, cheapness, environmental friendly
nature, tendency to be recycled and their comparative mechanical properties.™®”! Moreover,
special attention is given to their composites when they are mixed with natural and synthetic
polymers to form nanocomposites with improved mechanical and physical properties if
compared to the neat polymers. Those types of nanocomposites could address the property-
performance gap between renewable and non-renewable petroleum based polymers (see
Figure 2.15). They will likely become the next generation of novel eco-friendly

nanocomposites. !
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Figure 2.15 Comparison between average tensile properties of commonly used synthetic
engineering fibers, renewable technical fibers, petroleum-based and renewable polymers,

respectively. BC denotes bacterial cellulose. (28!

2.6.1.1 Different Sources of Cellulose Nanofibers

Cellulose is derived from a variety of sources, such as annual plants, animals and microbes.
These include seed fiber (cotton), wood fibers (hardwoods and softwoods), bast fibers (flax,
hemp, jute, ramie), grasses (bagasse, bamboo), simple marine animals, such as tunicates,
which can also deposit cellulose in their cell walls,**" algae (Valonica ventricosa), and
bacteria. The bacteria that secrete cellulose extracellulary belong to the genera Acetobacter,
Agrobacterium, Alcaligenes, Pseudomonas, Rhizobium, and Sarcina.l*’” Acetobacter xylinum

(A. xylinum) (or Gluconacetobacter xylinus) is the most efficient producer of bacterial
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cellulose. Typically, every single bacterium cell was able to convert up to 108 glucose

molecule/h into cellulose. !

It is worth to mention that cellulose produced from plant serves
as a structural material within the complex architecture of the plant cell walls. It is usually
impure and contains hemicelluloses, and a relatively small amount of lignin. In wood, pure
cellulose constitutes about 40-50%; in leaf fibers: sisal fibers (55-73%), in bast fibers: flax
70-75%, hemp 75-80%, jute 60-65%, ramie 70-75%, kenaf 47-57%, in canes: bamboo 40-
55%, baggase 33-45%, and in cereal straw: barley 48%, oat 44-53%, rice 43-49%, rye 50-
54%, wheat 49-54%, cotton seed hairs, the purest source, contain 90-99% of cellulose.'™ In
comparison with plants cellulose, BC is usually produced in a relatively pure form. In
addition, BC also has higher water holding capacity, higher degree of polymerization (up to
8,000 Da), and a finer web-like network, and therefore, no chemical treatments are needed to

remove lignin and hemicelluloses, as is the case for plant cellulose.™*™

2.6.1.2 Hierarchy of Cellulose Nanofibers

Structurally, cellulose consists of a linear homo polysaccharide composed of f-D-
glucopyranose units linked together by B-(1—4)-linkages. Each monomer unit bears three
hydroxyl groups. Hence, it is obvious that these hydroxyl groups with their abilities to form
hydrogen bonds are playing a very important role in directing the crystal packing structure
and also controlling the physical properties of cellulose.!”® Actually, the chains of poly-p-
(1—4)-D-glucosyl residues that formed during the biosynthesis are considered the basic
structural component of cellulose. These chains are called microfibrils and have diameters
ranging from 2 to 20 nm.[*"*! These microfibrills ultimately aggregate to form fibrils. Fibrils
are long thread-like bundles, laterally stabilized by intermolecular hydrogen bonds,*™® as
shown in Figure 2.16. Each microfibril is considered as a string of cellulose crystals linked
together along the microfibril axis by disordered amorphous domains, e.g., twists and
kinks.*? Hydroxyl groups in equatorial positions of the glucopyranose moieties are
responsible for the stabilization of structure and the increase its rigidity. As a result, an
extensive intra and inter-molecular hydrogen bonding is formed and caused water
insolubility.!® The degree of polymerization (DP) of native cellulose is approximately
10,000 in wood, 15,000 in cotton,’ 26,500 in valonia fibers,*"® and DP ranging from
20,000 to 14,000 in cotton fibers, depending on the plant part that analyzed. Bledzki and
Gassan have reported that purification procedures usually lead to reduction in the DP, for
instance, a DP of 14,000 in native cellulose can be reduced to about 2,500.1"
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Figure 2.16 Scheme representing cellulose cell wall, bacterial cellulose production,

microfibril organization and interaction between cellulose molecular chains within the

crystalline region.

Two main polymorphs of cellulose are present; native cellulose or “cellulose I”, and
regenerated cellulose or “cellulose II”. Cellulose I is crystalline and made up of parallel
chains,™ whereas cellulose 11 is precipitated out of alkali solutions ™! and has antiparallel
chains.!*®? Thermodynamically, cellulose 11 is the most stable allomorph of cellulose due to
the presence of additional hydrogen bond per glucose residue.!*®*!

The existence of two crystalline forms in native cellulose i.e. 1, and lg, was first confirmed
with x-ray and NMR experiments,*® and then by electron diffraction and FTIR
spectroscopies.*®! They also claimed that the native cellulose is a mixture of cellulose 1, and
Ig and some physical properties of cellulose fibers are based on the ratio of these two
allomorphs. It is also reported by the same authors that the structural forms of I, and I are
found within the same cellulose sample along a given microfibrill, and the metastable
cellulose 1, can be converted into the more stable I form by an annealing treatment. In these
two allomorphs i.e. I, and Ig, the conformation of the polysaccharide chains is similar,
although the hydrogen-bonding pattern is different.l®*? The triclinic 1, allomorph is
predominant in bacterial celluloses, while the monoclinic Ig form is the allomorph present in
the plants cellulose (ramie and cotton).*¥! Nishiyama et al'*®! has reported that cellulose
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from tunicate (sea animal) consists of ~90% of Iz. On the contrary, cellulose from freshwater

alga Glaucocystis sp. contains nearly 90% pure I, cellulose.

2.6.2 Nanocellulose

2.6.2.1 Cellulose Nanoparticles: Terminology and Production

There are two main categories of nanosized cellulosic particles. The first one is cellulose
nanocrystals or nanowhisker, while the second one is called microfibrillated cellulose (MFC).
Different terminologies have been used in literature to name these rod-like nanoparticles,
what can lead to misunderstanding and ambiguities sometimes, e.g. microfibrils,
microcrystals or microcrystallites, despite of their nanoscale dimensions.2™*"1 These
terminologies, as well as raw cellulosic materials used for their production along with
extraction processes, are summarized in Table 2.5. For obtaining cellulose whiskers or MFC
from raw cellulosic materials, fibers are first milled and then submitted to alkaline treatments,
followed by bleaching with NaClO,. During these steps, lignin and hemicelluloses were
eliminated while cellulose moieties kept intact. The bleached fibers are further hydrolyzed or
mechanically disintegrated at high pressure to obtain nanoparticles. Figure 2.17 presents the

main steps involved in the preparation of cellulose whiskers and MFC.

Raw cellulosic fibers
Milled fibers

Alkalitreatment {80°C,
4% (w/w) NaOH }

Bleaching treatment

{80°C, NaClO,/ Acetate
buffer (pH=4.8)}

Mechanical Homogenization

Figure 2.17 Summarizes the main steps involved in the preparation of cellulose nanoparticles.




2.6.2.2 Cellulose Nanowhisker

The amorphous cellulose regions are randomly oriented and have lower density compared to
crystalline regions. Therefore, they are more susceptible to acid attack and under controlled
conditions and can be hydrolyzed, leaving behind the crystalline regions intact, Figure 2.18
(top). These resulting crystalline regions are rod-like shaped particles with dimension 5-20
nm in diameters and 50-500 nm in length and called cellulose nanocrystals (CNCs) or
nanowhisker.*"%*¥! Cellulose nanownhisker that produced from bacterial cellulose have larger
dimension compared to those derived from plan source, since BC nanofibers have longer

crystalline regions and lower fractions of amorphous region.™!

Crystallineregions

—
uquoLN

[
Joqy

Amorphous (disordered)
regions

H,SO,

Cellulose nanocrystals

Figure 2.18 (Top) shows schematics presentation for acid hydrolysis of amorphous regions
and the formation of CNCs. (Bottom) is showing AFM images of cellulose nanowhisker

produced from BC by using (a) HCI hydrolysis and (b) H,SO. hydrolysis.™

Typical methods used for the extraction of CNCs include harsh acid hydrolysis, enzymatic
hydrolysis and ammonium persulfate oxidation. All methods have been researched and the
obtained nanocrystals showed morphologies and properties different from native cellulose
nanofibers. Atomic Force micrographs (AFM) showing cellulose nanocrystals are presented
in Figure 2.18 (bottom a & b).
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Table 2.5 Different terminologies used in literature to express cellulose nanoparticles during their production and extraction processes.

Acronyms Name Source Process Ref.
CNW Cellulose nanowhisker Ramie H»SO4 hydrolysis [191]
MCC H,SO, hydrolysis [192]

Grass fiber H,SO, hydrolysis [193]

MCC LiCl: DMAc [194]

CNXL Cellulose Nanocrystals Whatman filter paper H,SO, hydrolysis [195]
Bacterial cellulose H,SO, hydrolysis [196]

HCI hydrolysis [197]

Enzymatic hydrolysis [198]

Cotton (cotton wool) H,SO, hydrolysis [199]

MCC Sonication [200]

NF Nanofibers Wheat straw HCI + Mechanical [201]
MFC Microfibrillated Cellulose Pulp Gaulin Homogenizer [202]
Wood pulp Acid hydrolysis + mechanical [203]

Wood pulp Enzymatic + mechanical [204]

NFC Nanofibrillated cellulose Sulfite pulp Mechanical [205]
MCC Microcrystalline cellulose Alpha-cellulose fibers H,SO,4 Hydrolysis [206]
Bleachead kenaf bast fiber | HCI hydrolysis [207]

CNC Cellulose nanocrystals Cellulose fibers H3PO, [208]
HBr [209]

NCC Nanocrystalline cellulose MCC H,SO, hydrolysis [210]
Biomasses Ammonium persulfate (APS) [211]
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Azizi Samir ¥ and Habibi ! described cellulose whiskers as nanofibers, which have been
formed under controlled acidic hydrolysis. Beck-Candanedo®? studied the properties of
cellulose nanocrystals obtained from soft and hard wood pulps by H,SO,4 hydrolysis.

After studying the influence of hydrolysis time and acid-to-pulp ratio, it claimed that too long
reaction times completely digest the cellulose nanofibers into its sugar molecules, whereas lower
reaction times will only yield large aggregates of non-dispersed fibers. De Souza Lima described
the penetration of hydronium ions throughout amorphous domains for promoting the hydrolysis
of glycosidic bonds and releasing individual crystallites.'®® Dong et al has studied the effect of
hydrolysis conditions on the properties of resulting cellulose nanocrystals and reported that
longer hydrolysis time leads to shorter nanocrystals with increased surface charge.?**!

Dufresne reported that the stability of nanocrystals suspensions depends on the dimensions, size,
surface charge and the polydispersivity of dispersed particles.®”! Beck-Candanedo reported that
sulfuric acid-prepared nanocrystals have negative charge surface due to the esterification of
surface hydroxyl groups to sulfate groups, which provide more stable aqueous suspensions due
to repulsion.’”*? On the contrary, Corréa *“ reported that CNCs produced by hydrochloric acid
hydrolysis have minimum surface charge and poor stability in solutions and tend to flocculate.
However, it acquired higher crystalinity and thermal stability. Bondeson at al considered the
necessity to optimize the hydrolysis condition in order to obtain large quantities of whiskers
suspensions to be used as nanoreinforcement material in biopolymers.”**! They investigated the
effect of variation of sulfuric acid concentration, time and temperature of hydrolysis, as well as
duration of the sonication step on microcrystalline cellulose (MCC) hydrolysis. They also
reported that cellulose whiskers of length ranging between 200 and 400 nm were obtained by
using 63.5 wt% sulfuric acid concentrations for approximately 2 h and with a yield of 30%.
Further studies were done by Elazzouzi-Hafraoui et al.**® They demonstrated the ability of
forming CNCs with narrow size distribution by means of sulfuric acid hydrolysis followed by
sonication. However, this sonication method usually provokes structural deformities as it
generates an abundance of sheer stress on the fiber.

Moreover, it was also reported that sulfate groups might take up as much as 40% of the most
reactive hydroxyl groups and make them nonreactive./?'®! The same group conducted different
ways for CNCs desulfation. It was reported that CNCs desulfation under the condition of 2M

NaOH at 65 °C for 5 hours was effective. It was also indicated that alkaline-catalyzed desulfation
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of CNCs resulted in 3:6 and 2:3 anhydride structures. In another study for desulfation by using
HCI,*it was found that it has a drawback on the glycosidic linkages where polysaccharides are
susceptible to acid hydrolysis and depolymerization may take place when treated with strong
acids. Another limitation is reported by Pomin et al,'*¥! where the desulfation process by using
acids can be stereo-selective. Solvolytic desulfation that involves heating pyridinium salt of
polysaccharide in a mixture of dimethyl sulfoxide and methanol was done by Jiang et al,'***! (see
Figure 2.19). This method resulted in a nearly complete desulfation within a single step. Liu et al
was able to synthesize CNCs with little to no sulfate residues through sulfuric acid hydrolysis

followed by 5 cycles of homogenization.??
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Figure 2.19 Conductometric titration curves for H,SO4-hydrolyzed CNC (open circle), HCI-
hydrolyzed CNC (open triangle), HCI-desulfated CNC-seventh step (solid circle), solvolytically
desulfated CNC (solid triangle).!?*"!

Post-treatment of hydrochloric acid-generated CNCs by sulfuric acid has been studied by Araki
et al to achieve controlled amounts of sulfate groups onto the CNC surface.?! A combination of
sulfuric acid and hydrochloric acid during hydrolysis steps generates cellulose nanoparticles with
spherical shapes instead of rod-like appearance, besides showing better thermal stability due to
decreased amount of sulfate groups on the surface.

Hydrolysis using hydrobromic and phosphoric acids for the production of CNCs has also been

reported.'?®2% Those groups demonstrated that the resulting hydrolysis product is related to
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time, where the amorphous regions of the fiber are removed faster at the beginning of hydrolysis.
They also observed that as time increases, the rate of hydrolysis decrease as the acid begins to
attack the crystalline regions of the cellulose fiber. This leveling off period is highly discouraged
as structural changes begin to occur. The highest yield obtained by this group was 70%. Other
claim was that the 30% loss could be attributed to the loss of amorphous groups during
hydrolysis. It was also noticed that at a high HBr concentration (4M), discolouration occurred.
This could be ascribed to dehydration due to harsh acid conditions.

Leung et al has prepared more homogeneous CNCs in one-step from biomasses by using
ammonium persulfate (APS) as strong oxidant instead of acid hydrolysis.!**¥ This versatile one-
pot procedure can process a variety of cellulosic biomass without the need for pretreatments to
remove non-cellulosic plant contents. Compared with sulfonated CNCs that produced by using
H,SO, the use of APS resulted in formation of highly carboxylated CNCs. As such, highly
carboxylated CNCs can be produced directly from this method without the need to undergo an
additional step with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) oxidation that is often
required to obtain highly carboxylated CNCs from that one produced by acid hydrolysis.!???
George et al produced CNCs from BC fibers through an enzymatic process by treating it with
commercially available cellulose (Trichoderma reesei ATCC26921).1*% The resulting product
had nearly two fold higher thermal stability than CNCs produced from the standard sulfuric acid
hydrolysis. The obtained fibers length was in the range of 100-300 nm while its diameter was
between 10—15 nm, which are typical dimensions for CNC. Compared to chemical hydrolysis
routes, this enzymatic green method showed chemical and physical properties very similar to that
of native cellulose fibers and displayed a more consistent production of “true” CNCs; however,

further research still needed to validate this claim.

2.6.2.3 Microfibrillated Cellulose (MFC)

Herrick et al®® is the first group who reported the extraction of microfibrillated cellulose (MFC)
from wood by mechanical disintegration process. This new type of cellulosic material was
named microfibrillated cellulose (MFC) or ‘nanofibrillar cellulose’ (NFC). MFC can be viewed
as a cellulosic material which are moderately degraded by a homogenization process and greatly
expanded in surface area and volume.”®! The isolation of MFC can be done by various
mechanical techniques such as refining, grinding and high pressure homogenization./??®! In these

mechanical methods, a repeated homogenization treatment at pressure of 30,000 psi and cooling
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was used to maintain a product temperature in the range of 70-80 °C.1?*®! The final product was

obtained as diluted dispersion of MFC, having a gel-like appearance, Figure 2.20.

Figure 2.20 Microfibrillated cellulose (MFC) gel.

Contrary to straight cellulose whiskers, MFC is long and flexible nanoparticles and contain more
or less individualized cellulose microfibrils with alternating crystalline and amorphous domains
and forming web like structure. Its lateral dimensions are in the order of 10 to 100 nm, and
length is generally in the micrometer scale.??”!

High energy consumption is considered one of the main drawbacks that confront its production.
Pretreatments have been developed by many researchers in order to solve the energy problem
associated with the process. Zimmerman et al applied an acid hydrolysis as pre-step before
pumping the pulp through the homogenizer. They claimed that sulfuric acid treatment combined
with mechanical dispersion could be resulted in finer fibril structures than the ones obtained only
by a mechanical treatment. They obtained fiber diameter below 50 nm, but their lengths were
still in the micrometer range.?*

In another environment friendly treatment, a combination between enzymatic hydrolysis and
mechanical shearing was done by Habibi.”?®! Results showed that MFC obtained by
enzymatically pretreated pulps has better structures and higher aspect ratio than that produced by
acid hydrolysis. Saito et al have proposed another process to obtain MFC based on TEMPO
reaction and strong mixing where individual MFC was obtained after oxidation by TEMPO at
room temperature and 500 rpm stirring.”*? They also claimed that optimal conditions were
reached at pH 10 and giving cellulose nanofibers with 3-4 nm in width and a few microns in
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length. Ultrasonications, cryocrushing, high speed blending and steam expulsion are another new

developed methods in their early stages.??®!

2.6.2.4 Self-Assembly and Organization of CNC

The presence of negatively charged sulfate groups on the surface of cellulose whiskers promotes
a uniform dispersion of the whiskers in water via electrostatic repulsions. Therefore, CNC
suspension is isotropic at very low concentration where particles are randomly oriented, and
when the concentration increases to a critical value, the suspension becomes anisotropic with
chiral nematic ordering, forming a liquid crystalline phase.[??®! With further increase in the CNC
concentration, a shear birefringence phenomenon is observed, Figure 2.21. The explanation to
this behavior was derived by analyzing the critical concentration of CNC as a function of its
aspect ratio and charge density. Bordel et al reported that the application of AC electric or
magnetic field on CNC suspension could introduce ordering of the nanoparticles.[>*”! Habibi et al
observed that application of AC field is resulted in alignment of CNC in suspensions.*!
Additionally, it was observed that the film formed from aligned suspensions is more
homogeneous with increasing electronic field strength. Pan et al conducted a similar study and
reported the factors that control the chiral nematic property of CNC films. They found that the
magnetic field did not influence the formation of chiral nematic phase, however it increased the
chiral nematic pitch of the suspension.[?*

Due to the polyelectrolyte nature of CNC nanoparticles, they are highly sensitive towards
electrolytes and counter ions, as well as polymers. Studies on the addition of electrolyte to CNC
suspensions, and then monitoring the phase behavior have been conducted by using, for example,
NaCl and KCI, which found to significantly reduce the volume fraction of anisotropic phase.!?**!
The types of counter ions and polymers in solution are also having influence on phase separation
behavior of CNC suspension.!*! It is also reported that addition of surfactants was improved the
dispersability of CNC in non-polar solvents for applications in nanocomposites. With the
addition of surfactants, a layer of surfactant coating was formed around CNC particles, but the
chiral nematic phase was still observed.[=®

Sulfuric acid-hydrolyzed CNCs obtained from bacterial cellulose have been reported to
spontaneously separate in a nematic phase. This phase separation event is preceded by a

birefringent glass-like state that can persist for up to 7 days. However, adding a trace electrolyte
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(<1 mM NacCl) caused separation in 2 days and permitted the anisotropic phase to become chiral

nematic.[?%®!
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Figure 2.21 (Left) aqueous 0.63% (w/w) CNC suspension observed between crossed polarizer.
Immediately after shearing, the suspension shows many iridescent birefringence patterns; after 1
week, the suspension separates into the upper isotropic and the lower anisotropic phases. (Right)
schematic representation of CNC orientation in both isotropic and anisotropic (chiral nematic)

phases.[=®

The nature and density of the charges on the surface of CNCs have also been reported to affect
the formation of the chiral nematic phase. It was reported distinctly different behaviors for using
post-sulfated HCI-hydrolyzed CNCs, which have sulfur content approximately one-third of the
directly H,SO4-hydrolyzed CNCs. Interestingly, a high viscosity suspension of post sulfated
CNCs does not yield a chiral nematic phase most likely due to its low charge content.!??!

Self-Assembly and organization of CNCs in organic medium was first investigated by Heux et
al,®" and then detailed examination of the structure of this chiral nematic phase has been
reported by Elazzouzi-Hafraoui et al.[?® They studied the correlation of the aspect ratio of CNCs
extracted from cotton fibers and their dispersion in nonpolar solvent such as cyclohexane. They
reported that the critical concentration in which spontaneous phase separation was changed into a
chiral nematic phase was higher than that in water. In addition, suspensions prepared with CNCs
having high aspect ratios did not show any phase separation, but instead, produced an anisotropic
gel phase at a high concentration. When CNC dispersions are casted on a solid support to prepare
solid films the particles can maintain their alignment to form iridescent structures with chiral

nematic ordering.*®! The films reflect polarized light on a wavelength determined by the pitch
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of the liquid crystals. A recent approach reports the effect of sonication treatment to change the

chiral nematic pitch in CNC suspensions and the resultant dry films.!?**!

2.6.2.5 Tensile Properties of Nanocellulose and Their Nano-reinforcement Potentials

The mechanical properties of cellulose nanoparticles are characterized in terms of the properties
of both ordered (crystalline) and disordered (amorphous) regions constituting the nanoparticle.
The disordered regions contribute to the flexibility and plasticity of the bulk material and the
ordered regions contribute to the stiffness and elasticity of the material. The modulus of different
types of nanocellulose is expected to result from the mixing rule between the modulus of the
crystalline domains and the amorphous fraction. Therefore, the stiffness and modulus of CNC
with more crystalline regions should have higher values than pristine fibers that have both
crystalline and amorphous structures. 24"

The elastic modulus of crystalline cellulose was investigated either by theoretical evaluations or
by experimental measurements, e.g. wave propagation, X-ray diffraction, Raman spectroscopy,
and atomic force microscopy. A broad range of values was reported, and it is generally accepted
that the Young’s modulus of crystalline cellulose (assimilated to the one of CNC) should be in
the range 100-200 GPa. The elastic modulus of crystalline cellulose was also investigated based
on nanoscale indentation and reported as 139.5 +3.5 GPa (similar to Kevlar).™ In another study,
Dri et al computed the Young’s modulus of crystalline cellulose using quantum mechanics; the
predicted modulus of crystalline cellulose was found to be as high as 206 GPa (similar to
steel).”*] A three point bending experiment using AFM tips was performed on cellulose
microfibrils to calculate the elastic modulus. The dimension of cellulose microfibrils was found
to significantly affect the mechanical properties, and a value of 81 £12 GPa was reported to be
the longitudinal modulus.’?*? The modulus of BC nanofibers was reported as 114 GPa by using
of Raman spectroscopic technique, the measurement involved the determination of local
molecular deformation of BC nanofibers via a shift in the central position of the Raman band at
1095 cm ™. Lastly, Young’s modulus of 250 GPa were determined for cellulose whiskers by
De la Motte.™ The later value is the closest to the modulus of the perfect crystal of native
cellulose, since cellulose whiskers are devoid of chain folding and contain only a small number

of defects.
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Nanocellulose showed considerable potential as reinforcing material for biobased and
biodegradable polymer matrices. However, the main challenge with the incorporation of
cellulose nanofibers in polymer matrix is to obtain good dispersion, which is reflected directly on
the final mechanical properties of nanocomposites.**! Moreover, the enhancement of tensile
strength and elastic modulus is usually at the expense of elongation at break.”* It is also very
important to mention that nanocellulose-based nanocomposites can be hygroscopic in nature and
any swilling that may happen can diminish the mechanical properties./?®®! Several researchers
reported that adding small quantities between (0.5-5 wt%) of cellulose nanofibers will
substantially improve the mechanical properties of the nanocomposites, and higher amounts of
cellulose nanofibers over 5 wt% could lead to miscibility problems and deteriorate the

mechanical properties of the nanocomposites.!*®!

2.6.2.6 Modification of Nanocellulose

It is worth mentioning that, in order to use nanocellulose in biomedical applications such as
wound healing, internal implant, or as drug delivery systems, a pure product is necessary.
Therefore, from industrial point of view, powdered nanocellulose is much preferred. However, in
dry state, the hydrophilic nature of cellulose nanofibers, supported by their high surface energy
and hydrogen bonding between nanoparticles, cause irreversible agglomeration and hinder their
distribution in hydrophobic polymer matrix.”*" Although melting processing is the most
practical and economical way for fabrication of CNC based bionanocomposite, it tends to cause
aggregation and consequent phase separation, which finally limits the mechanical properties of

nanocomposites. 2!

Lowering surface energy of nanocellulose is one of the important
parameters that needs control and improvement to ensure nonfoloculated dispersion in polymer
matrix and ultimately enhances the quality of melting processing. Two main strategies were
used; surface physical modification by coating CNCs with surfactants, or chemical modification
by grafting of CNCs surface with small molecules or polymer. The main challenge in surface
modification of CNCs is to conduct the process in such a way that it only decorates the surface of

CNCs, while original morphology and crystals integrity are kept intact.

2.6.2.6.1 Noncovalent surface modifications
Noncovalent surface modifications of CNCs are typically made by adsorption of surfactants on
fiber surfaces. This approach has been introduced by Heux et al,”*" who used surfactants
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consisting of mono- and di-esters of phosphoric acid bearing alkylphenol tails. The obtained
modified surfactant-coated CNCs displayed well dispersion in nonpolar solvents. Nevertheless,
another study showed the surfactant molecules form a thin layer of about 15 A on the surface of
the CNCs.”* An anionic surfactant was also used by Bondeson and Oksman to enhance the
dispersion of CNCs in poly(lactic acid) (PLA).”% Kim et al’®Y and Rojas et al™® used
nonionic surfactants to disperse CNCs in polystyrene-based composite fibers. CNCs surface
modification based on the adsorption of saccharide-amphiphilic block copolymers that mimic
lignin-carbohydrate copolymers, e.g., adsorption of xyloglucan oligosaccharide-PEG-polystyrene
triblock copolymer onto the surface of CNCs was done by Zhou et al.'”? The resulting CNCs

showed excellent dispersion abilities in nonpolar solvents.

2.6.2.6.2 Covalent surface chemical modifications

Depending on the desired application, chemical modifications of CNC were carried out at the
hydroxyl groups of the glucose units on the crystalline backbone structure. This includes
esterification,™! silylation,”™* oxidation,’™ cationization,™® and grafting; via acid
chloride,”®® acid anhydride,’”®” or isocyanate,’??”! (see Figure 2.22). Nevertheless, (2,2,6,6-
Tetramethylpiperidine-1-oxyl) or (TEMPO-mediated oxidation) of CNCs has been first
introduced by De Nooy et al®® and has been used to convert the hydroxymethyl groups present
on CNC surface to their carboxylic form. This oxidation reaction is highly discriminative of
primary hydroxyl groups, and considered “green” and simple to be implemented. Recently, more
homogeneous highly carboxylated CNCs have been prepared using ammonium persulfate
oxidation. This one-pot procedure can process a variety of cellulosic biomass without the need
for pretreatments to remove non-cellulosic plant contents.[*'!

Moreover, an environmental friendly CNCs surface acetylation route involving a low reagent
consumption and simple-to-apply procedure was reported by Yuan et al.*® In this method,
aqueous emulsions of alkyenyl succinic anhydride (ASA) as a template were mixed with CNC
suspensions followed by freeze-drying and then heating to 105 °C. The obtained solid was highly
hydrophobic in character which evident from its high dispersability in solvents of different
polarities. Surface trimethyl silylation of CNCs derived from BC was conducted by Roman and
Winter and the resulted cellulose acetate butyrate was investigated.?® Finally, coupling CNCs
with N-octadecyl isocyanate, via a bulk reaction in toluene, has also been reported to enhance

their dispersion in organic medium, and to improve the compatibility with polycaprolactone
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matrix. Significant improvement of the stiffness and ductility of the resultant nanocomposites

was also reported.
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Figure 2.22 Some possible routes for chemical modification of CNC (anticlockwise from left):
(A) silylation; (B) urethane linkages via isocyanates; (C) oxidation by TEMPO; (D) ester

linkages via acid chlorides; (E) cationization via epoxides; (F) ester linkages via acid anhydrides.

2.6.2.6.3 Polymer grafting

Polymer grafting on the surface of CNCs was carried out using two main strategies, namely, the
“grafting-onto” and “grafting-from”.[261] The “grafting onto” approach involves attachment of
pre-synthesized polymer chains onto hydroxyl groups of CNCs/MFC surface by using a coupling
agent. In this method, high density of grafting is not possible to achieve due to steric hindrance
of polymer matrix.[?*? In the “grafting from” approach, the polymer chains are growing from the

surface of CNCs/MFC via in situ surface-initiated polymerization from immobilized initiators on
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the surface. Although this approach is difficult to control, it can achieve higher grafting
density. 2!

The “grafting onto” approach was used by Ljungberg et al to graft maleated polypropylene
(PPgMA) onto the surface of CNCs extracted from tunicate.”®*! The results showed that the
grafted nanocrystals have very good compatibility and high adhesion in atactic polypropylene
matrix. Vignon et al studied the grafting of amine terminated polymers on the surface of TEMPO
oxidized CNCs by using a peptide coupling process catalyzed by carbodiimide derivatives in
water.?®) The same approach has been used by Mangalam et al who grafted DNA oligomers
onto the surface of CNCs.!**! Grafting of low molecular weight PCL fragments on the surface of
CNCs has been reported by using isocyanate mediated coupling. These authors also reported the
reaching of high grafting density that was enough for allowing the grafted PCL chains to
crystallize at the surface of CNCs.?*®! Furthermore, they also claimed that the co-crystallization
phenomenon induced the formation of a co-continuous phase between the matrix and filler, and
significantly enhanced the interfacial adhesion and consequently contributed to a highly
improved mechanical strength of the resulting nanocomposites.

The “grafting from” approach applied to CNCs was first reported by Habibi et al who grafted
polycaprolactone onto the surface of CNCs via ring-opening polymerization (ROP) using
stannous octoate (Sn(Oct),) as grafting agent.”®® Likewise, Chen et al,®"! and Lin et al 2
conducted similar grafting reactions under microwave irradiation to enhance the grafting
efficiency. In another study, surface of CNCs have been modified by grafting from PLA by ring-
opining polymerization to improve the compatibility of CNCs with hydrophobic polymer.?%!
The grafting of poly(3-hydroxybutyrate) onto bacterial cellulose by using of laccase was also

reported and caused an improvement in mechanical strength and hydrophilicity of composite.™

2.6.2.6.4. Deposition of Nanoparticles on CNC

The most common method for the deposition of metallic nanoparticles on CNC surface is the
treatment of metallic salts with reducing agents such as NaBH,4 in presence of CNC.
Modification of CNC with inorganic nanoparticles is popular because CNC acts as a green and
attractive biotemplate capable of promoting nucleation of monodispersed nanoparticles and
preventing agglomeration to achieve a very narrow particle size distribution.?’” There are
several reports on the use of CNC as a stabilizing matrix for Ag, Au, Ni, Pt and Pd nanoparticles

for use as antimicrobial wound dressing and catalysts.[?"*%™!
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Recently, CNC is used as biotemplate for synthesis and growth of CNC/CdS@ZnS QDs
nanohybrids for their application in the in vitro bioimaging of HeLa cells.*™ (see Figure 2.23).
In addition, hybrid inorganic—organic nanocomposites materials are of practical interest due to
their multifunctionality, processability, and potential large-scale production for removal of
pharmaceutical residues.?”® For instance, CNC@Fe;0,@SiO.@B-CD hybrids where CNC,
silica act as supporting biotemplate and coating materials respectively for iron oxide
nanoparticles and grafted BPCD onto the surface of CNC@Fe;0,@SiO, hybrids is used for

adsorption of organic contaminants,’?’"(see Figure 2.24).
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Figure 2.24 Schematic representation for the synthesis of CNC@Fe;0,@SiO2@p-CD. PDDA:

poly (diallydimethylammonium chloride); PVP: polyvinylpyrrolidone; B-CD: B-cyclodextrin. 27"
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2.6.3 Cellulose Based Nanocomposites

Structurally, nanocomposites are materials which involve nano sized filler particles (dispersed
phase), matrix (dispersion phase) and interfacial region. Compared to the conventional
composites, nanocomposites have unique characteristics mainly due to their large surface area to
volume ratio.”™ The extra ordinary mechanical, thermal and structural properties of
nanocellulose gave it the potential to act either as matrix, or as reinforcing agent (filler).l’®
Originating from these impressive mechanical properties, nanocellulose has been potentially
used as a load bearing element for various host materials provided that homogenous dispersion.
Besides, strong interfacial adhesion with matrix is attained, which ultimately allows proper stress
transfer from matrix to the reinforcing phase. Several new nanocomposites that incorporate
nanosized cellulose have been developed within the last decade and many systems are being
commercialized.*®!

On the other hand, the reinforcement applications with cellulose nanoparticles present some
drawbacks. For instance, high moisture absorption, poor wettability and incompatibility with
most hydrophobic polymeric matrices, and limitation of processing temperature, where
lignocellulosic materials start to degrade near 220 °C, restricting the type of matrix that can be

used. 28

2.6.3.1 Micromechanical Modeling for Predicting the Reinforcing Potential of CNC

It was found that the effect of CNCs on the nanocomposites’ mechanical properties has exceeded
the conventional predictions of the traditional classical model of Halpin-Kardos that applied to
study filler reinforced nanocomposites.”® This model was used to predict the mechanical
behavior of short-fibers homogeneously dispersed in a continuous matrix of semi-crystalline
polymers. In this approach, the modulus and the geometry of the fibers are accounted for, but no
interactions between the fibers are assumed. In the recent years, various studies have been
developed with the aim of elucidating the origin of the mechanical reinforcing effect, and to
explain the extraordinary high reinforcing effect observed for cellulose whiskers. Therefore, in
order to explain the unusual high modulus values of cellulose whiskers reinforced
nanocomposites, the following phenomena were suggested: (i) strong interactions between
whiskers that cemented together by hydrogen bonds, and (ii) a mechanical percolation effect. In
this regard, the model was proposed and then modified by Ouali et al to include the percolation

approach which allowed better understanding for the mechanical behavior of these
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nanocomposites.?®2 Percolation is a statistical geometrical model that can be applied to any
random multiphase material involving components that able to be mixed.””®® This approach
allows a transition from a disconnected set of objects to an infinite connected state. The
percolation threshold is defined as the critical volume fraction that makes separations between
two states. The volume threshold depends upon a number of variables, primarily the shape and
size of particles,**® aspect ratio,”®! orientation,®® and the interparticle interactions.’?”
Therefore, to study the reinforcing effect of cellulose nanoparticles, the model invoked should be
involving the three different phases in a typical nanocomposites: the matrix, the filler percolating
network, and the nonpercolating filler. According to Takayanagi’s model, elastic tensile modulus
G, of the composite can be given by Equation (2.1).

_ (1-20+@Pr)GsGr+(1-0) @GE
GC o (1-9r)Gr +(@r—@)Gs (21)

Where Gs and G, are the shear moduli of the soft (polymeric matrix) and rigid (cellulosic filler)
phases, respectively. @, corresponds to the volume fraction of the rigid phase (whiskers) and ¢ is
an adjustable parameter that corresponds to the volume fraction of the percolating rigid phase.
When the stiffness of the reinforcing phase is much higher than that of the matrix material (i.e.,
when G, >> Gg), Equation (1) can be reduced to G, = ¢G,..
In the modification proposed by Ouali et al. to include the percolation approach, ¢ was estimated
by Equation (2.2).

=0 0, <0,

o= 0, (&) g, = 0, (22)

1-0,
where b is the critical percolation exponent, which is equal to 0.4 for a three-dimensional system
and @ is the percolation threshold, which varies depending on the studied material and their
orientation distribution.

Dufresne ®®! reported a good agreement between experimental and predicted values by using the
modified model of Ouali et al and stated that the percolation approach is related to the formation
of infinite aggregates of cellulose whiskers.

For rod-like nanoparticles, the percolation threshold was linked to the aspect ratio of the

nanoparticles by Equation (2.3).
D= —- (2.3)
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In Equation (2.3), L/d is the aspect ratio, assuming a cylindrical shape for the nanofiller, and @,
is the percolation threshold. The geometrical characteristics and the corresponding percolation
threshold values for some cellulose nanocrystals obtained from different systems are reported in
Table 2.6.

Table 2.6 Geometrical characteristics (length, L; diameter, D; and percolation threshold @. of

some cellulose nanocrystals.

Source L (nm) D(nm) | L/d | & Reference
MCC 200 5 40 | 1.75 [289]
Wheat straw 225 5 45 1.6 [290]
Cotton 171.6 14.6 11.8 | 5.9 [291]
Ramie 200 7 286 | 25 [191]
Sugar beet pulp 210 5 42 1.7 [292]
Palm tree 260 6.1 43 1.6 [293]
Tunicin 1,000 15 67 1.0 [294]
BC 100-1000 | 5-50 20 | 6 [167, 295]

2.6.3.2 Mechanical Properties of Nanocellulose Based Nanocomposites

Owing to nanocellulose’s high aspect ratio, high stiffness, and high strength, a combination of
nanocellulose as reinforcing materials with polymer matrix has showed enhanced mechanical
properties for the resultant nanocomposites.?*”! Bondeson and Oksman reported an improvement
in the elastic modulus (from 2600 MPa to 3,100 MPa), tensile strength (from 35 MPa to 52
MPa), and also slight increase in elongation at break (from 1.8% to 3.1%) for PLA reinforced
with 5 wt% of surfactant modified cellulose nanocrystals (SCNC).!*** Whereas the addition of 5
wt% of the pristine CNC produced nanocomposites with lower tensile strength and elastic
modulus than neat PLA. A similar study for the effect of adding 5 wt% pristine or SCNC on the
mechanical properties of PLA-PHB blend was carried out by Arrieta et al.?® It was reported
that the pristine CNC has reduced elastic modulus of PLA-PHB film from 1800 MPa to 900 MPa
and tensile strength from 40 MPa to 27 MPa, while SCNC increased elastic modulus to 1900
MPa and tensile strength to 47 MPa. In the same way, PVA-chitosan blend (elastic modulus =
950 MPa, tensile strength = 60 Mpa, and toughness = 1500 MPa) loaded with CNCs resulted in
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nanocomposites with improved mechanical properties with an increasing amount of CNCs,
reaching the highest 5 wt% addition (elastic modulus = 1900 MPa, tensile strength = 105 Mpa,
and toughness = 2500 MPa).["!

2.6.3.3 Effect of Processing Method and Interfacial Interactions on Mechanical Properties
of CNC-Based Nanocomposites

The processing rate and the viscosity of the system are two important factors that affect the
ability of the percolating structure to be cemented or to withstand imposed stresses. Although
sol-gel processing method seems to give the highest mechanical performance because of the
strong percolation network that formed between CNCs contact points prior the addition of
polymer solution, this method is limited only for hydrophilic polymer matrices. The casting-
evaporation technique also gives satisfactory results in terms of mechanical performance. During
such slow processing methods, CNCs have adequate time to interconnect and to form a
percolation network throughout Brownian motion, if the viscosity of the system remains low
until the end of the process. In contrast, during hot pressing or extrusion processes, high
viscosity of melt polymer that occurs during the process strongly limits random movement and
consequently hinders the interconnection between CNCs. Possible alignments of CNCs owing to
induced shear stresses during extrusion or molding may also affect the network formation. Hajji
et al studied the effect of the processing method on the mechanical properties of CNC-based
nanocomposites and classified them in ascending order according to their reinforcement
efficiency as: extrusion < hot pressing < evaporation.*®

Surprisingly, a very good compatibility between CNCs and the host polymer has tendency to
decrease the elastic modulus of the composite, typically when nanocomposites are processed via
casting method. This behavior is most likely due the restricted mobility of CNCs, which allow
for strong interact with the polymer chains rather than extending to each other to interconnect
and form the network. An example of this behavior has been clearly evidenced in the case of
glycerol plasticized starch reinforced with CNCs extracted from cotton seed linters.”®¥ On the
other hand, strong matrix/CNC interactions seem to enhance the nonlinear mechanical
properties, especially the ultimate strain, when CNCs are chemically modified with long-chain
molecules such as surfactants, fatty acids or polymer chains. For instance, when CNCs were
grafted with high molecular weight PCL and then incorporated in PCL matrix, the final

nanocomposites presented a lower modulus, but significantly higher strain at break when
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compared with the control, which filled with unmodified CNCs.**®! This behavior clearly
reflected the restricted CNC/CNC interactions that drop the modulus and the high CNC/matrix
compatibilization resulting from the formation of a percolating network held by chain
entanglements and possible co-crystallization between the grafted chains and the matrix.
Similarly, Cao et al have reported that chain entanglements and co-crystallization occurred in
nanocomposites based on a completely amorphous polymer, e.g., polyurethane reinforced with

CNCs that have been grafted with the same polymer in a one-pot process.**!

2.6.3.4 Thermal Properties of CNC-Based Composites

Surprisingly, most studies in this field report that the addition of CNCs into polymers matrices
does not seem to affect the glass-rubber transition temperature (Tg), regardless the nature of the
host polymer, the origin of the CNCs, or the processing conditions.E“%2 This is seems to be in
conflict with the fact that CNCs have a high specific area. However, there are a few reported
cases in the literature where the addition of CNCs as filler in nanocomposites materials affected
the T,q especially in moisture-sensitive matrixes.*®! This may be related to the plasticization
effect of water, which causes strong interaction between CNCs and the matrix.

In the case of semicrystalline polymers, it was reported that the addition of unmodified CNCs
has no influence on the melting temperature (Ty,) of the nanocomposites, as has been shown in
the case of plasticized starch,®®! poly(ethylene-oxide),”*?! cellulose acetate butyrate,*
polycaprolactone-reinforced polymers.E%! However, when chemically modified CNCs were
used in nanocomposites, a change of T, was observed. Strong interactions between chemically
modified CNCs and matrices have been reported to be the origin of this T, change. Moreover,
CNCs can act as nucleating agents in semicrystalline polymers, which significantly increases the
crystallinity of the polymer matrix forming the nanocomposites.°”! The later effect is mainly
governed by the CN-matrix compatibility, which depends on surface chemical considerations.
Cao et al®® investigated the use of chemically modified CNCs (grafted with the same polymer
as the matrix) as filler in completely amorphous polyurethane. They observed partial
crystallization and transformation of the nanocomposites material from an elastomer-like to a
thermoplastic-like material. This unusual behavior is related to the chain entanglements that take

place between the grafted chains and those from the polymer matrix.
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2.6.3.5 Nanocellulose-Reinforced Polymer Nanocomposites: A Review

This part compiles a short review for the efforts that have been made by researches during recent
years for incorporating of cellulose nanocrystals into different polymer matrix as reinforcing
material. Hassan and Peppas (2091 have worked on poly(vinyl alcohol)-nanocellulose as candidate
for biomedical applications; including tissue reconstruction, tissue replacement, cell entrapment,
drug delivery, soft contact lens materials and burn wound covering bandages. Leitner et al
prepared poly(vinyl alcohol) nanocomposites with a range of nanocellulose contents (0-90
wit%), where at cellulose content of 50 wt%, the elastic modulus increased by a factor of 20 and
tensile strength increased by a factor of 3.5 than that of native poly(vinyl alcohol).!**! Bhatnagar
and Sain®'Y reported nanofibers-reinforced composite material by a solution casting of blend
containing 10% cellulose nanofibers obtained from various sources and 90% poly (vinyl
alcohol). Poly(vinyl alcohol) films reinforced with regenerated MFC have been also reported.?
When the fibril content was 20 wt%, Elastic modulus increased up to three times higher and up
to five times higher tensile strength when compared to the native polymer.

Nakagaito and Yano®"! impregnated MFC with a phenol formaldehyde resin to produce high
strength cellulose nanocomposites. Hayashi and Shimo B*! reported the use of MFC in phenolic
resin for the preparation of car fenders. Nogi and Yano! prepared a foldable and ductile
transparent nanocomposites film by combining acrylic resin with 5 wt% BC. Studies by Pu et al
have also shown improvements in strength properties of acrylic films using cellulose
whiskers.'®) Nogi and Yano B! also reported that transparent cellulose nanofibers sheets
prepared from MFC and acrylic resin. Bruce at al prepared composites based on MFC with
acrylic and epoxy resins.®*®¥! Dispersed cellulose nanofibrils in poly(styrene-co-butyl acrylate)
(poly (S-co-BuA)) latex was also reported.®* Seydibeyoglu and Oksman®® prepared
polyurethane-cellulose nanofibers composite by compression molding. Auad et al reported the
utilization of MFC to reinforce shape memory polyurethanes (SMPs) which are capable of fixing
a transient shape and recovering their original dimensions by the application of an external
stimulus.?Y Similar studies on polyurethane and waterborne polyurethane were done by
Marcovich et al.*?*]

Biocompatible, biodegradable, hydrophilic, and flexible bacterial cellulose/poly(ethylene-oxide)-

nanocomposites were studied by Brown and Laborie.®”® They claimed that thermal and
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mechanical properties of composite could be tuned by tailoring the composition and morphology
of BC/PEO nanocomposites.

Okubo et al®?* reported an effective technique for improving the mechanical properties of
polylactic acid (PLA) by adding MFC up to 20 wt%. However, Mathew et al®*! reported a
nonuniform distribution of 5 wt% cellulose nanowhisker and MFC fillers within PLA matrix
when nanocomposites were prepared by twin-screw extrusion. Wang and Sain®®®! used
chemically treated cellulose nanofibers to prepare PLA and poly(hydroxybutyrate) (PHB)
nanocomposites. Suryanegara et al reported that the increase in PLA crystallization leads to an
increase in the strength and storage modulus, as well as Young’s modulus of PLA/MFC
nanocomposites without significant reduction in the strain at break.*?) CNC grafted with
poly(D-lactide) for incorporation in poly(L-lactide) was studied by Habibi et al.*®
Poly(ethylene glycol) (PEG)-grafted CNCs were successfully synthesized and incorporated into
poly(lactic acid) (PLA) as a reinforcing filler by using an electrospinning technique for
fabrication of nanocomposites scaffolds consisting of CNC-g-PEG and PLA to be used as
potential scaffolds for bone tissue engineering.®”! Recently, Kiziltas et al have reinforced
polylactic acid with cellulose nanofibers via a polyhydroxybutyrate carrier system.?*"
Nanocellulose was successfully grafted with different molecular weights of PCL in order to
improve compatibility with a large molecular weight PCL matrix.**"! Moreover, nanocellulose
has been incorporated into a wide range of polymer matrices, including poly(oxyethylene), 28022

[196.332 holysiloxanes,®*¥ polysulfonates,*? poly(vinyl acetate),**!

cellulose acetate butyrate,
carboxymethyl  cellulose,®*®!  epoxides,™*"!  poly(ethylene-vinyl ~ acetate) (EVA),E*®
polypropylene,3¥ polyethylene %! and poly(vinyl chloride).B*? The incorporation of cellulose
nanofibers into biopolymers, such as starch-based polymers,?®® chitosan,***! soy protein,**
poly(hydroxyoctanoate),**! regenerated cellulose,**! polyhydroxybutyrates,'**! and Poly (vinyl

pyrrolidone)*®! have also been reported.

2.6.4 Biomedical Applications of Nanocellulose and Its Nanocomposites
Nanocellulose and its bio-nanocomposites have found important rule and versatility in
biomedical field due to their biodegradability and cyto/hemo-compatibility. Such applications

include disease diagnostics,®*? drug delivery,**® antibacterial activity and tissue
engineering.®*! Various important applications of nanocellulose and cellulose hanocomposites

in biomedical arena are highlighted and listed in Table 2.7.
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2.6.5 Conclusion and Future Prospects

The research and development of nanocellulose-reinforced polymer composites have
dramatically increased in recent years due to the possibility of exploiting their potentials in
different sectors, and their abilities to address the property-performance gap between renewable
and non-renewable petroleum based polymers. Owing to the good mechanical properties,
renewability, biodegradability, biocompatibility, low cost production, low density, flexibility,
high aspect ratio, low abrasivity, and reactive surface nanocellulose fibers serve as promising
and potential candidate for preparing different kinds of bionanocomposite. Although optimizing
reinforcing effect by cellulose whiskers is in progress, it was concluded that modified cellulose
whiskers might overcome the dispersion problems up to certain extent. However, there are
several challenges still confronting the scale-up production of cellulose-based nanocomposites.
For future objectives, it worth to notice that there are many safety concerns and debates in
literature about cellulose nanowhisker specially for biomedical applications, as size allows their
penetration into cells and consequently it might be accumulate in biological system if they are
not resorbable. Until now, there is no sharp decision taken to categorize these nanofibers as
completely safe.
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Table 2.7 Biomedical Applications of Nanocellulose and nanocellulose based Nanocomposites.

Reinforcing material Matrix Modifications Applications References
Disease diagnostics
Covalent attachment with flourocine- Bioassay and bio-
CNCs 5 -isothiocyanate (FITC) imaging [350]
Cellulose nanofibrils Luminescent carbon dots Bio-imaging [351]
Cellulose Biodegradable contrast
: agent in biomedical [352]
nanoparticles -
imaging
. . Labels for electrical
Ag-Pd aI_on CNCs TEMPO mediated carboxylation of detection of DNA [353]
nanoparticles CNC .
hybrids
Nanofibrillated TEMPO mediated oxidation followed Immunoassav and
by bovine serum albumin (BSA) and . Y [354]
cellulose : N diagnostic
ati-human IgG conjugation
Antibacterial applications
Chitin nanocrystals Bacterial cellulose Antibacterial film [355]
Ag nanoparticles Microcrystalline Antimicrobial film [356]
cellulose
Drug delivery
Titania nanoparticles : Trapsdermal drug
. Cellulose nanofibers delivery and wound [357]
along with drug dressi
ressing
Var_lo_us drug Nanocellulose Tablets coating [27]
excipients
Bacterial cellulose Model carrier for serum [358]

albumin

57




Surface modification by Cetyl
trimethylammonium bromide (CTAB)

Anticancer controlled

CNCs followed by loading with hydrophobic | release drug delivery [27]
anticancer drug docetaxel, paclitaxel, system.
and etoposide
: BC is loaded with berberine .
Bacterial cellulose hydrochloride and berberine sulfate.. Sustained drug release [359]
pH and electro
Bacterial cellulose Sodium alginate Hybrid hydrogel was loaded with responsive dual [360]
nanofibers hydrogel Ibuprofen controlled drug delivery
system
Tissue engineering scaffolds
Wound dressing and
Collagen Nanocellulose fibers | Oxidation to aldehyde nanofibers tissue engineering [361]
scaffold
CNFs Porous starch Cell scaffold for repair [362]
and regenerate cartilage
Silk fibroin Bacterial cellulose Scaffold for tissue [363]
nanofibers regeneration
Bacterial cellulose Scaffold for bone tissue
nanofibers engineering [364]
rl?;r?(t)iirl:)aelr(s:e”mose hydroxyapatite Template for bone grafts [365]

and bone repair
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CHAPTER 3*
Functionalized Bacterial Cellulose Nanowhisker as Long Lasting Drugs Nanocarriers for
Antibiotics and Anticancer drugs
A nano drug carrier based on sustainable and biocompatible nanocellulose was developed for use
in prolonged drug releases. Grafting of f-cyclodextrin (BCD) on bacterial cellulose nanowhisker
(BCNC) led to the formation of functionalized BCNC-grafted-fCD (BCNC-g-fCD). Broad-
spectrum antibiotic Ciprofloxacin (CIP) and anticancer drugs Doxorubicin (DOX) and Paclitaxel
(PTX) were used as model drugs and were conjugated to BCNC-g-BCD to form the drug-
nanocarrier systems (BCNC-g-BCD-drug). Functionalized nanowhisker showed significant
increase in drug payloads ranged from 495 +4 to 810 +7 pug/mg along with radical improvement
in the drug release profiles and reduced initial burst releases. The observed drug releases showed
sustained and controlled manner, with cumulative releases of 75-90% over 5-5.5 days. An
improved drug release performance was observed in acidic pH of 6.4 that mimicked extracellular
tumor cells. In vitro drug release data were fitted zero-order kinetic model with drug release
constants (Ko) of 0.68, 0.74, and 0.79 pg drug/h (at pH 6.4 and 37°C) for BCNC-g-BCD-CIP,
BCNC-g-BCD-DOX and BCNC-g-BCD-PTX nanosystems, respectively. The observed higher
payloads along with the slow releases of drugs from the developed nanocarrier suggests its

promising potential for reducing the frequent daily dosing and minimizing systemic toxicities.
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*This chapter is adapted from a manuscript accepted for publication by the Canadian Journal of Chemical
Engineering (CJCE-18-1022). Mohamed M. Khattab, Yaser Dahman. Functionalized Bacterial Cellulose
Nanowhisker as Long Lasting Drugs Nanocarriers for Antibiotics and Anticancer Drugs.
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3.1 Introduction

Nanocellulose is a natural nanoscaled material that possesses diverse of unique characteristics.
These not limited to its biocompatibility and lack of toxicity, but also include surface chemical
reactivity, nano-dimensions, higher crystalinity, special rheological properties, morphology, self-
assembly and liquid crystalline behavior and mechanical reinforcing ability.®® Based on these
unique properties, both ‘‘nano-enhanced’” and ‘‘nano-enabled’’ cellulosic products have been
envisioned for different uses. These ranged from bulk applications like rheological modifier,
paper additive and composite reinforcement, or to high-end applications such as functional
materials, tissue engineering applications and drug delivery.%®

Cellulose nanofibers can be subjected to acidic or enzymatic hydrolysis that subsequently leads
to the formation of nanocrystals. Cellulose nanocrystals (CNCs) or nanowhiskers (CNWSs) are
used interchangeably in literature for referring to nanocellulose.*®”! Bacterial cellulose
nanowhisker (BCNC) are obtained by hydrolysis of bacterial cellulose nanofibers (BC). It was
biosynthesized in highly crystalline and pure form by the most widely used bacterial strain
Gluconacetobacter xylinus (G. xylinus).2®®! Contrary to CNC obtained from the hydrolysis of
plant-derived cellulose, no exhaustive processing is required to remove unwanted impurities
(lignin, pectin and hemicelluloses) from BC.*®! The stability of BC over wide range of
temperatures makes it amenable to heat sterilization.®* BC can be easily purified by sodium
hydroxide from any cell debris. This yields a form with an acceptable range of endotoxin values
(< 20 endotoxin units/device) which is potentially safe for intravenous applications (FDA,
2012).B% Attributed to its biosynthetic procedure BC is commonly regarded as a material
possessing advantages, both biocompatibility and hemocompatibility compared to other types of
cellulose.®™ Surprisingly, direct investigations on the biocompatibility of BCNC are rare.

In terms of biodegradation, cellulose is considered nonbiodegradable in vivo, or at best slowly
degradable in human body due to its lack of cellulolytic enzymes. However, recent reports have
shown that the form of cellulose (i.e. size, crystallinity and hydration) might affect the degree of
degradation and absorption.'® For instance, compared with crystalline cellulose 75 % (w/w) of
equivalent amorphous regenerated samples can be degraded and absorbed over 6-weeks.B™
Very recently researchers attempted to improve the biodegradation of nanocellulose (from 2-4

weeks) through in vitro oxidation in a simulated body fluid by periodate oxidation.®’?
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BCNC or “nanowhisker” are rod-like shaped particles with typical dimensions of 5-20 nm in
diameter and 50-500 nm in length, with a high aspect ratio (length/diameter) of 2 t0100.™®
BCNC falls under the category of non-spherical nanocarriers that are considered as better
candidates for drug targeting/delivery applications. This is due to their enormous surface area-to-
volume ratio, which contributes to more interactions with targets and increased permeability.™*”
Cellular uptake of cancer drugs-conjugated CNCs (FITC-CNC-FA) in C6 cancer cells targets
was found evident by fluorescence microscopy.*®!

The abundant of surface hydroxyl groups provides sites for surface modification and
functionalization of nanocellulose by a variety of methods. These methods are esterification,
oxidation, cationization, fluorescent labeling, and polymer grafting.™®! Surface modification
provides great opportunity for more control over structure-function relationship. It can also be
used to modulate the loading and release of drugs that would not normally bind to nanowhisker,
such as non-ionized hydrophobic cancerous drugs. Latest developments concerning the use of
functionalized CNCs for emerging biomedical applications include drug delivery systems,?”
208.357] tissue engineering scaffolds,*”**"4 and bioimaging.[*** Additionally, BCNC is a low-cost
material and can be produced from renewable and sustainable resources. Therefore, its uses
provide an environmental advantage compared to other non-sustainable nanomaterials.
Cyclodextrins (CDs) are a series of cyclic and non-reducing oligosaccharides that have
doughnut-like structures with hydrophobic inner cavities and hydrophilic outer surfaces.’ CDs
do not elicit an immune response due to its biocompatibility and low toxicities.’®® Among them,
BCD is the most commercially attractive system due to its low water solubility and availability at
low cost production.®” Furthermore, PCD has an ideal hydrophobic central cavity with
dimensions that match the size of drugs and small organic molecules. This allows the formation
of inclusion complexes (IC) with those guest compounds via non-covalent interactions. Which in
tern improves the chemical stability of drugs, bioavailability, absorption, and controls their
releases.l”® The formations of IC significantly increase the solubility of the drugs in body fluids
and facilitate their transportation through the lipid cell membrane.™! For instance, the inclusion
complex produced from the reaction between the cationic B-cyclodextrin (BCD) and anionic
CNCs was used to encapsulate curcumin for controlling its release. The later nanocomplex
showed an anti-proliferative effect on rectal and prostatic cancer cell lines, where the 1Csy was

found to be lower than using free curcumin.™®
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A number of crosslinking agents have been used by researchers for grafting BCD onto cellulose
nanofibers. Such as epichlorohydrin,*® cyanuric chloride,[”® N-methylol acrylamide®" and
polycarboxylic acids (e.g. citric acid).®® However, a low grafting efficiency was obtained which
ultimately hindered their performance and uses.®' The maximum grafting ratio reported for
immobilizing BCD on CNC was about 18 % (w/w).*®! In this work epichlorohydrin and citric
acid were used as crosslinking agents for grafting BCD onto BCNC to obtain functionalized
BCD-g-BCNC with higher grafting ratio. This was done to produce drug nanocarrier systems
based on BCNC, having a higher surface area. In addition, to have a large number of
immobilized BCD molecules on the surface that is capable for loading and releasing higher
concentration of drug molecules.

The objective of this work is to develop drug-nanocarrier based on the biocompatible BCNC.
The envisioned nanocarrier is able to conjugate a high payload of either ionized or hydrophobic
anticancer drugs. As well as releases the conjugated drug in a sustained and controlled manner
over longer time. The first part of the present study focused on the synthesis and characterization
of true cellulose nanowhisker. This was followed by grafting its surface with fCD molecules to
obtain functionalized BCNC-g-BCD. The second part focused on harnessing the chemical and
physical properties of the functionalized BCNC-g-BCD. This was done by examining their
capabilities for loading and releasing a variety of model drugs, such as antibiotics and
ionized/hydrophobic cancerous drugs. In addition, the drug release profiles and the kinetics of

releases are also examined and compared.

3.2 Material and Methods

3.2.1 Materials

Bacterial strain G. xylinus (ATCC 700178) was supplied by American Type Culture Collection
(ATCC), Manassas, VA 20108, USA. All materials used to prepare the different media of
G. xylinus bacterial strain were as follows: Agar, Corn steep liquor (CSL), Ammonium Sulfate
(NH4)2SO4, L(+) Albinos, D-biotin, Calcium Carbonate (CaCOs), Calcium Chloride dihydrate
(CaCl,.2H,0), Copper Sulfate pentahydrate (CuSQO4.5H,0), Ferrous Sulfate heptahydrate
(FeSO4.7H,0), Folic Acid, Fructose, Hydroxymethyl Furfural (5-HMF), Inositol, Magnesium
Sulfate heptahydrate (MgS0,.7H,0), Manganese Sulfate Pentahydrate (MnSO4.5H,0),
Monopotassium Phosphate (KH,PO,), Nicotinic Acid, D-Pantothenic Acid, Pyridoxine
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Hydrochloride, Riboflavin, Sodium Molybdenum Oxide Dihydrate (NaMo04.2H,0), Zinc
Sulfate heptahydrate (ZnSQO,4.7H,0), Thiamine Hydrochloride, and D-(+)Xylose.

For preparing BCNC, grafting reactions, and drug loading and release studies the following
chemicals were used: Citric acid (CA), Epichlorohydrin (ECH, 99+%), B-cyclodextrin (BCD),
Sodium Hypophosphite (SHP), Sodium Hydroxide, Ciprofloxacin Hydrochloride (CIP),
Doxorubicin Hydrochloride (DOX), Paclitaxel (PTX), Cellulase enzyme (Trichoderma reesei
ATCC26921; specific enzyme activity 700 U/g), Phosphate buffered saline (pH 7.4 and 6.4),
DMSO, Acetone, and Methanol. All chemicals were supplied by Sigma Aldrich.

3.2.2 Synthesis

3.2.2.1 Production of BC Nanofibers

In this study G. xylinus was used as BC producing strain. It was activated in accordance with
ATCC guidelines in a sterile YGC 459 medium. Production was done according to the method of
Sani and Dahman. In brief, the production was conducted in 500 mL flasks under static and
stirring conditions. Aseptically inoculated fermentation media (200 mL) containing fructose (as
carbon source) and CSL (as nitrogen source) were used for production experiments. A
production of 6.0 g/L was achieved from stirred culture, while lower yield of 4.0 g/L were

obtained from static culture.

3.2.2.2 Preparation of BC Nanowhisker (BCNC)

3.2.2.2.1 Enzymatic hydrolysis

BC microfibril paste was transformed into nanocrystals by enzymatic hydrolysis using cellulose
enzyme (Trichoderma reesei ATCC26921).1% 10 g wet weight of BC paste was suspended in
250 ml of acetate buffer (0.1 M, pH 5.0) to which 1ml of cellulase enzyme was added. This
suspension was kept in shaker at 50°C for 24 h. The resulting suspension was filtered through
sintered crucibles No. 1 to remove unhydrolyzed fibers. Filtrate was then centrifuged at (4,000
rpm x 30 min) to terminate the enzymatic reaction and to collect the cellulosic nanowhisker.

Finally, BCNC suspension was re-concentrated to 0.5 % (w/w) and stored at 5°C for further use.
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3.2.2.2.2 Acid hydrolysis

According to Sacui et al,**” ground BC (10 g) was dispersed in hydrochloric acid (200 ml of
37% by mass) for 48 h at 60°C under stirring in oil bath. BCNC was recovered by diluting
reaction mixture 10 times with deionized water followed by filtration through sintered crucibles
No. 1 to remove unhydrolyzed fibers. Extra acid in the filtrate was removed by repeated filtration
and re-dispersion cycles using centrifuge (4000 rpm x 20 min) until a neutral pH was obtained.
Similarly, H,SO4-hydrolysis BCNC was obtained using the method of Habibi et al.l**! BC (10 g)
was dispersed in 175 ml of 65% (w/w) H,SO, solution. The hydrolysis was carried out at 55°C
for 3 h under continuous stirring in oil bath. The resulting suspensions were filtered and then
washed by distilled water. Finally, the suspension was dialyzed against deionized water for
approximately 5 days using a dialysis bag of membranes with molecular weight cut-off 12,000—
14,000. In all cases BCNC suspension was re-concentrated to 0.5% (w/w) and kept at 5°C for

further use.

3.2.2.3 Grafting of Nanowhisker

Grafting of BCD onto BCNC surface was attempted using two different methods. Citric acid
(CA) was employed as green linker for grafting BCD in the first method attempted. A two-step
reaction was applied according to El-Tahlawy et al.*"® The esterification reaction is activated by
the weak acid salt catalyst sodium hypophosphite (SHP). In the first reaction B-cyclodextrin
citrate (CA-BCD) was prepared by boiling 3.0 g of BCD, 1.1 g of CA, 0.29 g of SHP, and 1.8 g
of distilled water at 100°C for 1.5 h. The product was purified by washing with ethanol several
times, followed by drying at 60°C for 24 h to obtain pure dry CA-BCD. In the second reaction a
total of 3.0 g of the previously prepared CA-BCD and 0.1 g of SHP were dissolved in 10 ml of
distilled water. This was followed by the addition of 20 ml of 0.5% (w/w) BCNC suspension pre-
ultrasonicated for 10 min. The reaction proceeded at 160°C for 15 min. After the reaction, excess
solution was removed by decantation, and then the suspension was washed with acetone and
distilled water through multi centrifugation cycles until the suspension became neutral.

The other grafting method of PCD onto the surface of BCNC was examined using
epichlorohydrin (ECH) as a linker under alkaline conditions.*™ First 20 mL of 0.5% (w/w)
BCNC suspension in 50 ml conical flask was diluted with 20 ml of distilled water and then ultra-
sonicated for 15 min. Following that, 5.0 g of NaOH was dissolved into the reaction mixture
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with frequent shaking. Then, 1.3 g of BCD was added to the flasks with continuous shaking for 2
h until a homogeneous suspension was obtained. Two hours later the desired amount of ECH
was added into the reaction medium, and the reaction was heated at 45°C for 6 h. The ECH/BCD
molar ratio was controlled below 10 in order to avoid self-cross-linking of B-CD.P? After
grafting, the suspension of (BCNC-g-BCD) was re-concentrated to 0.5 % (w/w) and kept at 5°C

for further use.

3.3 Experimental Procedure
Experiments carried out in triplicate and results were expressed as mean xstandard error.

Standard errors are represented as error bars in all figures.

3.3.1 Determination of Grafting Ratio

The grafting ratio of BCD onto the BCNC was determined using two different methods for
comparison. These include gravimetric method®® and UV-vis spectrophotometry using
phenolphthalein (Ph. Ph) inclusion method.®! In case of gravimetric method; grafting ratio is
determined from the mass of nanowhisker before and after grafting reaction. For
spectrophotometric determination of grafting ratio; 0.5, 1, 1.5, 2, 2.5 and 3 mL of 0.02 M BCD
stock solution were diluted to 25 mL by freshly prepared 0.01M Ph. Ph solution dissolved in
0.02M Na,COj3 buffer. The flasks containing Ph. Ph/BCD suspensions were stirred for 30 min
and equilibrated overnight before measuring the absorbance. Sample without Ph. Ph was also
prepared as blank control. Afterward, a weighed amount of BCNC-g-BCD is ultrasonicated for
15 min, and then diluted to 25 ml with buffered Ph. Ph solution and stabilized for 20 h. The
absorbance of all solutions was acquired at the characteristic wavelength of 552 nm (Perkin
Elmer Lambda 40 dual beam UV/vis). The negative correlation standard curve was constructed
between the weights of BCD used and the corresponding Ph. Ph absorbance values. The Grafting
ratio was calculated from the weight of BCNC-g-BCD used, and the amount of grafted BCD that

determined from the calibration curve according to Equation (3.1) below;

Grafting Ratio = ——C® 4 100% (3.1)

MEBCNC-g—-pCD)

where mgcpy and M@ecne-g-pep) are the mass of BCD and BCNC-g-BCD.
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3.3.2 Determination of Binding Constants of Drug-gCD Inclusion Complexes

Absorption measurements are performed to determine the binding constant (K) of the inclusion
complexes that formed between drugs and BCD, as well as assessing the spontaneity of reaction.
The measured solutions were prepared as follow: 0.25 mL of 2 x 10 M stock drug solution is
added to six 5 ml volumetric flasks. All flasks are made up to the final volume using different
concentrations of BCD solutions; 0.002, 0.004, 0.006, 0.008, 0.010 and 0.015 M. Final
concentration of drug in each flask was kept constant at 10 M.

The binding constant of the (1:1) inclusion complexes (Ki.1) was evaluated from Benesi-
Hildebrand plot®®®! shown in Equation (3.2).

Ki. _
(Drug)free + (BCD)free (Ll) (Drug'BCD)inclusion complexs K1:1 = %
K;.
[Drug] + [BCD] « [Drug-pCD]
— =1 . (3.2)

AA ~ Ae = K[Drug]oAe[BCD],
Where [Drug-BCD] denotes to the concentration of inclusion complex formed between drug and
BCD; K1 is the binding constant of 1:1 complex; AA is the difference between the absorbance of
drug in presence and absence of BCD; Ag is the difference between the molar extinction
coefficients of drug and drug-BCD complex, [Drug]o and [BCD]q are the initial concentrations of
drug and BCD. Spontaneity of inclusion reaction is proved from the Gibbs free energy change
(AG) for the host-guest inclusion process. It was evaluated from the calculated binding constant
values using Equation (3.3) at 310 K.

AG =-2.303 RT (log K) (3.3)
where AG is the change in Gibbs free energy, R is the universal gas constant (J/mol K), T is the

temperature in Kelvin, and “K” is the binding constant in mole™,

3.3.3 Effect of Drug Concentration on Loading Efficiency

The maximum drug payload on nanowhisker was estimated spectrophotomertically as follow:
0.5 mL of 0.2 %w/w (1mg) of either unmodified BCNC or BCNC-g-pCD was suspended in 10
mM PBS at pH 7.4 and then ultrasonicated for 15 min. Each of which was then mixed with
increased increments of 2000 pg/ml drug; [Drugiea]. Drug/BCNC suspensions were kept in 5
mL centrifuge tube and incubated at 25°C overnight with continuous stirring. Drug/BCNC

suspensions were centrifuged at 4000 x g for 15 minutes to separate the nanowhisker with
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conjugated drug. The concentration of unbound drug in the supernatant [Drugunnound] Was assayed
using UV-vis spectrophotometer at wavelengths of 275, 482 nm for CIP and DOX and using
HPLC for PTX. The amount of loaded drug [Drugnound] Was calculated from difference between
total and final drug concentrations in the supernatant. Drug loading % (w/w) was calculated
according to Equation (3.4).

weight of the drug bound to nanowhiskers

Drug loading % (w/w) =

x100 (3.4)

weigh of nanowhiskers
For drug loading and release studies calibration curves were constructed for every drug, using
series of standard solutions prepared in PBS that have final concentrations ranged from 10-900
pg/mL. The released amount of drug at different time intervals was estimated from the
calibration curve using Equation (3.5).

q¢ (ng/mg) = (3.5)

(Co—CpV
w
Where g; is the amount of loaded drug (ug) at time (t) on 1 mg equivalent of oven dried
nanowhisker, Co (ug/mL) is the initial drug concentration, C; is the concentration of drug at time

(t), V is the volume of the solution (mL), and W is the mass of oven dried nanowhisker (mg).

3.3.4 In vitro Release Measurements

The drug loaded BCNC-g-BCD samples were suspended in 1 mL of PBS (pH 7.4 and 6.4) and
then maintained at 37°C in 5 mL centrifuge tube under continuous stirring (15 rpm). At specific
times the suspensions were centrifuged (4,000 rpm x 20 min) and supernatant was removed. The
concentration of CIP or DOX in the supernatant was determined by UV-vis spectroscopy,
whereas PTX was determined by HPLC. After measurements samples were returned to the 5 ml
tubes where drug-BCNC-g-BCD nanocomplexes were re-suspended. The percentage of
cumulative drug release in PBS solution (i.e., at pH 6.4 and 7.4; and 37°C) was calculated as a

function of time using Equation (3.6).

Cumulative release (%) = % x100 (3.6)
0

Where mg (ug) is the initial loaded amount of drug on BCNC-g-BCD samples, Ct (ug/mL) is the

concentration of drug at any time, and V(mL) is the volume of the solution.
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3.4 Characterization Techniques

3.4.1 SEM and AFM microscopy

Surface morphology of BCNCs and BCNC-g-BCD samples were examined using JEOL 6380LV
scanning electron microscope (SEM), with an accelerating voltage of 15-20 kV. Samples made
conductive by depositing a fine layer of gold using an ion sputter coater with a low deposition
rate. The topography and morphology of the BCNCs were imaged using AFM (NT-MDT
NTEGRA-Multimode Scanning Probe Microscope). Before imaging, a droplet of sample
suspension was initially dried on mica slide and scans were obtained in air using semi-contact
mode. The length of the nanocrystals was measured using image analysis software and the
diameter was determined from transverse line profile of nanocrystals (i.e. the height difference

between mica substrate and particle).

3.4.2 X-ray Diffraction

The structural analysis of the nanowhisker samples was evaluated by X-ray diffraction using a
(MiniFlex600 XRD) diffractometer equipped with PDXL2 analysis software. The XRD patterns
were obtained over 20 range of (5-50°) with scan rate of 5° per min. Cu K, radiation source (A =
1.54060 A) was operating at 40 kV and 30 mA. The crystal thickness of cellulose-1 structure (t;

nm) was calculated from XRD analysis using width at half height of the diffraction peak in

respect of (200) crystal plane using Equation (3.7).[8
. _ KA
Crystal thickness (t) = b, cosd (3.7)

Where « is the correction factor and usually taken to be 0.91, A is the radiation wavelength, 0 is
the diffraction angle, and 1, iS the corrected angular width (in radians) at half maximum
intensity.

Crystallinity index (Ic) was calculated by Ic = [(Io2) — l@m))/ l0o2)] * 100, where, loy) is the
intensity corresponds to the peak signal at (20 = 19.5°), lam) is the intensity of the corresponding

amorphous material at (20 = 12°).[383]

3.4.3 Fourier Transform Infra-Red (FTIR)
The structural changes that accompanied the surface chemical modifications of BCNC were
investigated by FTIR spectroscopy using Perkin Elmer Spectruml FTIR/ATR

spectrophotometer. FTIR spectra in attenuated total reflection mode (ATR) were recorded for
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oven dried samples (105°C; 4-5 h) in the range of 4000-500 cm™. ATR-crystal is ZnSe, the

spectral resolution is 4 cm™ and 20 scans were collected for each spectrum.

3.4.4 Solid-state *C NMR

Cross-Polarization Magic Angle Spinning (CPMAS) solid-state **C NMR spectra of BCNC and
BCNC-g-BCD were obtained using Bruker II Advance-300 spectrometer (Karlsruhe, Germany).
A 4.0 mm MAS spinning Bruker probe was operating at resonance frequencies of 75.47 MHz.
The spinning speed was set to 5 kHz at room temperature and time delay was 60 s. Each
spectrum is an accumulation of 50 scans. A 100 mg dried nanocellulose sample was pressed into

a 6 mm x 7. mm disk, placed into a Macor rotor and spun at 3800 £100 Hz.

3.45.HPLC

HPLC analysis for drug concentration was done by using Perkin Elmer Series 200 pump and
autosampler HPLC system equipped with UV-vis detector working at 232 nm. Separation was
achieved using Novapak Cig column with 20 pL injections. The flow rate of mobile phase was 1

mL/min. The mobile phase composed of 58% acetonitrile, 37% distilled H,O, and 5% methanol.

3.5 Results

Figure 3.1la-c compiles FE-SEM micrographs show the morphologies of unhydrolyzed BC
nanofibers as well as BCNCs that obtained by different hydrolysis methods. According to this
figure, all BCNC samples showed rod-shape morphology in the nanoscale with an average size
of 200-500 nm. Similarly, AFM of enzymatically hydrolyzed BCNC shown in Figure 3.1d
confirmed the size and morphology by SEM in addition to the measured width. The width was
determined using the height difference between the nanocrystals and mica wafer and found equal
to 4.6 nm. SEM image of the grafted BCNC in Figure 3.1e shows similar length to unmodified

ones, but with larger width of ~15 nm.
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10 kv x 10,000 200 nm 12 50 SET

Figure 3.1 Morphologies of BCNCs. Top; (a, b and ¢) FE-SEM micrograph for unhydrolyzed
BC nanofibers, BCNC produced by H,SO,4 hydrolysis, and BCNC produced by HCI hydrolysis.
Bottom; (d) AFM image of BCNC produced by enzymatic hydrolysis along with illustration for
width determination, (e) SEM micrograph for BCNC-g-BCD.

XRD diffractograms in Figure 3.2a-d show the change in nanocellulose crystallinity up on
hydrolysis and grafting reactions. Analyzing this figure shows that all BCNCs diffractograms
exhibited very similar diffraction peaks around 26 values of 12°, 19.5°, and 32°. These diffraction
peaks represent the presence of (110), (200), and (004) crystal planes typical to cellulose-I
structure, respectively. The crystalinity index (I;) of BCNC samples was calculated from the
corresponding diffractograms using the amorphous subtraction method.®! Values of I, are
ranged from 69.3-79.5 % and listed in Table 3.1. The obtained values are found to be higher
than unhydrolyzed BC nanofibers (65%). The highest crystalinity of 79.5% was achieved by the
enzymatically hydrolyzed BCNC. Moreover, the crystal thickness that estimated from the
diffraction peaks at (200) crystal plane using Scherrer’s equation[382] were ranged from 6.5-7.1
nm (Table 3.1). Figure 3.2e shows XRD pattern of BCNC-g-BCD, which exhibited the same
peak positions of the ungrafted BCNC, but with decreased intensity.
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Counts (a.u.)
T

Figure 3.2 XRD diffractograms of: (a) unhydrolyzed BC, (b) H,SO,4 hydrolyzed BCNC, (c) HCI
hydrolyzed BCNC, (d) enzymatically hydrolyzed BCNC, and (e) BCNC-g-BCD.

Table 3.1 lists the observed physicochemical properties, sizes and crystallinities of the obtained
BCNC by using different methods of hydrolysis. Sulfuric acid hydrolyzed BCNC showed the
highest dispersion in aqueous medium, but the least chemical reactivity towards grafting
reaction. Moreover, BCNC that was prepared by hydrochloric acid and enzymatic hydrolysis
showed limited dispersion in aqueous media with greater tendency for flocculation, however,

grater reactivity towards grafting reaction.
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Table 3.1 Sizes, crystalinity and physicochemical properties of BCNCs samples obtained by different hydrolysis

Nanowhisker type lc (%) CrySt?rI]rt:)'ﬁkneSS Advantages Disadvantages
Unhydrolyzed BC 65.2 12.7 NA NA
. i . Low thermal stability
H,SO4-hydrolyzed Well dispersion with o
69.3 5.6 no agglomeration Lowg:st reactl_vlty toward
grafting reaction
HCl-hydrolyzed High thermal Poor stability in solution
-hydrolyze 73.6 71 stability oor stability in solutions
: . and tend to flocculate
High crystalinity
Enzymatically - . Higher cost production
Highest crystalinit :
hydrolyzed 79.5 6.7 Highest as);;ect rati)(g High tendency for
agglomeration
BCNC-g-BCD 63.4 15 Stable suspension at Higher tendency for

low concentration

agglomeration

!}Ianowhisker average length is 200-500 nm as determined by SEM
Crystalinity index (Ic) was calculated according to amorphous subtraction method.*!

™ Calculated for cellulose-I structure in respect of (200) plane using Scherrer’s equation.
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Figure 3.3a represents grafting reactions schemes of BCD onto the surface of BCNC with citric
acid as a green linker.*® According to the reaction schemes, every two adjacent carboxylic
groups in citric acid (total of three groups) dehydrate to form a reactive cyclic anhydride. This
ultimately reacts with the primary hydroxyl groups of both BCNC and BCD to form ester bonds.
In the current study, a two-step reaction was employed in order to obtain a higher grafting ratio
of BCD and to reduce the side effects on cellulose nanowhisker.*™ In addition, the optimal
reaction conditions were examined and used as reported by Dong et al.’®® Accordingly, grafting
ratio was enhanced by increasing reaction temperature with an upper limit of 160°C, reducing the
heating time to 15 min, and maintaining CA-BCD concentration at 300 g/L for each gram of
BCNC. Results of grafting reactions are listed in Table 3.2. Under optimum reaction conditions,
33.8% (w/w) grafting ratio was achieved for enzymatically hydrolyzed BCNC compared to only
7.6% (w/w) for unhydrolyzed BC nanofibers. It is worth to mention that for a similar grafting
reactions carried out at the later reaction conditions, either HCI-hydrolyzed BCNC and H,SO,-
hydrolyzed BCNC have achieved much less grafting ratio of 17.3 and 5.6% than that obtained
with enzymatically hydrolyzed BCNC.

Figure 3.3b represents scheme for grafting of BCD onto BCNC using epichlorohydrin as a
linker. Under optimum grafting reaction conditions,®™ enzymatically hydrolyzed BCNC was
achieved less grafting ratio of 19.7% (w/w). Results of grafting reactions using different linkers
and different types BCNCs are listed in Table 3.2 for comparison.
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Table 3.2 Comparison between BCD grafting ratios upon using different linkers; loading amounts and cumulative releases of CIP,

DOX and PTX drugs to and from unmodified BCNC and BCNC-g-pCD

CA as linker ECH as linker
Samples Grafting ratio | Loaded amount of drug Cumulative release | Release time | Grafting ratio
(%) (ng/mg dry nanowhisker) (%) (h) (%)
Native BC nanofibers 7.6+0.3 47 +2 (CIP) NA NA 6.4 £0.4
E ically hydrol
nzymatically hydrolyzed 33.8+0.4 115 +3 (CIP) 97% 10 17.6 0.3
BCNC
HCl-hydrolyzed BCNC 17.320.2 NA NA NA 14.120.5
H,SO4-hydrolyzed BCNC 56402 NA NA NA 5.3 +0.3
BCNC-g-BCD-CIP 810 7 (CIP) 90% 96
BCNC-g-pCD-DOX NA 690 +6 (DOX) 85% 120 NA
BCNC-g-BCD-PTX 495 +4 (PTX) 74% 130
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Figure 3.4a shows ATR spectra of BCNC before and after grafting with BCD. Analyzing ATR
spectra of the ungrafted enzymatically hydrolyzed BCNC shows all characteristic bands reported
for cellulose-1%! as follow: band at 3180-3495 cm™ is due to (O-H stretching) of intramolecular
hydrogen bonds for cellulose-I; band at 2850-2960 cm™ is due to (C-H stretching); broad band
observed at 1635-1650 cm™ is due to the (O—H bending); band at 1425-1435 cm™ for (CH.
scissoring); band at 1375-1385 cm™ (C-H bending); band at 1335 (O-H in plane bending); band
at 1055 cm™ (C-O-C pyranose ring stretching); band at 890-905 cm™ is associated with
(cellulosic p-glycosidic linkages); and the band at 1105 cm™ ( C-O—C glycosidic ether band).
Compared to ATR spectrum of free BCD (Figure 3.4a), the new C=0 stretching vibration shown
at 1727 cm™ in the spectrum of CA-BCD confirms the esterification reaction between BCD and CA
and the successfulness of the first step in grafting reaction. In addition, new vibration at 1708 cm™
that appeared in the spectrum of BCNC-g-BCD is due to C=0 stretching vibration of ester bond
formed between citric anhydride moiety of CA-BCD and OH groups of BCNC. This band confirms
the completion of the second step of grafting reaction and the formation of BCNC-g-pCD.

Solid state *C NMR spectra of unmodified and grafted BCNC are shown in Figure 3.4b. *C-
chemical shifts between 55 and 110 ppm are assigned to various carbon atoms that belong to the
glucose moieties in BCNC. Six peaks correspond to **C-chemical shifts of cellulose carbons as
follow; C-1 (106 ppm), C-4 (78 ppm), C-2/C-3/C-5 (70-80 ppm), and C-6 (66 ppm) for
anhydroglucose units of cellulose.*®! However, the new signal arose in the spectrum of BCNC-
g-BCD at 174 ppm is due to the carbonyl group of the ester bond. In addition, an observable
signal at 45 ppm was appeared due to -CH,- group of citric acid.
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Figure 3.4 (a) ATR spectra of BCD, CA-BCD, BCNC and BCNC-g-BCD; (b) CPMAS solid-
state 3C NMR spectra of unmodified BCNC and BCNC-g-BCD.
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Figure 3.5 presents UV-vis absorption measurements of the formation of inclusion complex
between CIP model drug and non-conjugated BCD at pH 7.4 and 37°C. Results show that
increasing [BCD] is associated with an increased absorbance for the absorption maxima of CIP
(i.e., hyper-chromic shift at 275 nm). The stoichiometry of 1:1(Drug: BCD) IC was confirmed
from the perfect linear correlation (R? = 0.992) that obtained from fitting the absorption data to
the double-reciprocal Benesi-Hildebrand plots®®! of 1/(A-Ag) vs. 1/[BCD]o. Binding constants of
(1:1) ICs (i.e. Ki:1) were evaluated from the slopes of the plots and found to equal 19.25, 27.17,
and 35.12 M at 310 K for CIP, DOX, and PTX, respectively. Spontaneity of the inclusion
reaction is verified from the negative Gibbs free energy change (AG) of the host-guest binding
process. These calculated AG values are found to equal -7.62, -8.51, and -9.17 kJmol™ for CIP,
DOX and PTX, respectively.
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Figure 3.5 Plot of 1/A-Ao against 1/[BCD] for the interaction of CIP with the increased
concentrations of BCD at pH 7.4 and 37°C. Experiments were done in triplicate, and error bars
represent xstandard deviation. Inset (a) represents schematic for inclusion complex formation.

Inset (b) represents hyper-chromic shift observed for the absorption maxima of CIP due to

increased BCD concentration.
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Figure 3.6 shows the effect of increased drugs concentrations (i.e., CIP, DOX and PTX) on the
drug loading onto unmodified BCNC and BCNC-g-BCD in 10 mM PBS buffer at pH 7.4 and
25°C. Results show that the drug payloads conjugated to BCNC-g-BCD enhanced significantly
with the increased total drugs concentration. This was continued until maximum values were
attained, after which the drugs binding satiated due to the saturation of binding sites on the
nanowhisker surface. Analyzing the results shows the maximum equilibrium-loading amount
that estimated from the calibration curve was about 810 pg of CIP/mg of BCNC-g-BCD. This
corresponds to 81% loading efficiency considering total CIP available initially in the solution.
The corresponding maximum loading of DOX was 690 pg of DOX/mg of BCNC-g-BCD. This
corresponds to 69% loading efficiency. Nevertheless, less PTX drug was bound to BCNC-g-pCD
surface with maximum of 495 ng/mg of BCNC-g-BCD that represents 49.5% binding efficiency.
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Figure 3.6 Binding of CIP, DOX and PTX to 1mg unmodified BCNC and BCNC-g-BCD in 10
mM PBS buffer at pH 7.4 and 25°C. Experiments were done in triplicate, and error bars

represent xstandard error.
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Figures 3.7a, b show drug releases profiles of the three model drugs (i.e., CIP, DOX and PTX)
conjugated to the grafted nanofibers in comparison to unmodified ones (CIP-BCNC). PBS
solutions maintained at pH of 7.4 and 6.4, at 37°C were used as a releasing media mimicking the
physiological conditions and the slightly acidic environment of extracellular cancer cells. Results
of cumulative release of CIP from the unmodified BCNC under the physiological pH show burst
release of 85% of the loaded amount of drug in the first 3 h. A maximum cumulative release of
97% was achieved after the next 10 h; see Figures 3.7a. However, in the case of CIP-conjugated
to BCNC-g-BCD (i.e. BCNC-g-BCD-CIP), CIP molecules were slowly released in a controlled
manner over longer time period. Cumulative release of ~45% of drug payload was achieved over
24 h. By end of the second day, the drug release increased to reach 67%, while maximum
cumulative release of 90% was achieved after ~120 h (5 days). A similar release profile was
observed for BCNC-g-BCD-DOX nanosystem, where a rapid drug release of ~35% was observed
in the first 24 hour and then followed by a slower release. After the second day, 49 % drug
release was achieved. A maximum cumulative release of DOX had a plateau of 85% after 120 h
(~5 days). The hydrophobic cancerous drug PTX showed slower release compared with the other
two hydrophilic drugs (i.e., CIP and DOX). This resulted in ~12 % cumulative release of the
bound PTX in the first 24 h (Figure 3.7a). By second day, the drug cumulative release was
increased to 30 % and the maximum release had a plateau at 74.5 % after 122 h (~5 days).
Figure 3.7b demonstrated that at a slightly acidic pH of 6.4, all drug conjugated-nanocarrier
systems (i.e., BCNC-g-pCD-CIP, BCNC-g-pCD-DOX, and BCNC-g-BCD-PTX) have displayed
higher cumulative drug releases in a sustained manner over longer times. Cumulative releases of
CIP, DOX, and PTX after 130 h (5.5 days) were equal to ~93, 86.5 and 79%.
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Figure 3.7 Comparison between the drug releases profiles of BCNC-CIP, BCNC-g-BCD-CIP,
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Figure 3.8 represents the disk diffusion assay experiment, which was performed with the
compressed pellet of antibiotic-loaded nanowhisker (i.e., BCNC-g-BCD-CIP) against E. coli. The
antibacterial efficacy determined as visual zones of inhibition on the agar plate. An inhibition
zone area with sharp edge and diameter of 1.9 0.5 cm was clearly observed gradually after 3
days around the desk containing BCNC-g-pCD-CIP.

Figure 3.8 Disk diffusion of CIP from BCNC-g-BCD-CIP to prevent bacterial colonization. Left
disk: unmodified BCNC; Right disk: BCNC-g-BCD-CIP.

Figure 3.9 shows the fitting of in vitro drug releases data obtained from BCNC-g-BCD-drug
nanocarriers systems to zero-order kinetics model. Table 3.3 summarizes the values of the fitting
parameter (R?) that obtained from data-fitting to the different examined kinetic models.
According to the obtained R? values the in vitro drug releases from BCNC-g-pCD-drug
nanocarriers were best represented by zero-order kinetic model. The estimated zero-order release
constant values (Ko) from the linear plots at pH 7.4 were found to equal 0.67, 0.66, and 0.61 ug/h
for BCNC-g-pCD-CIP, BCNC-g-BCD-DOX and BCNC-g-BCD-PTX nanosystems, respectively.
Whereas the estimated K, values for all nanocarrier systems at pH 6.4 were found to be higher
and equal to 0.68, 0.74, and 0.79 ug/h for BCNC-g-fCD-CIP, BCNC-g-pCD-DOX, and BCNC-
g-BCD-PTX nanosystems, respectively. See Table 3.3.
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Figure 3.9 Fitting curves of drug release data to zero-order kinetics model.
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Table 3.3 Summary of the chemical formula of the drugs used along with their binding constants as well as the modeled in vitro

release kinetics

First-order | Higuchi Zero-order
Binding constant Zero-order release constants
Drug Structure (K), M-l @ 37°C R2 R2 RZ (KO) ug/h @ 37°C
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3.6 Discussion

SEM and AFM morphological analysis of well individualized BCNC (Figure 3.1) have
evidenced rod-like shaped nanowhisker. Regardless the used method of hydrolysis, these
nanowhisker showed an average length of 200-500 nm and width of 4.6 nm.

XRD diffractograms of BCNC samples obtained with different methods of hydrolysis (Figure
3.2) confirm that the crystal integrity of cellulose-1 structure is kept intact after hydrolysis. The
observed increase in I of BCNC (i.e., 69.3—79.5 %) over unhydrolyzed BC nanofibers (i.e.,
65.2), as revealed from Table 1, is related to the removal of amorphous cellulosic parts upon
hydrolysis. The highest 1. of 79.5% was achieved by enzymatic hydrolysis rather than acid
hydrolysis methods. Therefore, changing the method of hydrolysis is solely affecting the
crystallinity rather than particle sizes. Moreover, XRD pattern of grafted nanowhisker (i.e.
BCNC-g-BCD) exhibited similar peak positions to the ungrafted BCNC (Figure 3.2e). This
indicates that the crystal integrity of the native cellulose is preserved even after grafting reaction.
The observed unique physical and chemical properties of BCNC samples obtained by different
ways of hydrolysis are summarized in Table 3.1. As revealed from the table, enzymatically
hydrolyzed nanowhisker showed limited dispersion in aqueous media with a greater tendency for
agglomeration due to hydrogen bonding. When the later limitation was overcome before the
reaction by carrying out a pre-ultrasonication step, enzymatically hydrolyzed nanowhisker
displayed an increased reactivity towards grafting reaction with BCD. The highest grafting ratio
of 33.8% was achieved (Table 3.2). Contrary, BCNC obtained by sulfuric acid hydrolysis
showed less aggregation tendency and higher dispersion in aqueous medium. This is related to
the effect of repulsion forces between the negatively charged sulphate groups on their surface.
However, its chemical reactivity toward grafting reaction was the least (i.e., 5.6%). This might
be related to the presence of sulfate groups, which take up as much as 40% of the reactive
hydroxyl groups and make them uncreative towards grafting reaction.®*!

Hence, owing to the remarkable characteristics of the enzymatically hydrolyzed BCNC (i.e.
reactivity, highest crystallinity and highest aspect ratio) it was chosen in the current study as
promising potential candidate for grafting and drug release studies.

Citric acid is a well-known nontoxic and eco-friendly crosslinking agent.!***! It was employed in
this study as a linker for grafting PCD onto the surface of BCNC. Two-step reaction was

employed B to achieve a higher grafting ratio along with reduced side effects on the inherited
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characteristics of cellulose nanowhisker (Figure 3.3a). This consequently increases the drug
payload of nanowhisker. Table 3.2 summarizes the results obtained from different employed
grafting reactions. Under optimum reaction conditions, 33.8% grafting ratio was achieved by the
enzymatically hydrolyzed BCNC compared to 7.6, 5.6, and 17.3% for a similar experiment
implemented on unhydrolyzed BC nanofibers, H,SO4-hydrolyzed BCNC, and HCI-hydrolyzed
BCNC. The grafting ratio achieved in this study, using CA as a linker, is higher than the
maximum reported grafting ratio for immobilizing fCD on the plant-derived CNC (i.e. 18%
wiw). 1]

In order to evaluate the grafting efficiency of CA as a green linker, less bulky and non-green
epichlorohydrin was employed as grafting agent (Figure 3.3b). However, under optimum
reaction conditions results showed that less grafting ratio of 19.7% was achieved by
enzymatically hydrolyzed BCNC, see Table 3.2 for comparison. Figure 3.3c represents a
schematic for the formation of host-gust inclusion complex (IC) between drug molecules and the
BCD moieties grafted on nanowhisker surface.

The change in chemistry accompanied the two-step grafting reaction of BCD onto BCNC surface
was followed and confirmed by FTIR and solid state *C NMR (Figure 3.4a, b). Emerging of
new C=O stretching vibration band at 1708 cm™ in the ATR spectra of BCNC-g-BCD (Figure
3.4a), as well as the new *C NMR signal arose in the spectrum of BCNC-g-BCD at 174 ppm
(Figure 3.4b) are due to the new carbonyl ester bond that formed as a result of the esterification
reaction between citric anhydride moiety of CA-BCD and OH groups of BCNC. These previous
evidences confirm the successfulness of the grafting reaction between BCD and BCNC and the
formation of BCNC-g-BCD.

The spontaneity of IC formation reaction between drugs and BCD was confirmed and assessed
by UV-vis absorption measurements. The hyper-chromic shift observed for the absorption
maxima of CIP spectral bands at A= 275 nm is a great evidence for the formation of host-guest
ICE¥73%8] (Figure 3.5). In addition, the observed binding constant values (K) that are considered
fundamental properties for describing the strength of interaction between drugs and grafted fCD
of 1:1(Drug: PCD) inclusion complex at 310 K are ranged from 19.25-35.12 M™. These
obtained values are found to be smaller than the reported K;.; for drugs-BCD ICs, which have
reported range from 50—-2000 M and mean value of 490 M™.1*¥! The smaller obtained K values

suggest the low affinity of drugs toward BCD and the ease of their releases from BCD cavities. In
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addition, the negative AG values indicate the spontaneity of the binding process between drug
molecules and BCD moieties grafted on nanowhisker surface.

Effects of increasing drug concentration on the maximum drug loading efficiency for both
unmodified BCNC and BCNC-g-BCD were investigated as displayed in Figure 3.6.
Surprisingly, for all examined model drugs, grafting of BCD on the surface of BCNC resulted in
increased drug payloads. Where a maximum value of ~500-800 pg/mg were achieved by the
grafted nanowhisker compared to <100 pg/mg for unmodified nanowhisker. The later significant
increase in the drug payloads confirms the effectiveness of the model as a new promising
nanocarrier for drug molecules. This high drug payload is most probably related to the formation
of host-guest IC between the drug molecules and the BCD moieties grafted on BCNC surface.
The increased binding efficiency of drug payload of the two ionized drugs CIP and DOX (i.e. 81,
69%, respectively) over the hydrophobic PTX (49.5%) is probably because of ionic interaction
between the slightly cationic nature of drug molecules and the anionic alkalized OH groups that
present on BCNC surface ungrafted.* Even though the highly hydrophobic drug PTX bound to
the surface of BCNC-g-BCD at relatively higher weight ratio of (~33% w/w). This is larger than
the reported value of for the same drug conjugated on the surface of NCC coated with cationic
surfactant CTAB (i.e. 20 % wi/w).?"!

In vitro drugs release profiles in Figure 3.7a,b showed fast and burst release of 85% of CIP
payload from unmodified BCNC in the first 3h. This result supports the fact that hydrophilic
antibiotic is solely physically adsorbed by weak electrostatic attraction onto the surface of
BCNC. However, the presence of grafted fCD molecules on the surface of BCNC are not only
dramatically increased drug loadings but also effectively reduced their initial burst releases and
prolonged the release process in a sustained manner. In this case, the drug molecules that
conjugated to BCNC-g-BCD (i.e. BCNC-g-BCD-Drug) are captured in the cavities of the grafted
BCD on BCNC surface. Therefore, their releases are basically controlled by the binding constant
values between the drugs and the grafted BCD moieties. Cumulative releases of 75-90% of drug
payloads were achieved over ~120 h (5 days). In the same context, higher cumulative releases of
79-93% over longer period of 5.5 days were achieved in acidic pH by BCNC-g-pCD-CIP,
BCNC-g-BCD-DOX and BCNC-g-BCD-PTX nanosystems. The higher cumulative release of
drugs at acidic pH can be ascribed to the greater solubility of the drugs in aqueous medium due

to the protonation of the amine groups of drug molecules. This in turn assists the diffusion
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process. Previous studies on acid-hydrolyzed CNCs bound to the water-soluble ionized drugs
tetracycline and doxorubicin reported a rapid release of drugs over a period of one day.” This
confirms the effectiveness of the current model and promotes the validity of BCNC-g-BCD as
potential prolonged drug release carrier. Moreover, the slower drug release of PTX and DOX
than CIP may be due to the higher binding constant value between these two anticancer drugs
and BCD molecules. The considerably faster release of CIP and DOX over the hydrophobic PTX
is more likely due to their ionic nature and the presence of large amounts of counter ions in PBS.
These counter ions interfere with the positively charged CIP and DOX binding sites and
displacing them quickly from nanowhisker surface via ion exchange.

The faster-release observed for CIP may find potential applications in antibacterial wound-
dressing. In vitro anti-bacterial activity of antibiotic-loaded nanowhisker (i.e. BCNC-g-BCD-
CIP) against E. coli showed clearly an inhibition zone area after 3 days (Figure 3.8). E. coli is
aerobic bacterium and commonly found on the skin. It is considered one of the major causes of
postoperative nosocomial wound infections problem in health care facilities. The weak
interaction between CIP and BCD moieties grafted on nanowhisker surface likely assisted the
sustained release of drug from the nanowhisker to bacterial cells. This prolonged and sustained
release of antibiotic from BCNC-g-BCD-CIP nanocarrier can find applications such as nanospray
or nanocream. This nanocarrier can inhibit E. coli activities over a longer period with a less
frequent dosage of antibiotic.

Nevertheless, the slower release profiles for DOX and PTX can be utilized in the post operative
procedures that need long-lasting drug release. For instance, the cement materials that used for
filling the voids that left behind after resection of cancer tumors and implantation of new surgical
devices. As for one of the treatment regimen for cancer, patients would be placed on doxorubicin
25 mg/m?/day on days 1 to 3 and cisplatin 100 mg/m? on day 1, every 3 weeks for six cycles.™"]
As the developed nanocarrier in this study could potentially release from 75-93% from their
total drug payload over 5-5.5 days. Therefore, it can secure sufficient quantity of the total drug
required for one week from the entire postoperative period. This in turn reduces the number of
daily dosing of chemotherapeutic material.

Analyzing the drug release profiles of BCNC-g-CD-drug nanocarriers (Figure 3.7a,b) shows
two distinct phases for drug release. In the first phase, a relatively faster release of small amount

of loaded drug of ~20—25% was observed over the first 24 h. This followed by the second phase
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where a gradual release of ~75 % of loaded drug over next 4 days was achieved. Different
mathematical models are tested for investigating the kinetics and drug release mechanism from
BCNC-g-BCD-drug nanocarrier systems. These models included zero-order model, first order
model and Higuchi model.**"! The model that best fits the drug release data (i.e., showed the
highest correlation coefficient value; R?) will be considered the most probable drug release
mechanism. In the present study, in vitro drug releases data for all BCNC-g-BCD-drug
nanosystems were best fitted the purposed zero order kinetics model with R? values ranged from
0.934-0.981, see Table 3.3.

Basically, zero-order release model represents drug dissolution from the dosages that do not
disaggregate and release the drug slowly and independent on drug concentration.*? Such model
is important for delivery of special classes of medications specifically those intended to deliver
antibiotic, blood pressure maintainers, pain controllers and antidepressants. This kinetic model
can be presented by Q; = Qo + Kot. Where, Q; is cumulative amount of drug released in time t, Qo
is the initial amount of drug in the solution (most times, Qo = 0), and Ky is zero order release
constant in unit of (concentration/time). K, values can be evaluated from the slope of the linear
fitting graph shown in Figure 3.9. In acidic medium, higher zero-order release rate constants
values of 0.68, 0.74 and 0.79 ug/h were obtained for BCNC-g-pCD-CIP, BCNC-g-fCD-DOX
and BCNC-g-BCD-PTX nanosystems. The later finding is commendatory for cancer therapy due

to the need of prolonged availability of drugs at the site of action compared to normal cells.

3.7 Conclusion

A green nanosized drug carrier system (i.e., BCNC-g-BCD) based on the biocompatible bacterial
cellulose was developed by grafting of BCD to the surface of bacterial cellulose nanowhisker.
This developed nanocarrier would spontaneously load and release significant quantities of
antibiotics and anticancer drugs. Results of the current study showed that the maximum drug
payload achieved by BCNC-g-BCD were 810 +7ug/mg, 690 +6 ug/mg, and 495 +4 ug/mg for
CIP, DOX, and PTX. Contrary, the unmodified BCNC bound smaller quantities of drug that was
not exceed 100 £3 nug/mg. The drug release profiles for all drug-conjugated nanocarriers (i.e.
BCNC-g-BCD-drug) showed controlled and sustained drug releases over longer time periods of
5-5.5 days, and without obvious burst releases. However, unmodified BCNC showed noticeable

burst release of the loaded drug over 3 h. Nevertheless, an improved drug release performance of
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BCNC-g-BCD-drug nanocarrier was revealed at acidic pH of 6.4 that mimicked the extracellular
environment of tumor cells. The release profiles and the evaluated zero-order release constants
for BCNC-g-BCD-drug nanocarrier revealed a promising potential for the developed nanocarriers
for encapsulating and controlling the release antibiotics and anticancer drugs. Thus, this
nanocarrier can find versatile medical applications as internal localized drug delivery system or
in superficial application such as nanocream or nanospray. In addition, this nanocarrier could
also be able to solve the well-known solubility and delivery problem of hydrophobic anticancer
drugs due to its ability to bind either highly hydrophobic or hydrophilic anticancer drugs.

Lastly, the obtained promising results could pave the way for developing new green bio-based
controlled release nanocarriers with higher efficiency. The model can be also expanded for dual-

drug delivery applications.
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CHAPTER 4*
Synthesis and Characterization of Cellulose Nanowhisker Reinforced-Poly(e-Caprolactone)
Scaffold for Tissue Engineering Applications
Poly(e-caprolactone) (PCL) is bioresorbable and biocompatible polymeric compound with lots of
medical applications. However, its remarkable hydrophobicity and non-osteoconductivity have
stood as a barrier to limit its applications. The present study aims to modify the bulk
characteristics of PCL to develop polymeric scaffold with adequate structural and mechanical
properties to support regenerated tissues. For this purpose, functionalized bacterial cellulose
nanowhisker (BCNW-g-BCD-PCLyo00) is synthesized. Reinforcing PCL matrix with 4 wt% of
the functionalized nanowhisker resulted in bionanocomposite with promoted bulk properties.
Compared to neat PCL, the obtained bionanocomposite shows improvements of 115% and 51%
in tensile strength and Young’s modulus; 20% increase in hydrophilicity; 7% increase in
degradation rate; and 6% decrease in crystallinity. Gas foaming/combined particulate leaching
technique is used to develop interconnected macropores structures with porosity of 86—95% and
mean pore diameters of 250-420 um. Porous scaffolds showed compression modulus values of

5.3-9.1 MPa and would have promising applications in regenerative medicine.
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*This chapter is adapted from a submitted manuscript to the Journal of Applied Polymer Science
(app.20190241). Mohamed M. Khattab, Yaser Dahman. Synthesis and Characterization of Cellulose
Nanowhisker Reinforced-Poly(e-Caprolactone) Scaffold for Tissue Engineering Applications.
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4.1 Introduction

Limb salvage procedure is a type of surgery that involves local resection of bone or soft tissue
cancers in order to avoid amputation and placement of either metal prosthesis or bone graft to
provide mechanical support and platform for bone-tissue regeneration. This procedure has
proven to be effective in the treatment of osteosarcoma due to its superior ability to maintain the

external appearances and physiological functions of the patients’ limbs. M

However, numerous limitations associated with metal prosthesis, such as corrosion,**?

growth
restriction,[***! and the need for additional removal operation.**”! As well as several drawbacks
associated with bone graft; such as donor, nonunion, disease transmission, and rejection.[**"

Yet, the treatments with biodegradable polymeric scaffolds are emerged as viable alternatives
procedure and considered as promising solution for bone and tissue defects.**®! A variety of
aliphatic polyesters have been used to fabricate biodegradable tissue engineering scaffolds.
Polycaprolactone, polylactic acid, polyglycolic acid, and their copolymers, are most extensively
used due to their excellent inherent biocompatibility, biodegradability, mechanical strength and
the effortlessness processing into various 3D structures.?%3%!

PCL is a biocompatible, semicrystalline, slowly-degrading polymer used in several tissue
engineering (TE) applications including bone, cartilage, sutures, adhesion barriers as well as in
controlled release and targeted drug delivery.B%! Additionally, this polymer gained popularity in
the field of TE after receiving FDA approval due to its biocompatibility, ease of degradation in
the human body,” and higher permeability for drug molecules.* Long-term in vivo studies
have demonstrated that the PCL implant was able to maintain its physical shape after 2 years of
implantation. In addition, PCL was also shown to be capable of being degraded slowly into low
molecular weight by the end of 30 months and can be excreted completely out of the body,
without accumulating non-toxic byproducts after degradation.’

PCL showed remarkable hydrophobicity and non-osteoconductivity that have stood as barrier
and led to suboptimal cell-material interactions.”® However, bulk properties was modified by
researchers to improve its osteoconductivity potential. This was achieved by adding growth
factors during scaffold fabrication, attaching cells to the scaffold surface, or seeding cells and
growth factors into the scaffold before implantation.!?®!

The potential uses of biodegradable surface-engineered scaffolds as 3D templates mimicking

extracellular cell matrix to encourage initial cell attachment, proliferation, and differentiation
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have been widely studied in vitro and in vivo.®*® Basically, scaffold properties vary from tissue
to tissue, as each has its unique mechanical and biochemical properties. A highly porous scaffold
with an interconnected pores-network is necessary to mediate nutrient, waste diffusion and
ultimately allows the growth of new load-bearing tissue at the implantation site.!®!

The pore size of TE scaffold is an important parameter that affects the quantity and
characteristics of new tissue formation. Scaffold’s pore size not only should be small enough to
ensure mechanical integrity, but also large enough to allow the diffusion of nutrient and waste
materials. An optimal pore size for TE engineering scaffolds is not well defined. However, pore
sizes in the range of 100—400 um are projected as optimum for osteoconduction, whereas pore
sizes smaller than 100 um was known to be inadequate in terms of mass transport and cell
migrations.!

A variety of techniques have been used for processing biodegradable polymeric 3D porous
scaffolds.*®® These conventional methods include freeze drying, melt-based technologies, phase
inversion, thermally induced phase separation, fiber bonding, fiber felts, melt molding, solvent
casting, gas foaming, particulate leaching, high-pressure processing and electrospinning.
However, the obtained constructs by those methods commonly facing drawbacks due to random
structures, unpredictable pore sizes, reduced pore interconnectivity, and low mechanical strength
and structural stability.**! In modern TE, solvent casting is often used in combination with other
technique to produce more efficient porous 3D structure. For instance, solvent casting-particulate
leaching is probably the most convenient fabrication technique for developing porous
scaffolds.**! This method involves casting of a polymer/salt/organic solvent mixture followed
by solvent evaporation and dissolution of the salt particulates in an aqueous solution. The
commonly used porogens are salt particles with different crystal sizes; such as sodium chloride,
ammonium bicarbonate, glucose; low molecular weight polymers; paraffin microspheres, or
emulsion particles of a defined size.*%*%®! previous studies showed that the porogen leaching
technique led to the formation of porous scaffolds with architecture properties that support
integration between construct and host.***! However, this technique has limitations; it can only
produce thin membranes with a dense surface skin layer, and might contain residual salt particles
that left over from the process. In the current project a modified casting technique was
introduced to fabricate 3D porous scaffolds of promoted porosities and pores-interconnectivity.

This technique is based on the gas foaming/particulate leaching method,**” but with using two
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porogens; an effervescent ammonium bicarbonate as gas foaming agent for creating the main
porosity, and the water soluble PEGq0 as porosity and pores-interconnectivity enhancer.
Cellulose nanocrystals (CNC) or nanowhisker (CNW), is highly promising green nanofibers with
outstanding mechanical strength (Young’s modulus of 150 GPa). It has highly hydrophilic
surface due to the plenty of surface hydroxyl groups.®Y It was utilized by many researchers to
tune the hydrophilicity, mechanical properties, biodegradation and drug release behavior of PLA
nanofibers.[**? However, there is a big challenge confronting the dispersion and compatibility
between CNC and polymer matrixes. For instance, it was reported that CNC content of 10 wt%
was induced an obvious reduction in the tensile properties of PLA due to poor dispersion and
incompatibility within polymer matrix. Xiang et al™®! reported that CNC acts as nucleating
agents and increases PLA crystallization, degradation and drug release rates. However, the
increased CNC contents would induce a higher initial burst of the drug due to the strong
interaction between CNC and drugs that resulted in a poor dispersion of drugs into the PLA
matrix.

B-cyclodextrins (BCD) play significant rule in drug delivery owing to their unique structure and
promising features. fCD has an ideal hydrophobic central cavity dimension that can make
inclusion complexes (ICs) with different types of guest compounds such as, drugs and small
organic molecules via non-covalent interactions.*>?!) Moreover, grafting of cellulose nanofibers
with BCD is considered as promising technology for introducing another functional agents, such
as short and long polymers segments.”” The non-covalent binding between BCD and
adamantane (AD) is selected as the model for immobilizing compounds due to the near-perfect
size match between BCD cavity and AD. B-CD/AD inclusion complexes showed extremely high
binding constant of about 10* M. The later interaction is utilized by several researchers to
make supramolecular assembly of different polymers.[’44%%!

The present study aims to fabricate 3D porous scaffold with outstanding mechanical properties
along with promoted cell attachment abilities. Two-step process is used to modify PCL matrix.
The first step involves synthesis of the functionalized reinforcing nanowhisker (i.e., BCNW-g-
BCD-PCLyop0) Vvia grafting of BCD molecules onto BCNW. This in turn allows for subsequent
assembly of short PCL,00 Segments on nanowhisker surface that consequently tuned the surface
energy of nanowhisker and improved its dispersion in PCL matrix. The second challenging step

is to examine the effect of nanowhisker loading on the final mechanical, thermal and hydrophilic
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properties of the obtained PCL-bionanocomposite. Finally, nanoconstructs of different porosity
levels were fabricated. The combined effect of nanowhisker loading and porosity level on the

compression modulus and in-vitro degradation of the porous scaffold was also investigated.
4.2 Experimental

4.2.1 Materials and Chemicals

Bacterial strain Gluconacetobacter xylinus (G. xylinus ATCC 700178) was supplied by
American Type Culture Collection (ATCC), Manassas, VA 20108, USA. Citric acid (CA), B-
cyclodextrin (BCD), sodium hypophosphite (SHP), sodium hydroxide, cellulose enzyme
(Trichoderma reesei ATCC26921) with specific enzyme activity of around 700 U/g, ammonium
bicarbonate [(NH4;HCO3); 99%, 100-500 um], polyethylene glycol (PEG; My= 4000), Poly(e-
caprolactone) diol (PCL-diol; M,= 2000), Poly(e-caprolactone) (PCL; M,= 45,000), tin octoate
(Sn(Octy) as catalyst, 1-adamantyl isocyanate (AD-NCO; 97%), dimethylsulfoxide (DMSO),
dimethyformamide (DMF), dichloromethane (DCM; 99.5%), acetone, chloroform, methanol,
diethyl ether, phosphate buffered saline (PBS; pH 7.4), sodium azide (NaN3s), and Lipase from
porcine pancreas type Il (lipase activity: 100-500 units/mg protein (using olive oil (30 min
incubation), 30-90 units/mg protein (using triacetin)). All chemicals were of analytical grade and
obtained from Sigma-Aldrich (Oakville, ON, Canada), and used as received without further

purification.

4.2.2 Preparations and Analysis Procedure

4.2.2.1 Preparation of BC Nanowhisker (BCNW)

BC producing strain (G. xylinus) was activated according to ATCC guidelines. BC nanofibers
were produced as fermentation product from fructose as C-source and corn steep liquor (CSL) as
N-source.[*®® BC cellulose was further purified by boiling the pellicles in 0.2M NaOH solution
for 30 min followed by several rinses with distilled water until a neutral pH was attained. The
pellicles were mechanically disintegrated to a cellulosic paste using a laboratory blender. The
cellulose paste was suction filtered through Whatman No. 1 filter paper to remove excess water
prior to hydrolysis. The obtained BC nanofibers paste was further transformed into nanocrystals
by treating it with commercially available cellulose enzyme Trichoderma reesei.™® 10 g wet

weight was suspended in 250 ml of acetate buffer (0.1 M; pH 5.0) to which 1ml of cellulase was

95



added with gentle stirring. This suspension was kept at 50°C for 24 h in an incubator. The
resulting suspension was filtered through sintered crucibles (No. 1) to remove unhydrolyzed
fibers. The filtrate was centrifuged at (4,000 rpm %30 min) to remove the excess enzyme and to
collect the nanowhisker. BCNW was further washed with distilled water to remove the residual
enzyme. Finally, BCNW suspension was re-concentrated to 0.5 wt% as confirmed from oven dry

weight. The suspension kept at 5 °C for further use.

4.2.2.2 Preparation of BCNW-g-8CD

Grafting reaction took place using citric acid (CA) as a linker via a two-step reaction.®™ In the
first reaction, CA-BCD was prepared by refluxing of 3.0 g of BCD, 1.1 g of CA, 0.29 g of SHP,
and 1.8 g of distilled water at 100°C for 1.5 h. The product was purified by washing with ethanol
several times, followed by drying at 60°C for 24 h to obtain pure dry CA-BCD. In the second
reaction step, 3 g of the previously prepared CA-BCD and 0.1 g of SHP were dissolved in 10 ml
of distilled water, followed by the addition of 20 ml of 0.5 wt% BCNC suspension pre-
ultrasonicated for 10 min. The reaction proceeded at 160°C for 15 min to obtain the higher
grafting density®® After reaction, excess solution was removed by decantation, and then the
suspension was washed with acetone and distilled water through multi centrifugation cycles until
become neutral. The obtained suspension of (BCNW-g-BCD) was re-concentrated to 0.5 wt%
and kept at 5°C for further use.

4.2.2.3 Synthesis of Adamantyl End-capped PCL 000 (PCL2g00-AD)

This reaction is carried out as described elsewhere.[**® A total of 1.5 g of PCL-diol was dissolved
in 20 mL of chloroform. To this solution, 2-fold excess (mole ratio) of AD-NCO and a trace
amount of Sn(Octy) catalyst (about 10 puL) were added. The reaction was preceded at 60°C with
stirring for 16 h. Subsequently, the product was precipitated into 150 mL of diethyl ether cooled
in ice water bath and kept still overnight. The final product was obtained by vacuum filtration,

washed my methanol, and then dried at 45°C.

4.2.2.4 Synthesis of BCNW-g-£CD-PCL 2000

Functionalized nanowhisker (BCNW-g-BCD-PCLyo00) was prepared via supramolecular
assembly of the guest polymer (PCLjp00-AD2) on BCNW-g-BCD using the method of Zhao et
al.l*y In brief, 40 mg/mL DMF solution of PCL,g00-AD- was prepared and added to an aqueous
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dispersion of BCNW-g-BCD which was solvent-exchanged from water to DMF by multi
centrifugation cycles and sonicated for 15 min. Afterward, BCNW-g-BCD suspension were
mixed with the later solution and incubated in a shaker (150 rpm) at room temperature overnight.
The solution was decanted by centrifugation to remove excess DMF. After that, the mixture was
put into deionized water and ultrasonicated for 15 min to precipitate and remove the excess free
guest polymers from the suspension. The suspension was re-suspended again in DMF and
washed many times by fresh DMF portions to insure the complete removal of any residue of the
gust polymer. Eventually, the excess DMF was removed by centrifugation and replaced by
DCM. The solution containing BCNW-g-BCD-PCLg0 Was re-concentrated to 2% (wt%) and
kept at 5°C for further use.

4.2.2.5 Dispersion of BCNW-g-ACD-PCL 0 in PCL

The less hydrophilic BCNW-g-BCD-PCLy00 Was dispersed directly in DMF. Before adding it to
PCL solutions, the dispersion was sonicated for 10 minutes in ice bath using high intensity
homogenizer (Hielscher UP200Ht) equipped with 14 mm sonotrode. The amplitude and the
output power will be kept at 26 kHz and 160 W. Homogenous dispersions containing BCNW-g-
BCD-PCLygoo 0f loadings (1-5 wt%) in PCL were prepared as follow. A total of 1 g of PCL was
first dissolved in DCM, and then mixed with freshly sonicated DMF solution containing the
required amount of BCNW-g-BCD-PCL 0. The mixture was kept under continuous stirring for
10 min until a homogenous dispersion was formed. The dispersions up 5 wt% of nanowhisker
are colloidally stable over longer periods of time ~2 days. In case of dispersing unmodified
BCNW in PCL, aqueous dispersion of unmodified BCNW was solvent-exchanged from water to
acetone (three times), and then to DMF by using successive centrifugations (4000 rpm x 15
min). The dispersion was concentrated by evaporating excess solvent. Unmodified BCNW in
DMF were sonicated before adding it to PCL solution as described before. Dispersions up to 5

wt% of BCNW were found to be colloidally stable over 3 hour period.

4.2.2.6 Preparation of PCL Reinforced BCNW-g-ACD-PCL 2000 Nanocomposites Films

Neat PCL, PCL reinforced BCNW and PCL reinforced BCNW-g-BCD-PCL 000 Nanocomposites
films were prepared by solvent casting method."*®” The viscous polymer/nanowhisker solution
mixture was preheated at 70°C and then gradually poured into hot-handmade stainless steel

mold. The mold is subsequently cooled by flashed frozen in liquid nitrogen. The mold was then
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transferred to a refrigerator set at -20°C and kept for 24 h. After which, the obtained
nanocomposites were placed under vacuum condition at 40°C for 48 h until complete solvent

evaporation. The films were taken out from the mould and kept dry in a desiccator.

4.2.2.7 Fabrication of PCL Porous Scaffolds

Gas foaming/combined particulate leaching method™*®! was employed for fabricating 3D porous
scaffold, but with some modifications. In the modified method, two progene salts are used; an
effervescent salt progene ammonium bicarbonate as a gas foaming agent and PEG oo as porosity
and pores-interconnectivity enhancer, see Figure 4.1. Gel slurry composed of binary mixture of
PCL/PEG2000 gel in chloroform and dispersed ammonium bicarbonate salt particles were casted
in Teflon mold at room temperature. The semi-solidified construct is subsequently immersed in
hot citric acid. The evolution of ammonia and carbon dioxide gases, along with the leaching out
of ammonium bicarbonate and PEG particulates from the semi-solidified polymer matrix caused
the formation of pores with high inter-connectivity. Briefly, highly viscous PCL polymer
solution of concentration 30 wt% was first prepared by dissolving PCL pellets together with PEG
(2:1 w/w) in chloroform (3 g of PCL + 3 g PEG + 4 g chloroform). Sieved ammonium
bicarbonate particles of known crystal size ranged from 180-500 um were used to develop the
porous structure in PCL matrix. Standard sieved mesh was used to isolate the required particle
size. An overnight oven dried and sieved ammonium bicarbonate particles in the range of 180—
300 or 300-500 pum was used. NH4HCO; particles was added to 4.0 g the binary polymer
mixture where the salt: PCL mass ratios were kept at (5:1, 7:1 and 10:1 w/w) in order to obtain
nanocomposites of three levels of porosity. The mixtures were then stirred at 40°C for 30 min.
Disc-shaped molds were constructed out of Teflon sheet of ~4 mm thickness by drilling 15 mm
diameter holes. Second Teflon sheet of the same thickness was used as the base of mold. The
holed-sheet and base were clipped with binder clips. The mixture was casted into Teflon molds
in the form of circular discs of approximately (15 mm in diameter and 3 mm in height) by using
5 mL syringes with the tip cutoff. Briefly, back fill the syringe with the polymer/salt paste while
putting fingers over the cutoff end of the syringe. When syringe is full, the plunger reinserted and
used to press the paste against finger to compact the discs. The syringe was used to deposit the
paste into the Teflon molds. The cutoff end of the syringe was used to scrape off the paste flush
with the top of the mold. Afterwhich, chloroform was partially evaporated under atmospheric
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pressure, the semi-solidified constructs were immersed into an excess amount of hot citric acid
solution (50°C) for 30 min until no more gas bubbles were generated. Afterwards, the samples
were placed into warm water for another 30 min. finally the scaffolds washed three times with
ethanol and then air dried and stored at 5°C until use. In a similar fashion, the paste mixture was

casted into a cylinder-shaped mold (6 mm diameter x 12 mm height) for compression tests.

Sieved effervescent 3D PCL porous scaffold PCL scaffold after salt leaching
NH,4HCO; ‘.3‘:..‘
¢ e Freeze drying &.‘. ‘......‘
P 4 A AT E I
a'@és

"y
Binary mixture of PCL/PEG Solvent evaporation Simultaneous gas
polymer gel past in Teflon mold foaming and salt leaching

Figure 4.1 Fabrication of porous scaffolds by gas foaming/combined particulate leaching

technique.

4.2.2.8 Fabrication of PCL-reinforced BCNW-g-BCD-PCL 00 Porous Scaffolds

The required amounts of BCNW-g-BCD-PCLo to prepare nanocomposites containing (1-5
wt%) of reinforcing nanowhisker were dispersed in DMF. Nanowhisker solutions were sonicated
for 15 min before adding it to PCL/PEG polymer solution. The sonicated nanowhisker solutions
were added slowly with continuous stirring to 4.0 g of 30% PCL/PEG polymer solution in
chloroform for 30 min at 50°C. Sieved ammonium bicarbonate particles of known crystal size
were added to the mixture to develop the porous structure. The mixture was casted in circular
Teflon molds as describer before, and then kept at -20°C for 24 h. The resultant scaffold was

salt-leached and dried as before.
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4.2.2.9 Porosity, Pore Volume, and Pore Size

The porosity and pore volume of the scaffolds were estimated gravimetrically using Equations
(4.1& 4.2),P%® where ppolymer 1S the density of neat polymer used for scaffolds fabrication and
Pscaffold 1S the apparent density of the scaffold which determined by using Sartorius YDK 01LP

density measurement Kit.

Porosity (%) = wfd w100 (4.1)

ppolymer

1

Pore volume = ( ) x 100 (4.2)

Pscaffold ppolymer

Thus, pec. Was considered to be 1.145 g/cm®. Three samples were assessed for estimating both
porosity and pore volume average values. The Pore size distribution and pores interconnectivity

were also directly measured from the images developed by SEM.
4.3 Characterization Techniques

4.3.1 Fourier Transform Infra-red Spectroscopy (FTIR/ATR)

The structural changes accompanied the surface chemical modifications of BCNCs were
followed by (FTIR/ATR) spectroscopy using (Perkin Elmer Spectruml FTIR/ATR
spectrophotometer). ATR spectra were recorded in transmittance mode in the range of 4000-500
cm™. ATR-crystal is ZnSe, the spectral resolution is 4 cm™ and 20 scans were collected for each

spectrum.

4.3.2 Mechanical Properties of Nanocomposites Films and Scaffolds

Mechanical parameters were determined for neat PCL and its bionanocomposite films. oy and &y
are stress and strain at yield; o, and ¢, are stress and strain at break. Young’s modulus (E) was
calculated from slope of lines between 0.5 and 2.5% strain on stress-strain plots. Labthink’s
Param XLW (PC) Auto Tensile Tester equipped with a 500 N load cell and operating at a
crosshead speed of 100 mm/min at room temperature at a span distance of 25 mm. The
dimensions of the tested films were (100 x 10 x 1 mm?®). Compression modulus of the scaffolds
was evaluated at room temperature using the same load. Cross-head speed was set at 2 mm/min.
Cylinder-shaped samples (6 mm diameter x 12 mm height) were used for compression tests
according to ASTM method F451-95.
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4.3.3 Thermal properties

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) measurements
of PCL and its bionanocomposites were conducted on a (Perkin Elmer Pyris Diamond)
controlled with PYRIS 7 software. For TGA analysis 20 mg samples were heated to 500°C in air
current of 100 cm® min™ and heating rate of 10°C min™. For DSC measurements sample
specimens of 5—10 mg were dried at 60°C for 2 h and sealed in 20 uL aluminum pan. Samples
heated from room temperature to 230°C, held for 2 min to remove prior thermal history, and then
cooled down to -20°C. The samples were then reheated to 230°C. The heating/cooling rate was
10°C/min under nitrogen atmosphere. The heat flow of the second heating scan was recorded for
calculating the thermal parameters; cold crystallization temperature (Tcc), melting temperature
(Tm), cold crystallization enthalpy (AHc), and melting enthalpy (AHp). The degree of

crystallinity (y) was calculated using Equation (4.3).1%!

_ AHp—AHcc
€ AHgm (1-mg)

x 100 (4.3)

where AH,, and AH are enthalpies related to the second heating scan, AHo , is melting enthalpy
for 100% crystalline PCL taken as 139.5 J/g,/**¥ and (1- my) is the weight fraction of PCL matrix

in the sample.

4.3.4 Field Emission Scanning Electron Microscopy (FE-SEM)

SEM micrographs were taken at room temperature with JEOL/OE scanning electron microscope
model JSM-6380 LV, equipped with Oxford energy dispersive X-ray spectroscopy (EDX). The
surface morphology of unmodified and modified BCNWs was examined using microscope with
an accelerating voltage of 10-20 kV and at magnification of x10,000. Elemental analyses of
nanowhisker were analyzed by EDX. Morphology and pore sizes of porous scaffolds were
examined using (5 x5 mm?) samples, which were placed on an aluminum holder and sputter
coated with 10 nm gold layer. The samples were analyzed at magnifications of x200 to x3500.
Average pore diameters were measured from at least 30 pores using an image analyzer (Bum-Mi

Universe Co., Ltd., Seoul, Korea).
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4.3.5 Apparent Water-in-Air Contact Angle

Static contact angle measurements were performed on nanocomposites films using Dataphysics
OCA 15 optical contact angle measuring system using the sessile drop method. Deionised water
droplets of ~4uL were deposited on the samples surface via a motorized syringe. Five
measurements per sample type were performed. The measurements were performed 2 min after

droplet addition.

4.3.6 In vitro degradation behavior
Hydrolytic degradation was carried out for neat PCL and its nanocomposites in PBS solution
(0.1 M PBS with 0.9% NaCl, 0.02% NaN3 and pH 7.4). Whereas enzymatic degradation was
employed in the same PBS solution but in presence of Lipase enzyme from porcine pancreas at
concentration level 0.1 mg mL™. Samples were placed into 15 ml vials containing 10 mL PBS
and then incubated with shaking at 37°C to simulate in vivo dynamic tissue environment. The
weight loss was recorded gravimetrically every 5 days using Equation (4.4). The reported weight
loss was the average of triplicate.

Weight loss (%) = (Wq -W)/Wq x 100%  (4.4)
Where W, is the initial dry weight of sample and W, is recorded dry weight after degradation
time (t).

4.3.7 Statistical Analysis

All experiments were performed in triplicate. Results are presented as mean £SE.
4.4 Results and Discussion

4.4.1 Grafting of BCNW with fCD and Assembly of PCLy0-AD, on BCNW-g-gCD Surface
Figure 4.2 A represents the grafting reactions of BCD onto the surface of BCNW by using eco-
friendly citric acid as a well-known nontoxic crosslinking agent. In order to obtain a higher
grafting ratio of BCD and to reduce the side effects on cellulose nanowhisker during the grafting
process, a two-step reaction was employed.!*™ In the first step p-cyclodextrin citrate (CA-BCD)
was obtained by condensation reaction between BCD and CA. The second step was grafting of
(CA-BCD) onto BCNW. Under the optimum reaction conditions the highest grafting ratio
obtained was 33.8%.
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Figure 4.2 B demonstrates the urethane reaction between (PCLyggo-diol) and (AD-NCO) in
presence of Sn(Oct,) as a catalyst to form the guest PCL 000 polymer with both ends capped with
adamantane groups; abbreviated as (PCL2og0-AD5).

Figure 4.2 C represents the immobilization of PCL2g00-AD; onto the surface of BCNW-g-BCD to
form the functionalized BCNW-g-BCD-PCL,0. This achieved through the formation of host-
guest inclusion complex between ADs moieties attached to the guest polymers and the grafted
BCD on the surface of BCNW. Because of BCDs cavities can perfectly bind AD moieties in a
polar solvent,!*® therefore, PCLg00-AD, Was first assembled on the surface of BCNW-g-BCD by
incubating the grafted nanowhisker in DMF solution of PCL,0-AD>, Where the guest polymer
molecules were captured via molecular recognition. After the assembly process, the solution
mixture of BCNW-g-BCD and PCLyp0-AD; was transferred to an aqueous medium in order to
enhance the interaction between grafted BCD and AD moieties and to precipitate non-reacted
PCL2000-AD, molecules as well. Moreover, it worth to mention the concentration of PCL2g00-
AD; in solution was a key factor to maximize the efficiency of assembly process. The maximum
weight gain by BCNW-g-BCD due to PCLygo-AD, assembly was archived when the
concentration of PCLyg00-AD> in the mixture was in the range of 40 mg/mL for every 1 g of
BCNW-g-pCD.M

In addition, because of the guest polymers are both end-capped with AD groups, therefore two
possibilities for their assembly on BCNW-g-BCD are suggested; (i) single-end immobilization
and (ii) double-end immobilization; see Figure 4.2 C. A rough approximation based on obtained
results indicates that either assembly fashions coexist.

4.4.2 Urethane Reaction and Formation of Guest Polymer PCL 000-AD

Figure 4.3 A shows urethane reaction between PCLyg00-diol and AD-NCO to form the guest
polymer with both ends capped with adamantane groups (i.e., PCL2gg-AD>). Analyzing ATR
spectra show the main characteristic spectral bands for both free PCL-diol and AD-NCO before
urethane reaction. The absorption peaks at 2945, 1726 and 1182, cm™ were ascribed to C-H
stretching of -CH, groups, ester C=0 stretching and C-O stretching of PCL-diol,[**¥ respectively.
The spectral bands at 2287 and 1485 cm™ are characteristic peaks for the isocyanate stretching
and C-N stretching of the free AD-NCO. After urethane reaction, the characteristic bands due to
C=0 and C-O stretching of PCL-diol are retained in PCL,p00-AD, but with little shift to lower

frequencies, while isocyanate peak of AD-NCO was disappeared and a new secondary amide
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peak due to (-C=0-NH-) stretching was emerged at 3473 cm™. This later evidences confirm the
creation of urethane bond™* between OH groups of PCL-diol and isocyanate moieties of AD-

NCO and imply the successful formation of the gust polymer PCLp00-AD>.

4.4.3 Formation of BCNW-g-#CD and BCNW-g-BCD-PCL 300

Figure 4.3 B shows ATR spectra that monitored the change in chemistry of BCNW after
grafting the surface with BCD using CA as linker. Analyzing the spectral bands of BCNW-g-
BCD is showing very similar spectra to ungrafted BCNW where all the characteristic bands
reported for cellulose-1 were present.*®! However, a new vibration was emerged at 1708 cm™ due
to the presence of C=0 stretching vibration due to ester bond formed between citric anhydride
moiety of CA-BCD and OH groups of BCNW. This band indicates the successfulness of the
grafting reaction and confirms the formation of BCNW-g-BCD.

Figure 4.3 B depicts ATR spectrum of BCNW-g-BCD after PCLyg00-AD, assembly is
completed. Compared to ungrafted BCNW, BCNW-g-BCD-PCLyq Spectra demonstrated an
intense and overlapped peaks due to C=0 groups stretching in the range of 1707—1735 cm™. This
band arose from the combination of the carbonyl group stretching of both PCLjp00-AD, and
BCNW-g-BCD. Additional peaks were also indentified at 3473, 2943 and 2866 cm™ that ascribed
to the secondary amide -C=0-NH- stretching, asymmetric and symmetric stretching of CH,
group of PCLyo00-AD;, respectively. Therefore, all the previous evidences confirm the successful
formation of the functionalized nanowhisker (BCNW-g-BCD-PCL2g00).
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4.4.4 Morphology and Surface Composition of BCNW-g-#CD-PCL 200

Figure 4.4 shows FE-SEM images that describe the morphology of BCNW-g-BCD before and
after PCLo00-AD; assembly on the surface. Analyzing the image before PCLp00-AD, assembly
(Figure 4.4 A) shows somewhat smoother surface for BCNW-g-BCD similar to ungrafted
BCNW. However, after polymer assembly the surface became a little rougher with a clearly
observed patches; see Figure 4.4 B. These observations were attributed to the assembled
PCLo00-AD; guest polymers.[? In addition, the few amount of small particles deposited on the
surface of BCNW-g-BCD-PCL 000 may be related to the nonspecific absorption of PCLg00-AD>
molecules that were not completely removed during the post treatment of the modified

nanowhisker.

Figure 4.4 FE-SEM micrograph (200 nm scale) showing the surface morphology of BCNW-g-
BCD before and after PCLyg00-AD- assembly.

Figure 4.5 shows EDS spectra that analyze the variation in the surface chemical composition of
BCNW-g-BCD before and after PCLyop0-AD, assembly. Based on the fact that carbon and
oxygen atoms are the main composition of BCNW-g-BCD surface. Therefore, their
corresponding atomic ratio can be quantitatively determined from the integration of Cs and Os
signals. Results showed the carbon content increased from 54.1 to 65.3%, where the oxygen
content dropped from 49.9 to 34.7%. These changes in the surface composition correspond to an
increase in C/O ratio from 1.1 to 1.8 after polymer assembly. This is due to that assembled
PCL2000-AD, polymer has higher carbon atomic content. Ultimately, the mole fraction of the
assembled guest polymer on the surface of BCNW-g-BCD can be estimated from Equation (4.5).
% C (BCNW-g-BCD). x + % C (PCLy00-AD>). (1 - x) =% C (assembly)  (4.5)
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where x is the mole percentage of BCNW-g-BCD, and % C is the atomic carbon content of the
corresponding component.

The calculated amount of assembled polymer was found to equal 24.8 wt%. Proximate amount
of 25.1 wt% was also estimated gravimetrically. The later finding suggests that the entire surface
of BCNW-g-BCD has not been fully covered by PCLyyg after the assembly process. Moreover,
based on the previous finding that 33.8 wt% grafting ratio of BCD was achieved on the surface of
BCNW, and the fact that PCLypp0-AD, can only make inclusion complex with BCD moieties
grafted on nanowhisker surface. Therefore, by simple calculation one can estimate that
approximately 73.4% of BCD is occupied with PCLygo Segments, where the other 26.6% was

still vacant.
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Figure 4.5 EDS spectrum of A: BCNW-g-BCD before PCLyo assembly; B: spectrum after
PCL 000 Segments assembly
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4.4.5 Mechanical Properties of BCNW-g-CD-PCL 0 Reinforced PCL Composite Films

Figure 4.6 A depicted the stress-strain curves of neat PCL and its bionanocomposite with both
unmodified nanowhisker (i.e., BCNW) and functionalized nanowhisker (i.e., BCNW-g-fCD-
PCL2o00). The mechanical testing parameters are summarized in Table 4.1. Results show that
neat PCL film presents a less stiff and semi-ductile behavior where oy and ¢y values of 15.3 MPa
and 5.3% and o, and &, values of 14 MPa and 10.3% were achieved. Initial addition of
unmodified BCNW showed improvement in tensile strength at expenses of elasticity; see Table
4.1. An initial increase in oy (i.e., 19.0 £1.4) was achieved when 1wt% of unmodified BCNW
was added to PCL matrix. Further increase in unmodified nanowhisker loading ratios from (2-5
wt%) resulted in deterioration for all mechanical properties of PCL/BCNW nanocomposites.
Hence, tensile strength, elasticity and modulus decreased monotonically with increasing
nanowhisker loading ratios. This observation confirms poor wettability and incompatibility of
hydrophilic nanowhisker within hydrophobic PCL matrix. In contrast, increasing of BCNW-g-
BCD-PCLygo loadings ratio from (1-4 wit%) in PCL matrix was associated with gradual
enhancement for both strength and tensile modulus at expenses of ductility; see Figures 4.6 B
and C. The maximum increase was achieved at 4 wt% of BCNW-g-BCD-PCL o0, Where the
tensile strength and Young’s modulus significantly improved by 115% and 51%, while
elongation at break reduced by 47%. This significant improvement in the stiffness and strength
of PCL/BCNW-g-BCD-PCLyp00 nanocomposites is reflecting an improved wettability and
compatibility between the functionalized nanowhisker (i.e., BCNW-g-BCD-PCL000) and PCL
matrix. This improvement can be related to the assembled short PCLype Segments on
nanowhisker surfaces, which create co-continuous phase between nanowhisker and PCL matrix.
This in turn increased the interfacial adhesion between nanowhisker and matrix and ultimately
allows proper stress transfer from PCL matrix to the high strength reinforcing phase network of
the added BCNW-g-BCD-PCLyp00. The enhancement of tensile strength and elastic modulus at
the expense of elongation at break up on adding small quantities of cellulose nanofibers (0.5-5
Wt%) was previously reported.’?*” However, higher loading amounts of cellulose nanofibers over
5 wt% could lead to miscibility problems and deteriorate the mechanical properties of the

nanocomposites.2*®!
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Table 4.1 Tensile properties of

neat PCL, PCL/BCNW,

nanocomposites films

and PCL/BCNW-g-BCD-PCL 00

Nanocomposites formulations oy (MPa) | & (%) | o, (MPa) & (%) E (MPa)

Neat PCL 153413 (53402 | 140408 | 10.3+0.2 | 1560 + 126
PCL+ BCNW (1%) - - 190+14 | 71+05 | 1610+ 100
PCL+ BCNW (2%) - - 132+13 | 58+0.3 | 1540 + 115
PCL+ BCNW (3%) - - 111+12 | 46+0.6 | 1412+135
PCL+ BCNW (4%) - - 70+13 3.7+04 | 1350+ 110
PCL +BCNW (5%) - - 50+1.1 | 31404 |1220+107
PCL+ BCNW-g-BCD-PCLjgo0 (1%) | 28.3+1.1 | 59+03 | 262+15 | 93£0.2 | 1870+ 126
PCL+ BCNW-g-BCD-PCLjggo (2%) | 292£1.6 | 5.1+0.2| 283+1.3 | 85£0.4 | 1960+112
PCL+ BCNW-g-BCD-PCLjooo (3%) | 305+1.1 | 47+03| 299+14 | 74£0.2 | 2210+ 130
PCL+ BCNW-g-BCD-PCLyg (4%) | 31.4+1.2 | 42+0.2 | 30.2+1.1 | 55+0.3 | 2350+ 110
PCL+ BCNW-g-BCD-PCLaono (5%) - - | 268+12| 36+03 |2243+102

Tensile strength (MPa)
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Figure 4. 6A: Stress-strain plots of neat PCL and PCL-bionanocomposite.
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4.4.6 Surface Modification Evaluated by Contact Angle

The bar chart in Figure 4.7 shows the evaluated apparent water-in-air contact angle of neat PCL
and PCL-bionanocomposite films at different BCNW-g-BCD-PCLjoo loadings. In general, a
contact angle value above 90° corresponds to a hydrophobic surface, while a contact angle value
below 90° represents a hydrophilic surface.*™®! Results shows neat PCL shows contact angle
values of 94° +2.5°. The later value was gradually decreased upon addition of (1-5 wt%) of
BCNW-g-BCD-PCL o to PCL matrix until a minimum plateau of 70° +2.9° at 5 wt% loading
was reached. However, compared to neat PCL, approximately 25.5% improvement in
hydrophilicity of PCL-bionanocomposite was achieved by incorporating 5 wt% of BCNW-g-
BCD-PCLyogo into PCL matrix. This increased hydrophilicity could be related to the inherited
hydrophilic properties of BCNW due to the presence of free ungrafted hydroxyl groups on
BCNW-g-BCD-PCL g0 Surface.
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Figure 4.7 Apparent water-in-air contact angles of PCL/BCNW-g-BCD-PCL 000 hanocomposites
films containing different loadings of functionalized nanowhisker.
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4.4.7 Crystallization Behavior and Thermal Stability of PCL-bionanocomposite

Differential scanning calorimetry was used to investigate the effect of grafted nanowhisker
loadings on the crystallization and melting behaviors of PCL-bionanocomposite. Figure 4.8
displays thermal properties of the first cooling and second heating runs in the DSC thermograms
of neat PCL and its bionanocomposite (i.e., PCL/BCNW-g-BCD-PCL000). The obtained thermal
properties (i.e., cold crystallization temperature; T., melting temperature; T., cold
crystallization enthalpy; AHc, melting enthalpy; AH, and crystallinity degree; y.) are
summarized in Table 4.2. Generally, polymer crystallization behavior determined by DSC is
dependent on the thermal history of sample preparation. As a result, recrystallization may occur
during cooling or heating scan. Examining DSC results in Figure 4.8 shows that no obvious
melt-crystallization peaks appeared during the first cooling scans. However, in the second
heating scan, the cold crystallization peaks appeared for either neat PCL or its nanocomposites.
Results show that neat PCL has T of 31°C and T, around 58°C. An incorporation of (1-4 wt%)
of BCNW-g-BCD-PCLg0 in PCL matrix was induced obvious decrease in T values from 31 to
23°C but without significant increase in T, values (58-59°C); see Table 4.2. This observed
change in the crystallization behavior of nanocomposites can be attributed to the effect of low-
molecular weight PCLyg00 Segments conjugated on nanowhisker surface. These short polymer
segments hindered the mobility of PCL chains, and consequently impaired the crystallization of
PCL matrix.!*4

In addition, results in Table 4.2 show that an increase in nanowhisker loading leads to a decrease
in the degree of crystallinity y. of nanocomposites. The degree of crystalinity decreased from
27.5% (for neat PCL) to 21.7% up on addition of 4 wt% of BCNW-g-BCD-PCL000.
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Table 4.2 Thermal pentameters for neat PCL and its bionanocomposite with various

nanowhisker loadings

Samples T (°C) | AHc(J/9) | Tm(°C) | AHW(J/9) | xc (%)*
Neat PCL 31 273 58 64.0 275
PCL+ BCNW-g-BCD-PCL 000 (1%) 29 28.1 58 63.1 25.9
PCL+ BCNW-g-BCD-PCL0g0 (2%)
27 29.5 58.5 62.0 23.8
-0- - 0,
PCL+ BCNW-g-BCD-PCLaoo (3%) 25 32.0 58.5 61.5 22.0
-0- - 0,
PCL+ BCNW-g-BCD-PCLaoo (4%) 753 34.0 59 60.8 217

2. = [(AHp — AHeo) /(AHo m (1 — (Wt% BCNW))] x100; AH, ,,0f 100% crystalline PCL

sample taken as 139.5 J/g.[4*!

T=31
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—
< "
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T=23

J\ PCL/BCNW-g-BCD-PCL,q, (4%)

Normalized Heat Flow (Endo, Down)

-20 0 20 40 60 80 100
Temperature, °C

Figure 4.8 DSC cooling and heating runs of neat PCL and its bionanocomposite.

Figure 4.9 depicts TGA thermograms of neat PCL, functionalized nanowhisker BCNW-g-BCD-
PCL2000, and PCL/BCNW-g-BCD-PCLg00 (4%) nanocomposites. Investigating Figure 4.9 shows
that the maximum decomposition temperature (Tmax) achieved by each thermogram was as
follow; 445°C for neat PCL; 436°C for BCNW-g-BCD-PCLg00; and 446°C for PCL/BCNW-g-
BCD-PCLyg0 (4%). Examining the obtained results shows that adding 4 wt% of functionalized
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nanowhisker to PCL matrix does not cause obvious change in Tnax Value of nanocomposites if it

compared with neat PCL polymer.
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Figure 4.9 TGA curves of neat PCL, functionalized nanowhisker BCNW-g-BCD-PCL g0, and

their bionanocomposite

4.4.8 Scaffolds Porosities and Morphologies

Due to the impressive mechanical and thermal properties of the nanocomposites formulation
(PCL/BCNW-g-BCD-PCLoo0 (4%)) it was chosen as a representative for developing
nanostructures of different porosities. Gas foaming/combined particulate leaching method
incorporating two progene; fixed amount of PEG, and different ratios of sieved ammonium
bicarbonate salt having two different size distributions (180-300 um and 300-500 pum) were
used for developing nanostructures of different porosities.

Table 4.3 summarizes percentage porosity, pore volume, and pore size of the obtained porous
scaffolds. Results show that percentage porosities of the obtained scaffolds that obtained
gravimetrically are in the range of 86.41-94.86% with estimated pore volumes in the range of

9.66-17.81 cm®/g. At the same nanowhisker loading, the observed percentage porosity of the
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scaffold was improved from 86.41% to 94.86% with increasing salt: polymer weight ratio from
5:11t010:1.

Moreover, Table 4.3 is also depicted the obtained compression modulus values that measured
for the cylinder shaped nonporous and porous scaffolds. For nonporous scaffolds, results show
that PCL reinforced with 4 wt% BCNW-g-BCD-PCLgp has almost three-fold compression
modulus value than neat PCL (control). However, in regard to the porous bionanocomposite
scaffolds a decline in the modulus values was observed with the increase in salt: polymer ratio.
For instance, the scaffold fabricated using 5:1 ammonium bicarbonate/polymer ratio showed the
maximum compression modulus of 9.1 +0.7 MPa, but the least porosity value of 86.41%. In
contrast, 10:1 salt/polymer ratio showed the highest porosity of 94.86% with the least
compression modulus of 5.3 £0.3 MPa. However, 7:1 salt/polymer ration has maintained good
compression modulus value of 8.7 £0.5 MPa along with higher porosity of 91.28%. When using
the same polymer: salt ratio (i.e., 7:1), the coarser ammonium bicarbonate crystals, the bigger
pore sizes are and less compression modulus (Table 4.3). Therefore, 7:1 salt to polymer was
identified in this study as the most suitable ratio for developing scaffolds with higher porosity (>
90%) along with adequate mechanical properties.

Nevertheless, in case similar experiment where porous scaffolds were fabricated from neat PCL
using 7:1 salt: polymer ratio (control experiment), the observed compression modulus values are
harshly decreased with increasing porosity level; see Table 4.3. The later evidence confirms the
main role of BCNW-g-BCD-PCLgq as reinforcing phase for keeping the integrity of the drug-
laden nanocomposites. This is quite seen from the potentiality of BCNW-g-BCD-PCLg00 t0
compensate for the deterioration in mechanical properties due to the developed porous structures.
For instance, scaffold fabricated with PCL/BCNW-g-BCD-PCLyo0o (4%) using 7:1 (salt:
polymer) showed almost the same level of porosity of neat PCL, but with four-fold compression
modulus value (Table 4.3).

Figure 4.10 shows SEM images of the porous scaffolds that obtained by gas foaming/combined
particulate leaching method. Examining the morphologies of the porous scaffolds confirms an
opened macropores on the surface without sign of surface skin. These macropores are generated
due to immediate gas evolution from salt particulates and subsequent rapid gas flow-out from the
semi-solidified polymer mixture. In addition, the cross-section views in Figure 4.10 Al, A2, B1,

B2, C1, C2 reveal the presence of uniform distribution of well-interconnected opened
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macropores from surface to surface. The average pore sizes that determined by visual estimation
from SEM images were ranged from ~250-420 um. The estimated pore sizes appeared to be

dependent on the size of the sieved ammonium bicarbonate particulates.

The adequate pore sizes, highly porous structure with an interconnected pore-network, along
with an improved hydrophilicity suggest the suitability of the developed scaffolds in this study
for encouraging initial cell attachment, proliferation, and differentiation.*®®! In addition, the
compression modulus values range (i.e., 5.3-9.1 MPa) are located in the range of cancellous
bones (i.e., 2-12 MPa).[*"®! Therefore, these developed drug-laden PCL scaffolds can find

application as temporal implant or bone cement.

The obtained results suggest the successfulness of gas foaming/combined particulate leaching
technique that introduced in this study for developing scaffold with higher porosities. It also
worth to mention the used fabrication method showed two distinctive advantages over the other
examined techniques. The blend mixture (i.e., PCL/PEG/nanowhisker/ammonium bicarbonate)
can be easily manipulated to make any shape and size, and also the final scaffold did not show

any sign for surface skin formation.

Table 4.3 Porosity percentage, pore volume, pore size, and compression modulus for different
porous scaffolds obtained from PCL/BCNW-g-BCD-PCL 00 (4%)

NH,HCO, . Pore Pore Compressive

Scaffold Formulation :PCL NS:_ZIQI_('C'%”’ Pot(’(c))/il)ty* Volume* Size* Mo%ulus
(wW/w) " (cm*g) | (um) (MPa)

PCL (control) - - non - - 5.240.2
7:1 180-300 90.77 11.71 264 +8 2.310.1
- - non - - 15.1 +0.6
PCL/BCNW-g-BCD-PCLaoo 5:1 180-300 | 86.41 966 | 257+10 | 9.1+07
(4%) 7:1 180-300 91.28 12.33 285 +16 8.7+0.5
10:1 180-300 94.86 17.81 295 +13 5.3+0.3
7:1 300-500 93.55 13.32 418 +17 7.6 0.7

The significant differences for each individual feature, with p <0.05, was determined by one-way
ANOVA . *(n =5 for porosity and pore volume, and n =30 for pore size).
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Figure 4.10 SEM images of surface and cross-section morphology of PCL/BCNW-g-BCD-
PClLo0o scaffolds. (A, B &C) are surfaces when weight NH;HCOg3: PCL ratios were 5:1, 7:1 and
10:1, respectively; (Al, A2) & (C1, C2) are cross-section morphology corresponding to the same
series at different magnification powers; x800 and x3500.

4.4.9 Invitro Degradation

In vitro degradation behavior of neat PCL and its drug-laden scaffolds are shown in Figure 4.11.
The graph shows the recorded weight loss that determined gravimetrically at different time
intervals after immersing scaffolds in PBS of pH 7.4 up to ~2 month. The results show a slower
degradation rate for neat PCL where only 11% weight loss was occurred after 70 days. This slow
degradation rate is related to the higher crystallinity and the hydrophobic nature of PCL.[? In
contrast, the incorporation of 4 wt% of BCNW-g-BCD-PCLog into PCL matrix increased its

degradation rate to 18%. This could be related to the increased surface hydrophilicity of
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nanocomposites that allows promoted interaction between scaffold surface and dissolution
medium. The later finding is also in a good agreement with the thermal results that revealed

decreased crystalinity due to the incorporation of BCNW-g-BCD-PCL 00 into PCL matrix.

In addition, a comparative test for investigating the effect of enzyme on hydrolytic degradation
of scaffolds was carried out in PBS at pH 7.4 and 37°C in presence of porcine lipase. A
substantial increase in degradation rate was observed where percentage weight loss is reached a
maximum value of 26% after 70 days; see Figure 4.11. Porcine Lipase most probably accelerates
the hydrolysis through attacking of ester linkages of either short and long PCL chains.*®! This

consequently promotes the degradation rate of PCL bionanocomposite scaffolds.
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Figure 4.11 In vitro degradation behavior of neat PCL and PCL/BCNW-g-BCD-PCL g0
bionanocomposit scaffolds in PBS at pH 7.4 and 37°C.
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4.5 Conclusion

In summary, nano-functionalized material (i.e., BCNW-g-BCD-PCL00) based on the green
biocompatible bacterial cellulose nanowhisker was developed by grafting nanowhisker with CD
and conjugating low molecular weight of PCL 000 Segments to its surface

Results showed that incorporation of 4 wt% of BCNW-g-BCD-PCLg0 into PCL matrix resulted
in bionanocomposite with overwhelmed changes in bulk characteristics. Compared to neat PCL,
the obtained PCL-bionanocomposite showed improved mechanical and thermal properties, as
well as promoted hydrophilicity and in vitro degradation. Young’s modulus and tensile strength
of the resulted nanocomposites were improved by 51% and 115% and hydrophilicity and
degradation rate were promoted by 20% and to 7%.

Porous structures having porosities of 86—95% with mean pore diameters of 250—420 um along
with unique interconnected pore-network were developed using gas foaming/combined
particulate leaching technique. The obtained scaffold characteristics could be ideal for cell
seeding and proliferation. Results from mechanical testing of porous scaffolds showed
compression moduli in the range of cancellous bones. Reinforcing PCL-nanocomposites with 4%
wt% of BCNW-g-BCD-PCLjgo0 Was not only compensated for the loss in the mechanical
properties due to highly porous structure, but also enhanced the integrity of bionanocomposite.
The work done displays the ability to fabricate porous scaffolds based on the biosorbable and
biocompatible PCL. The sufficient mechanical properties, higher porosity, improved
hydrophilicity and bulk degradation characteristics suggest potential applications for the obtained
scaffolds in biomedical field and regenerative medicine.
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CHAPTER 5*
Dual-Function Poly(e-Caprolactone) Scaffold for Long-Term Drug Release and Tissue
Engineering Applications

Bioresorbable and biocompatible poly(e-caprolactone) (PCL) polymer have lots of medical
applications. However, remarkable hydrophobicity, non-osteoconductivity and slow degradation
rate have limited its application. The present study aims to develop PCL drug-laden scaffold. The
envisioned dual-function scaffold would provide adequate structural and mechanical supports for
regenerated tissues, and simultaneously serve as localized drug delivery system.

Reinforcing PCL with 4wt% of functionalized bacterial cellulose nanowhisker (BCNW-g-BCD-
PClL2000) and 25 wt% of doxorubicin anticancer drug resulted in drug-laden bionanocomposite of
combined promoted properties. Improvements of 165% and 107% in tensile strength and
Young’s modulus; 31% in hydrophilicity; 10% in degradation rate; and 8°C increases in thermal
stability are achieved. 3D porous scaffolds of porosity range 86-95% and interconnected
macropores of mean pore diameters of 250-420 um were fabricated. The obtained compressive
moduli of 7.2-12.3 MPa are in the range of cancellous bones. In vitro drug releases occurs in
controlled and sustained manner for ~60 days without obvious burst releases, and fit first-order

release mechanism and diffusion-controlled.

PCL matrx

\\ v .

Loaded Drug

PCL;lrl 415&&1 porous
scaffold

*This chapter is adapted from a submitted manuscript to the Journal of Applied Polymer Science
(app.20190416). Mohamed M. Khattab, Yaser Dahman. Dual-Function Poly(e-Caprolactone) Scaffold for
Long-Term Drug Release and Tissue Engineering Applications.
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5.1 Introduction

The procedure of limb salvage has proven effectiveness in the treatment of osteosarcoma due to
its superior ability to maintain the external appearances and physiological functions of the
patients’ limbs." The surgery involves local resection of bone or soft tissue cancers in order to
avoid amputation and placement of either metal prosthesis or bone graft to provide mechanical
support and platform for bone-tissue regeneration. However, numerous limitations associated
with metal prosthesis, such as corrosion,**? growth restriction,™*! and the need for additional
removal operation.**1 As well as several drawbacks associated with bone graft; such as donor,
nonunion, disease transmission, and rejection.™™ This is aside from the long term postoperation-
suffering by patients for taking intensive doses of prescribed chemotherapeutics and antibiotics
to destroy any remains of malignant cells to reduce cancer recurrence!**® and to avoid surgical

wound and orthopedic device infections.**!

Thus, the treatments with drug-laden biodegradable polymeric scaffolds are emerged as viable
alternatives procedure and considered as promising solution for bone and tissue cancer
defects.**®! Aliphatic polyesters, such as polycaprolactone (PCL), polylactic acid (PLA),
polyglycolic acid (PGA), and their copolymers are most extensively used to fabricate
biodegradable tissue engineering scaffolds. Due to their inherent biocompatibility,
biodegradability, mechanical strength and the effortlessness processing into various 3D
structures. 12394

PCL is a biocompatible, semicrystalline, slowly-degrading polymer and used in several tissue
engineering (TE) applications. These include bones and cartilage substitutes, sutures, adhesion
barriers as well as in controlling drug releases and targeting drug delivery.®®! PCL gained
popularity in the field of TE after receiving FDA approval due to excellent biocompatibility, ease
of degradation in the human body,™! and higher permeability for drug molecules.® Long-term
in vivo studies have demonstrated that the PCL implants were able to maintain the physical
shape after 2 years of implantation.””® Additionally, PCL was also capable to degrade slowly into
low molecular weight by the end of 30 months and can be excreted completely out of the body
without accumulating non-toxic degradation byproducts.®!

PCL showed remarkable hydrophobicity and non-osteoconductivity that stand as barrier and led
to suboptimal cell-material interactions.””® However, its bulk properties can be modified to

improve its osteoconductivity potential by adding growth factors during scaffold fabrication,
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attaching cells to the scaffold surface, or seeding cells and growth factors into the scaffold before
implantation.?®!

The potential use of biodegradable surface engineered scaffolds as 3D templates mimicking
extracellular cell matrix to encourage initial cell attachment, proliferation, and differentiation are
widely studied in vitro and in vivo.B*® Basically, scaffold properties vary from tissue to tissue,
as each one has its unique mechanical and biochemical properties. The pore size of TE scaffold
IS an important parameter that affects the quantity and characteristics of new tissue formation.
Scaffold’s pore size not only should be small enough to ensure mechanical integrity, but also
large enough to allow the diffusion of nutrient and waste materials. An optimal pore size for TE
engineering scaffolds is not well defined. However, pore sizes in the range of 100-400 um are
projected as optimum for osteoconduction, whereas pore sizes smaller than 100 um was known
to be inadequate in terms of mass transport and cell migrations.®

A variety of techniques have been used for processing biodegradable polymeric 3D porous
scaffolds. %! These conventional methods include freeze drying, melt-based technologies, phase
inversion, thermally induced phase separation, fiber bonding, fiber felts, melt molding, solvent
casting, gas foaming, particulate leaching, high-pressure processing and electrospinning.
However, the obtained constructs by those methods commonly facing drawbacks due to random
structures, unpredictable pore sizes, reduced pore interconnectivity and low mechanical strength
and structural stability.**"! In modern TE, solvent casting is often used in combination with other
technique to produce more efficient porous 3D structure. For example, solvent casting-
particulate leaching is the most convenient fabrication technique that used for fabricating porous
scaffolds.™"! This method involves casting of a polymer/salt/organic solvent mixture followed
by solvent evaporation and dissolution of the salt particulates in an aqueous solution. The
commonly used progens are sodium chloride, ammonium bicarbonate, glucose, low molecular
weight polymers, paraffin microspheres, and emulsion particles of defined sizes.**"**®! previous
studies showed that porogen leaching technique led to creation of porous scaffolds with
architecture properties which support integration between construct and host.%! However, this
technique has limitations; it can only produce thin membranes with a dense surface skin layer,
and might contain residual salt particles left from process. In this project a modified casting
technique based on the gas foaming/particulate leaching method but with using two porogens

salts was employed to fabricate 3D porous scaffolds of promoted porosities and pores-
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interconnectivity.*” The technique exploits the effervescent ammonium bicarbonate salt as gas
foaming agent for creating the main porosity and the water soluble PEGjpo as pores-
interconnectivity enhancer.

Cellulose nanocrystals (CNC) or nanowhisker (CNW), is highly promising green nanofibers with
outstanding mechanical strength (Young’s modulus of 150 GPa). It has highly hydrophilic
surface due to the plenty of surface hydroxyl groups.l? It used to modify the bulk properties of
PCL matrix, such as tune the hydrophilicity, mechanical properties, and biodegradation rate. It
also utilized by several researchers to tune the drug release behavior of PLA nanofibers.!
However, there is a big challenge confronting the compatibility between CNC content, polymer
properties, and the loaded amount of drugs in the composite. For instance, it was reported that
higher CNC content of 10 wt% can induced an obvious reduction in the tensile properties of PLA
due to poor dispersion and incompatibility within polymer matrix. Whereas, Xiang et al®!
reported that the added CNC acted as a nucleating agent and increased PLA crystallization,
degradation and drug release rates. However, the increased CNC contents would induce a higher
initial burst of the drug due to the strong interaction between CNC and drugs that resulted in a
poor dispersion of drugs into the PLA matrix.

Grafting of cellulose nanofibers with BCD is considered as promising technology for introducing
another functional agents, such as short and long polymers segments.””® The non-covalent
binding between BCD and adamantane (AD) is selected as the model for immobilizing
compounds due to the near-perfect size match between BCD cavity and AD. B-CD/AD inclusion
complexes showed extremely high binding constant of about 10* M) In this context, the later
interaction is utilized by several researchers to make supramolecular assembly of different
polymers."*4%! Doxorubicin is a well-known anticancer drug with a broad spectrum antitumor
activity to treat several types of cancer. However, treatment with doxorubicin is restricted due to
several undesirable side effects like its cumulative-dose limit and cardiotoxicity.[**®!

The present study aims to fabricate drug-laden 3D porous scaffold with outstanding mechanical
properties along with promoted cell attachment and drug loading efficiencies. Two-step process
is used to modify PCL matrix. The first step involves synthesis of the functionalized reinforcing
nanowhisker (i.e., BCNW-g-BCD-PCLo0) Via grafting of BCD molecules onto BCNW that
utilized for subsequent assembly of short PCLyg00 Segments on nanowhisker surface. The later

modifications tuned the surface energy of nanowhisker and consequently improved its dispersion
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in PCL matrix. The grafted unoccupied BCD moieties promoted the drug release properties of
the nanocomposites. The second challenging step is to examine the combined effect of
incorporating different loadings of both BCNW-g-BCD-PCL 00 and DOX drug on the final bulk
properties of the obtained drug-laden bionanocomposite. Mechanical, thermal, hydrophilicity,
and in vitro degradation are significantly improved. Furthermore, the interaction between various
parameters, such as nanowhisker loading, drug loadings and porosity level on the compression
modulus and drug release behavior of the porous drug-laden scaffold were also investigated.
Finally, drug release data of different scaffolds were fitted to various Kinetic models to

investigate the drug release mechanism.
5.2 Experimental

5.2.1 Materials and Chemicals

Bacterial strain Gluconacetobacter xylinus (G. xylinus ATCC 700178) was supplied by
American Type Culture Collection (ATCC), Manassas, VA 20108, USA. Citric acid (CA), B-
cyclodextrin (BCD), sodium hypophosphite (SHP), sodium hydroxide, doxorubicin
hydrochloride (DOX.HCI), cellulose enzyme (Trichoderma reesei ATCC26921), with specific
enzyme activity of around 700 U/g, ammonium bicarbonate (100-500 pum), polyethylene glycol
PEG M,= 4000, poly(e-caprolactone) diol (PCL-diol) (M,= 2000), poly(s-caprolactone) (PCL)
(average Mp= 45,000), tin octoate (Sn(Oct,) as catalyst, 1-adamantyl isocyanate (AD-NCO,
97%), dimethylsulfoxide (DMSO), dimethyformamide (DMF), dichloromethane (DCM, 99.5%),
diethyl ether, acetone, chloroform, and methanol. Phosphate buffered saline pH 7.4, sodium
azide NaNs, sodium chloride (NaCl) (Sigma Ultra (99.5%) and Lipase from porcine pancreas
type 11 (lipase activity: 100-500 units/mg protein using olive oil for 30 min incubation); 30-90
units/mg protein using triacetin). All chemicals were of analytical grade and obtained from

Sigma-Aldrich (Oakville, ON, Canada), and used as received without further purification.

5.2.2 Preparations and Analysis Procedure

5.2.2.1 Preparation of BC Nanowhisker (BCNW)

Gluconacetobacter xylinus was used as BC producing bacteria. G. Xylinus was activated in
accordance with ATCC guidelines. BC nanofibers were produced as fermentation product from

fructose solution carbon source and corn steep liquor (CSL) nitrogen source.[**! 10 g of purified
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BC nanofibers paste was further transformed into nanowhisker by treating it with commercially
available cellulose enzyme Trichoderma reesei in acetate buffer (0.1 M; pH 5.0).*¢ Finally,

BCNW suspension was re-concentrated to 0.5 wt% and kept at 5 °C for further use.

5.2.2.2 Synthesis of BCNW-g-BCD-PCL 200

5.2.2.2.1 Preparation of BCNW-g-£#CD

Grafting reaction took place using citric acid (CA) as a linker via two-step reaction.*” In the
first reaction, CA-BCD was prepared by refluxing of 3.0 g of BCD, 1.1 g of CA, 0.29 g of SHP,
and 1.8 g of distilled water at 100°C for 1.5 h. In the second reaction step, 3.0 g of the previously
prepared CA-BCD and 0.1 g of SHP were dissolved in 10 ml of distilled water. This followed by
the addition of 20 ml of ultrasonicated 0.5 wt% BCNW and heating the reaction at 160°C for 15
min to obtain the higher grafting density.!*® The obtained suspension of (BCNW-g-BCD) was re-

concentrated to 0.5 wt% and kept at 5°C for further use.

Preparation of Adamantyl End-capped PCL g0 (PCL2000-AD>)

This reaction is carried out as described elsewhere.[**® A total of 1.5 g of PCL-diol was dissolved
in 20 mL of chloroform. To this solution, 2-fold excess (mole ratio) of 1-adamantyl isocyanate
(AD-NCO) and a trace amount of tin octoate Sn(Oct,) as a catalyst (about 10 pL) were added.
The reaction was preceded at 60°C with stirring for 16 h. The product was subsequently
precipitated in 150 mL of diethyl ether in cooled ice water bath and kept overnight. The final

product was obtained by vacuum filtration, washed my methanol, and then dried at 45°C.

5.2.2.2.2 Assembly of PCLp00-AD, on BCNW-g-SCD Surface

The bifunctional nanowhisker (BCNW-g-BCD-PCLyo00) Was prepared via supramolecular
assembly of the guest polymer (PCLjp00-AD2) on BCNW-g-BCD using the method of Zhao et
al.*y In brief, 40 mg/mL DMF solution of the guest polymer (PCLago-AD-) is mixed with
BCNW-g-BCD that was solvent-exchanged from water to DMF. Afterward, the mixture was then
incubated in a shaker (150 rpm) at room temperature overnight. The solution was decanted by
centrifugation to remove excess DMF. An excess guest polymer was separated by adding
deionized water to the mixture. The suspension was re-suspended again in DMF and washed
many times by fresh DMF until complete removal of any residue of the gust polymer.
Eventually, the excess DMF was removed by centrifugation and replaced by DCM. The solution
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containing the bifunctional nanowhisker BCNW-g-BCD-PCLg00 Was re-concentrated to 2 wt%

and kept at 5°C for further use.

5.2.2.3 Preparation of PCL Reinforced BCNW-g-#CD-PCL 2000 Nanocomposites Films

BCNW-g-BCD-PCLxgoo loadings of (1-5 wt%) were dispersed in DMF, and then sonicated for
10 minutes in ice bath using high intensity homogenizer (Hielscher UP200Ht) equipped with 14
mm sonotrode. The amplitude and the output power will be kept at 26 kHz and 160 W,
respectively. Freshly sonicated nanowhisker solutions were mixed under continuous stirring with
1.0 g of PCL pre-dissolved in DCM until homogenous mixture of PCL/BCNW-g-BCD-PCL 2000
was obtained. Nanocomposites films were prepared by solvent casting method.** The viscous
polymer/nanowhisker solution mixture was preheated at 70°C and then gradually poured into a
hot handmade stainless steel mold. The mold is subsequently cooled by flashed frozen in liquid
nitrogen. The mold was then transferred to a refrigerator set at -20°C and kept for 24 h. After
which, the obtained nanocomposites were placed under vacuum condition at 40°C for 48 h until
complete solvent evaporation. The films were taken out from the mould and kept dry in a

desiccator.

5.2.2.4 Fabrication of PCL-reinforced BCNW-g-BCD-PCL 000 Porous Scaffolds

Gas foaming/combined particulate leaching method was employed for fabricating 3D porous
scaffold as published elsewhere.") Two progene salts are used; an effervescent salt progene
ammonium bicarbonate as a gas foaming agent and PEGyy as porosity and pores-
interconnectivity enhancer. Gel slurry composed of binary mixture of PCL/PEG,q00 gel in
chloroform, nanowhisker, and dispersed ammonium bicarbonate salt particles were casted in
hand-made Teflon mold at room temperature. The semi-solidified construct is subsequently
immersed in hot citric acid. The evolution of ammonia and carbon dioxide gases, along with the
leaching out of ammonium bicarbonate and PEG particulates from the semi-solidified polymer
matrix caused the formation of pores with high inter-connectivity. Briefly, highly viscous PCL
polymer solution of concentration 30 wt% was first prepared by dissolving PCL pellets together
with PEG (1:1 w/w) in chloroform (3 g of PCL + 3 g PEG + 4 g chloroform). DMF solutions
containing the required amounts (1-5 wt%) of BCNW-g-BCD-PCLyg00 Were sonicated for 15

min and added slowly with continuous stirring to PCL/PEG polymer solution. An overnight
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oven-dried and sieved ammonium bicarbonate particles in the range of 180—-300 um was used to
develop the porous structure in PCL matrix. Standard sieved mesh was used to isolate the
required particle size. NH4;HCO3 salt was added to nanowhisker/polymer mixture where the salt:
PCL mass ratios were kept at (5:1, 7:1 and 10:1 w/w) in order to obtain nanocomposites of three
levels of porosity. The mixtures were then stirred at 40°C for 30 min.

The mixture was casted into Teflon molds in the form of circular discs of approximately (15 mm
in diameter x 3 mm in height) by using 5 mL syringes with the tip cutoff. After chloroform was
partially evaporated under atmospheric pressure, the semi-solidified samples were immersed into
an excess amount of hot citric acid solution (50°C) for 30 min until no more gas bubbles were
generated. Afterwards, the samples were placed into warm water for another 30 min. finally the
scaffolds washed three times with ethanol and then air dried and stored at 5°C until use. The
paste mixture was also casted into a cylinder-shaped mold (6 mm diameter x 12 mm height) for

compression testing.

5.2.2.5 Fabrication of Drug-laden Porous Scaffold

In a similar fashion, the drug-laden scaffolds were fabricated as PCL-reinforced BCNW-g-BCD-
PClL.o00 porous scaffolds, but with addition of three levels of drug loadings; 10, 20 and 30 wt%
of anticancer drug (i.e., DOX.HCI). In brief, the required mass of drug was dissolved in the least
amount of chloroform, and then mixed with polymer/salt/nanowhisker mixture. The resulted
scaffold was then casted, leached and dried as described before. Scaffolds without drug loading

were served as control.

5.2.2.6 Porosity, Pore Volume, and Pore Size

The porosity and pore volume of the scaffolds were estimated gravimetrically as before using
Equations (4.1& 4.2),P%! where ppoymer is the density of neat polymer used for scaffolds
fabrication and pscafrols 1S the apparent density of the scaffold which determined by using
Sartorius YDK 01LP density measurement Kit.

Thus, pec. Was considered to be 1.145 g/cm®. Three samples were assessed for estimating both
porosity and pore volume average values. The Pore size distribution and pores interconnectivity
were also directly measured from the images developed by SEM. Cross-sectional samples were

vacuum dried on aluminum SEM holders and sputter coated with a 10 nm gold layer. The
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JEOL/OE equipment model JSM-6380 LV (Oxford Instrument, U.K. software version SEI
England) was operated between 5—20 kV generating high-resolution images. The samples were
analyzed between a magnification of x30 to x100 for porous structure and x20 k for nanowhisker

investigations. At least 30 pores for each sample were analyzed, and average values were

calculated for all of the scaffolds investigated.

5.3 Characterization Techniques

5.3.1 Fourier Transform Infra-red Spectroscopy (FTIR/ATR)

The structural changes accompanied the surface chemical modifications of BCNCs were
followed by (FTIR/ATR) spectroscopy using (Perkin Elmer Spectruml FTIR/ATR
spectrophotometer). ATR spectra were recorded in transmittance mode in the range of 4000-500
cm™. ATR-crystal is ZnSe, the spectral resolution is 4 cm™ and 20 scans were collected for each

spectrum.

5.3.2 Mechanical Properties of Nanocomposites Films and Scaffolds

Mechanical parameters were determined for neat PCL and its bionanocomposite films. Young’s
modulus (E) was calculated from slope of lines between 0.5 and 2.5% strain on stress-strain
plots. oy and &y are stress and strain at yield; oy and ¢, are stress and strain at break. Labthink’s
Param XLW (PC) Auto Tensile Tester equipped with a 500 N load cell and operating at a
crosshead speed of 100 mm/min at room temperature at a span distance of 25 mm. The
dimensions of the tested films were (100 x 10 x 1 mm?®). Compression modulus of the scaffolds
was evaluated at room temperature using the same load and the cross-head speed was set at 2
mm/min. Cylindrical-shaped samples (6 mm diameter x 12 mm height) were used for

compression tests according to ASTM method F451-95.

5.3.3 Thermal Properties

TGA and DSC measurements were employed to examine the thermal properties of PCL
bionanocomposite using Perkin Elmer Diamond Differential Scanning Calorimeter controlled
with PYRIS 7 software. For TGA analysis 20 mg samples were heated to 500°C in air current of
100 cm® min™ and heating rate of 10°C min™*. For DSC measurements sample specimens of 5-10
mg were dried at 60°C for 2 h and sealed in 20 uL aluminum pan. Samples heated from room

temperature to 230°C, held for 2 min to remove prior thermal history, and then cooled down to -
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20°C. The samples were then reheated to 230°C. The heating/cooling rate was 10°C/min under
nitrogen atmosphere. The heat flow of the second heating scan was recorded for calculating the
thermal parameters; cold crystallization temperature (T), melting temperature (T.), cold
crystallization enthalpy (AHcc), and melting enthalpy (AHy,). The degree of crystallinity (yc) was

calculated using Equation (5.3).[%¢]

5.3.4 Field Emission Scanning Electron Microscopy (FE-SEM)

SEM micrographs were taken at room temperature with JEOL/OE scanning electron microscope
model JSM-6380 LV, equipped with Oxford energy dispersive X-ray spectroscopy (EDX). The
surface morphology of unmodified and modified BCNWSs was examined using microscope with
an accelerating voltage of 10-20 kV and at magnification of x10,000. Elemental analyses of
nanowhisker were analyzed by EDX. Morphology and pore sizes of porous scaffolds were
examined using (5 x5 mm?) samples, which were placed on an aluminum holder and sputter
coated with 10 nm gold layer. The samples were analyzed at magnifications of x200 to x3500.
Average pore diameters were measured from at least 30 pores using an image analyzer (Bum-Mi

Universe Co., Ltd., Seoul, Korea).

5.3.5 Apparent Water-in-Air Contact Angle

Static contact angle measurements were performed on nanocomposites films using Dataphysics
OCA 15 optical contact angle measuring system using the sessile drop method. Deionised water
droplets of ~4uL were deposited on the samples surface via a motorized syringe. Five
measurements per sample type were performed. The measurements were performed 2 min after

droplet addition.

5.3.6 In vitro Degradation Behavior

Hydrolytic degradation was carried out for neat PCL and its nanocomposites in PBS solution
(0.2 M PBS with 0.9% NaCl, 0.02% NaN3; and pH 7.4). Whereas enzymatic degradation was
employed in the same PBS solution but in presence of Lipase enzyme from porcine pancreas at
concentration level 0.1 mg mL™. Samples were placed into 15 ml vials containing 10 mL PBS
and then incubated with shaking at 37°C to simulate in vivo dynamic tissue environment. The
weight loss was recorded gravimetrically every 5 days using Equation (4.4). The reported weight

loss was the average of triplicate.
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5.3.7 In vitro Drug Release Studies

First, calibration curve was constructed using different DOX standard solution; 5pg/ml, 15ug/ml,
25ug/ml and 50ug/ml that prepared in PBS (pH 7.4) by appropriate dilutions. Absorbance of
those solutions at Amax 482 nm is measured by Uv-Vis spectroscopy. The release profile of DOX
from the scaffolds was monitored by incubating a scaffold in 10.0 ml of PBS (pH; 7.4 and 4.8) at
37°C for 2 months. At each time point, 1 ml of solution was collected and replaced with 1 ml of
fresh PBS to achieve sink conditions. The concentrations of DOX released in the solutions were
estimated from the calibration curve. The cumulative percentage of released is calculated using
Equations (5.1-5.3).14%

Concentration of drug (ug/ml) = (slope x absorbance) + intercept ~ (5.1)

Concentration ml) X Incubation volume x dilution factor
Amount of drug released (mg/ml) = (g/ml) 000 (5.2)

. Volume of sample withdrawn (ml) x P_1) + P¢
Cumulative release (%) = (t-1)

(5.3)

Incubation volume

Where Py is percentage release at time (t) and P(.1y is percentage release previous to (t).

5.3.8 Drug Release Models

To study the kinetics of drug releases from scaffolds, in vitro drug release data were fitted in
various mathematical kinetic models.™" Zero-order model which states that the rate of drug
release is directly proportional to time and can be used to describe the release of drugs with low
solubility from a matrix tablet system; Equation (5.4). First-order model suggests that the rate of
drug release is directly proportional to the amount of drug remaining in the system, and it is
useful in explaining the release of drugs dispersed in porous matrix system; Equation (5.5).
Higuchi’s model, which was derived from the Fick’s first law of diffusion. It stated that the
release of drug is governed by simple diffusion; Equation (5.6). Hixon-Crowell model describes
the release of drugs by dissolution associated with a change in the surface and volume of
particles or tablet; Equation (5.7). In case of Peppas-Korsmeyer model; Equation (5.8), the
exponent (n) gives indications about the release mechanism.[*?”! Exponent values < 0.45 indicate
Fickian diffusion, whereas exponent values > 0.89 indicate case Il transport (typical zero-order
release). However, exponent values between 0.45 and 0.89 indicate non-Fickian diffusion or
anomalous release (by both diffusion and erosion).
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A=Kkot (5.4)
where Ky is zero-order rate constant and A is the percentage amount of drug released at time t.
In (100-A)=-kit  (5.5)
where K; is the first-order rate constant.
A=kt (5.6)
where k is the Higuchi’s constant.
100 - (100-A) =kt (5.7)
where k3 is the Hixon-Crowell constant
AJA,=kst"  (5.8)

where ks is the Peppas-Korsmeyer constant, A/A., is the fraction of drug released at time t.

5.3.9 Data Analysis

All experiments were performed in triplicate. Results are presented as the mean value +SE.

5.4 Results and Discussion

5.4.1 Grafting of BCNW with fCD and Assembly of PCL00-AD, on BCNW-g-#CD Surface
Figure 5.1 A represents the grafting reactions of BCD onto the surface of BCNW by using eco-
friendly citric acid (CA) as a well-known nontoxic crosslinking agent. In the first step -
cyclodextrin citrate (CA-BCD) was obtained by condensation reaction between PCD and CA.
The second step was grafting of (CA-BCD) onto BCNW. Under the optimum reaction conditions
used, the highest grafting ratio achieved was 33.8%.

Figure 5.1 B demonstrates the urethane reaction between (PCLyggo-diol) and 1-adamantyl
isocyanate (AD-NCO) in presence of Sn(Octy) as a catalyst to form the guest polymer PCL 000
with both ends capped with adamantane groups, abbreviated as (PCL0p0-AD2).

Figure 5.1 C represents the immobilization of PCLg00-AD- onto the surface of BCNW-g-pCD to
form the functionalized nanowhisker (BCNW-g-BCD-PCL;o0). This achieved by conjugating
PCL2g00-AD;, on the surface of BCNW-g-BCD through the formation of host-guest inclusion
complex between AD moieties of the guest polymers and the grafted BCD on the surface of
BCNW. Because of the guest polymers are both end-capped with AD groups, therefore two
possibilities for their assembly on BCNW-g-BCD are suggested; (i) single-end immobilization
and (ii) double-end immobilization; see Figure 5.1 C. A rough approximation based on obtained

results indicated that either assembly fashions coexist.
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Figure 5.1 (A) Grafting of BCNW with BCD by using of citric acid as linker; (B) synthetic
pathway of PCLyp0-AD, from PCL-diol; (C&D) conceptual illustration for drug and short
polymer segments assembly on BCNC-g-BCD surface through the formation of inclusion

complexes.
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5.4.2 Urethane Reaction and Formation of Guest Polymer PCL 000-AD>

Figure 5.2 A shows urethane reaction between PCLyggo-diol and AD-NCO and formation of the
guest polymer PCLyog0-AD,. Analyzing ATR spectra confirms the successful preparation of the
gust polymer PCLypoo-AD>. In brief, PCL2g00-AD, show the main characteristic spectral bands
due to C=0 and C-O stretching in PCL-diol were shift to lower frequencies.**¥ Isocyanate peak
of the free AD-NCO was disappeared and a new secondary amide peak due to (-C=0O-NH-)

stretching was emerged at 3473 cm ™[]

5.4.3 Formation of BCNW-g-#CD and BCNW-g-S#CD-PCL 00

Figure 5.2 B shows ATR spectra that monitoring the change in chemistry of BCNW after
grafting its surface with BCD using CA as linker. Examining the spectral of BCNW-g-BCD
shows very similar bands to ungrafted BCNW except the new band that emerged at 1708 cm™ due
to the presence of C=0 stretching vibration of ester bond that formed between citric anhydride
moiety of CA-BCD and OH groups of BCNW. This band indicates the successfulness of the
grafting reaction between BCD and BCNW and confirms the formation of BCNW-g-BCD. "]

In addition, Figure 5.2 B also depicts ATR spectrum of BCNW-g-BCD after conjugating
PCL2o00-AD to its surface. Analyzing BCNW-g-BCD-PCLyo0 Spectra demonstrates an intense
overlapped peaks of C=0 group stretching in the range of 1707—1735 cm™. This band arose from
the combination of the carbonyl group stretching of both PCLjp00-AD, and BCNW-g-BCD. In
addition, the peaks indentified at 3473, 2943 and 2866 cm™ were ascribed to the secondary amide
-C=0-NH- stretching, asymmetric and symmetric stretching of CH, group in PCLypg-AD2,
respectively. Therefore, all the previous evidences confirm the successful preparation of BCNW-
g-BCD-PCL000.
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Figure 5.2 A: ATR spectra showing the formation of guest polymer (PCLjgp-AD,) from
PCLzggo-diol and AD-NCO; B: ATR spectra of BCNW after grafting with CD and assembly of
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5.4.4 Morphology and Surface Composition of BCNW-g-fCD-PCL 2000

Figure 5.3 A&B show FE-SEM images that describe the morphology of BCNW-g-BCD before
and after PCLyp00-AD, assembly on the surface. Analyzing the image before PCLjp00-AD>
assembly (Figure 5.3 A) shows somewhat smoother surface for BCNW-g-BCD similar to
ungrafted BCNW. However, after polymer assembly the surface became a little rougher with a
clearly observed patches; see Figure 5.3 B. These observations were attributed to the assembled
PCL2000-AD; guest polymers.[*? In addition, variation in the surface chemical composition of
BCNW-g-BCD before and after PCL;p00-AD, assembly was determined by EDX spectra (Figure
5.3 B&C). Results showed the calculated amount of assembled polymer was found to equal 24.8
wt%, where carbon content increased from 54.1 to 65.3% and oxygen content dropped from 49.9
to 34.7% due to the higher carbon atomic content of assembled PCLg00-AD, polymer.’*) The
later finding suggests that the entire surface of BCNW-g-BCD is not fully covered by PCLono
after the assembly process. In addition, based on the previous findings that 33.8 wt% grafting
ratio of BCD has achieved on BCNW surface, and PCLyp-AD; can only bind with BCD
moieties, Therefore, one can estimate that approximately 73.4% of BCD was occupied by
PCL2o00 Segments, where the other 26.6% is still vacant and can be ready to host drug molecules;
see Figure 5.1 D.
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Figure 5.3 A &B are FE-SEM micrograph and D &D are EDX spectrum that showing the
surface morphology and composition of BCNW-g-BCD before and after PCLygpo-AD, assembly.

5.4.5 Mechanical properties of BCNW-g-fCD-PCL 00 Reinforced PCL Composite Films

Figure 5.4 depicted the stress-strain curves of neat PCL, PCL/BCNW-g-BCD-PCL 000 and drug-
laden bionanocomposite PCL/BCNW-g-BCD-PCL2p0o/DOX. The main representative of
mechanical parameters (i.e., Young’s modulus (E); stress and strain at yield (oy and &y); and
stress and strain at break (o, and €p)) are summarize in Table 5.1. Results show that neat PCL
film presents a less stiff and semi-ductile behavior where o, and &, values of 15.3 MPa and 5.3%
and o, and ¢, values of 14 MPa and 10.3% were achieved. In addition, increasing BCNW-g-
BCD-PCLygo loadings ratio from 1-4% (w/w) in PCL matrix is associated with gradual
enhancement for both strength and tensile modulus at expenses of elasticity; see Table 5.1. The
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maximum increase was achieved at 4% (w/w) of BCNW-g-BCD-PCLg0, Where the tensile
strength and Young’s modulus significantly improved by 115% and 51%, respectively over the
neat PCL film, while elongation at break reduced by 47%. This significant improvement in the
stiffness and strength of PCL/BCNW-g-BCD-PCLyo00 nanocomposites were related to an
improved wettability and compatibility between incorporated BCNW-g-BCD-PCL000 and PCL
matrix. The conjugated short PCL 000 Segments on nanowhisker surfaces acted as co-continuous
phase between modified nanowhisker and PCL matrix. This in turn increased the interfacial
adhesion between nanowhisker and matrix and ultimately allows proper stress transfer from PCL
matrix to the high strength reinforcing phase of the added BCNW-g-BCD-PCL 20g0.
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Figure 5.4 Stress-strain plots of neat PCL and PCL bionanocomposite.
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5.4.6 Effect of Drug Loading on the Mechanical Properties of Bionanocomposite

Due to the impressive mechanical properties of nanocomposites formulation containing 4 wt% of
the functionalized nanowhisker" (i.e., PCL/BCNW-g-BCD-PCLjogo (4%)), it was chosen as a
representative for carrying out drug loading studies. The effect of changing drug loading
concentration from (10-30% w/w) on the final mechanical properties of drug-laden
nanocomposites is also presented in Table 5.1. Surprisingly, results demonstrate that the gradual
addition of DOX to bionanocomposite formulation causes further increase for either tensile
strength or Young’s modulus at expense of elongation at break. Maximum drug loading of 25
wt% of DOX to PCL/BCNW-g-BCD-PCLyg00 (4%) led to an improvement of 23 and 38% in
tensile strength and Young’s modulus, versus 27% reduction in elongation at break. Whereas
compared with neat PCL, the maximum combined improvements achieved are 165 and 107% for
tensile strength and Young’s modulus, respectively, versus 61% reduction in elongation at break.
Any further increase in drug loading contents more than 25 wt% causes decline in tensile
strength and Young’s modulus (Table 5.1) However, in case of a similar experiment using
PCL/DOX blend at 25 wt% drug loading ratio but without nanowhisker loading, the obtained
tensile strength and Young’s modulus (i.e., 13.3 and 1490 MPa) are less than the corresponding
values in neat polymer. This may be happened due to the reduced frictional forces between
polymer chains due the presence of the low molecular weight drug molecules. Which cause an
imperfect crystallization of PCL chains and could be weaken the mechanical strength of
PCL/DOX blend. The obtained results revealed the strong interaction between BCNW-g-fCD-
PCL 2000, DOX drug and PCL matrix and the role of the functionalized nanowhisker to keep the
integrity of the drug-laden nanocomposites. Where, BCNW-g-BCD-PCLyp00 might act as a
compatibilizer that hinders chain mobility in the non-crystalline domain of PCL matrix and thus
improve their orientation.’*?"! In addition to hydrogen bonding interactions that might lead to
reorientation of molecules to the intermolecular chain, resulting in an increased rigidity and

enhanced mechanical strength for the drug-laden nanocomposites.
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Table 5.1 The effect of BCNW-g-BCD-PCLypo and drug loadings on the final mechanical properties of PCL-drug laden

bionanocomposite

Nanocomposites formulation oy (MPa) gy (%) op (MPa) &p (%) E (MPa)

Neat PCL 15.3 +1.3 5.340.2 14.0 +0.8 10.3+0.2 1560 +126
PCL+ BCNW-g-BCD-PCLzooo (1%) 28.3+1.1 5.9+0.3 26.2 +1.5 9.340.2 1870 +126
PCL+ BCNW-g-BCD-PCLzooo (2%) 29.2 +1.6 5.1+0.2 28.3+1.3 8.5+0.4 1960 +112
PCL+ BCNW-g-BCD-PCLzooo (3%) 30.5+1.1 4.7 +0.3 29.9+1.4 7.4+0.2 2210 +130
PCL+ BCNW-g-BCD-PCLgo0 (4%) 314412 4.240.2 30.2 +1.1 5.5+0.3 2350 +110
PCL+ BCNW-g-BCD-PCLago (5%) - - 26.8 +1.2 3.6+0.3 2243 +102
PCL+ DOX (10%) - - 14.6 +1.4 9.7+0.5 1590 76
PCL+ DOX (20%) - - 14.9+1.3 8.5+0.3 1620 95
PCL+ DOX (25%) - - 13.2+1.2 7.6 0.6 1490 +105
PCL+ DOX (30%) - - 9.7 +1.3 7.340.4 1405 +111
PCL+ BCNW-g-BCD-PCL 00 (4%) + DOX (10%) - - 341415 50+0.1 3100 +126
PCL+ BCNW-g-BCD-PCL 200 (4%) + DOX (20%) - - 35.7 +1.3 4.4+0.4 3196 +117
PCL+ BCNW-g-BCD-PCLo00 (4%) + DOX (25%) - - 37.1+1.1 4.0+0.3 3235 +110
PCL+ BCNW-g-BCD-PCLoo (4%) + DOX (30%) - - 32.8+1.2 3.7+0.2 2624 +112
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5.4.7 Surface Modification Evaluated by Contact Angle

The bar chart in Figure 5.5 shows the evaluated apparent water-in-air contact angle of neat PCL
and PCL-bionanocomposite films at different BCNW-g-BCD-PCL0 and drug loadings. In
general, a contact angle value above 90° corresponds to a hydrophobic surface, while a contact
angle value below 90° represents a hydrophilic surface.'**®l Results shows neat PCL shows
contact angle values of 94° +2.5°. The later value was gradually decreased upon addition of (1-5
wt%) of BCNW-g-BCD-PCLyg0 to PCL matrix until a minimum plateau of 70° £2.9° at 5 wt%
loading was reached. In comparison to neat PCL, approximately 25.5% improvement in
hydrophilicity of PCL-bionanocomposite was achieved by incorporating 5 wt% of BCNW-g-
BCD-PCLyogo into PCL matrix. This increased hydrophilicity could be related to the inherited
hydrophilic properties of BCNW due to the presence of free ungrafted hydroxyl groups on
BCNW-g-BCD-PCLyg0 surface. In addition, a further significant reduction in contact angle
values was observed after incorporating DOX.HCI into bionanocomposite, see Figure 5.5. For
instance, the addition of DOX in weight ratio of (10-30% w/w) to PCL/BCNW-g-BCD-PCL 2000
(4%) led to a further drop in the observed contact angle from 75° £2.9° to a stable minimum
value of 63° +2.3°. However, compared to neat PCL, approximately 31% improvement in
hydrophilicity was achieved by the drug laden bionanocomposite containing 4 wt% of
PCL/BCNW-g-BCD-PCLp0 and loaded with 25 wt% of DOX. This further decrease in contact
angle values of the drug-laden nanocomposites may be related due to the ionic character of
DOX.HCI drug as well as the presence of hydroxyl group moieties in drug molecules. These

ultimately increase the hydrophilicity of the drug-laden nanocomposites film.

142



100 4 (a) (b)
94 3
89
80 84
- 75 75
= 71
" 70 e
W 60 - o8 63
<
=)
[}
8
5
O 40
20 -
o = < ® ® S X g2 ¥
=) - ~ o0 < n o S Q Q (]
\ J | J
| |
BCNW-g-BCD-PCL,gq, DOX

Nanowhisker/ Drug Loading % (w/w)

Figure 5.5 Apparent water-in-air contact angles for; (a) PCL/BCNW-g-BCD-PCLono
nanocomposites films at different loadings of BCNW-g-BCD-PCLg00; (b) PCL/BCNW-g-fCD-
PCL2000 (4%) drug-laden nanocomposites with different DOX loadings from (10—-30 %wt).

5.4.8 Crystallization Behavior and Thermal Stability of Drug-laden Bionanocomposite

Differential scanning calorimetry was used to investigate the effect of grafted nanowhisker and
drug loadings on the crystallization and melting behaviors of PCL and its bionanocomposite.
Figure 5.6 displays thermal properties of the first cooling and second heating runs in the DSC
thermograms of neat PCL and its bionanocomposite (i.e., PCL/BCNW-g-BCD-PCLg00 and
PCL/BCNW-g-BCD-PCL000/DOX). The obtained thermal properties (i.e., cold crystallization
temperature; T, melting temperature; Tr, cold crystallization enthalpy; AHc, melting enthalpy;
AHp, and crystallinity degree; ) are summarized in Table 5.2. Examining DSC results in Figure
5.6 shows that no obvious melt-crystallization peaks appeared during the first cooling scans.
However, in the second heating scan, the cold crystallization peaks appeared for either neat PCL

or its nanocomposites. Results in Table 5.2 show that neat PCL has T of 31°C, T, around 58°C

and . of 27.5%. As previously reported by our group, an incorporation of 4 wt% of BCNW-g-
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BCD-PCLypeo in PCL matrix was induced obvious decrease in T values from 31 to 23°C
without significant increase in Tr, values (59°C), as well as a reduction in y. value to 21.8%.[!"]
These observed changes in the crystallization behavior of nanocomposites were attributed to the
effect of low-molecular weight PCLyo0o Segments that conjugated on nanowhisker surface.
Whereas these short polymer segments hindered the mobility of PCL chains, and consequently
impaired the crystallization behavior of PCL matrix.[“??! The later decrease in crystallinity up on
addition of 4 wt% of BCNW-g-BCD-PCLy0 to PCL matrix was helpful in forming imperfect
PCL crystals that consequently promoted the integrity of larger drug concentration in the drug-
laden bionanocomposite. The absence of the characteristic endothermic melting peak of
crystalline DOX (Tm= 220°C)¥?¥ in the DSC curve of drug-laden nanocomposites (i.e.,
PCL/BCNW-g-BCD-PCL000/DOX) is a great evidence, where the drug is converted to
amorphous phase and the entire added drug was bound to the polymer. In other words, the
loading process of drug to PCL/BCNW-g-BCD-PCLyg00 Was appreciable. As a result, at the same
BCNW-g-BCD-PCLyg0o loading (i.e., 4 wt%) the incorporation of 25 wt% of DOX to
nanocomposites contents causes an increase in T, and T, of the drug-laden nanocomposites
from 23 to 27°C and from 59 to 63°C, respectively (Figure 5.6). Moreover, an increase in y. from
21.7 to 43.6% was observed upon adding of 25 wt% of DOX to the drug-laden nanocomposites
Therefore, the addition of high concentration of low molecular weight drug (i.e., 25 wt% DOX)
might be hindered the mobility of PCL chains in crystalline domains and decreased their packing
density as well. This in turn improves its crystallization ability and increased both T, and T,

values.
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Table 5.2 Thermal pentameters for neat PCL, drug-loaded PCL and its bionanocomposite with

various drug loadings

Samples T (°C) | AHc(J/9) | Tm(°C) | AHW(J/9) | xc (%)*
Neat PCL 31 27.3 58 64.0 27.5
PCL+ BCNW-g-BCD-PCLoo0 (4%) 23 34.0 59 60.8 21.7
PCL+ BCNW-g-BCD-PCLg00 (4%) + 25 13.1 62 58.1 37.5
DOX (10%)
PCL+ BCNW-g-BCD-PCL 00 (4%) +
DOX (25%) 27 11.8 63 55.0 43.6
PCL+ BCNW-g-BCD-PCLg00 (4%) +
DOX (30%) 275 10.7 64 53.5 45.5
DOX -- -- 220 -- --
a. AHp—AHcce i }
X, = [(AHO'm (1= Cwi% BCNW +wt%% DOX))] x 100; AH,,0f 100% crystalline PCL sample taken as

139.5 J/gt*%

T=31

2" heating Neat PCL
i //\
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Figure 5.6 DSC first cooling and second heating scans of neat PCL and its drug-laden

bionanocomposite.
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Figure 5.7 depicts TGA thermograms of neat PCL, functionalized nanowhisker BCNW-g-BCD-
PCL2g00, nanocomposites PCL/BCNW-g-BCD-PCLg0o (4%) and drug laden nanocomposites
PCL/BCNW-g-BCD-PCL00 (4%)/DOX (25%). Investigating Figure 5.7 shows that the
maximum decomposition temperature (Tmax) achieved by each thermogram was as follow; 445°C
for neat PCL; 436°C for BCNW-g-BCD-PCLygg0; 447°C for PCL/BCNW-g-BCD-PCLg00 (4%);
and 453°C for PCL/BCNW-g-BCD-PCLp0 (4%)/DOX (25%). Examining the obtained results
shows that adding 4% w/w of functionalized nanowhisker to PCL matrix does not cause obvious
change in Tyax value of nanocomposites if it compared with neat PCL polymer. However,
addition of 25 wt% DOX is improved Tmax Value of the drug-laden nanocomposites by 8 and 7°C
if it compared with neat PCL and its drug-unloaded nanocomposites. This increase in the thermal
stability might be related to the formation of hydrogen bonds between the drug molecules,
nanowhisker and polymer matrix.[*"®! Moreover, the later supports the previous finding from

DSC measurement where an improved crystallinity of drug-laden nanocomposites was observed.
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Figure 5.7 TGA curves of functionalized nanowhisker, neat PCL and PCL-bionanocomposite.
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5.4.9 Scaffolds Porosities and Morphologies

Due to the impressive mechanical and properties of the drug-laden nanocomposites formula
involving PCL/BCNW-g-BCD-PCLyg00 (4%)/DOX (25%)) it was chosen as a representative for
developing 3D-nanostructures of different porosities. Gas foaming/combined particulate leaching
method was used for developing porous structures. The method was incorporating two different
progene; fixed amount of PEG, and different ratios of sieved ammonium bicarbonate salt having
different size distributions (i.e., 180-300 and 300-500 um).

Table 5.3 summarizes percentage porosity, pore volume, and pore size of the obtained porous
scaffolds. Results show that percentage porosities of the obtained scaffolds that obtained
gravimetrically are in the range of 86.45-94.85% with estimated pore volumes in the range of
9.64-17.86 cm®/g. The observed percentage porosities are improved from 86.45% to 94.85%
with increasing salt: polymer weight ratio from 5:1 to 10:1; see Table 5.3. The average pore
sizes that determined by visual estimation from SEM images were ranged from ~250-340 pm.
The estimated pore sizes appeared to be dependent on the size of the sieved ammonium
bicarbonate particulates. At the same polymer: salt ratio, the coarser ammonium bicarbonate
crystals used, the bigger pore sizes are.

Figure 5.8 shows SEM images of the drug-laden porous scaffolds that obtained by gas
foaming/combined particulate leaching method. Examining the morphologies of the porous
scaffolds confirms an opened macropores on the surface without sign of surface skin. These
macropores are generated due to immediate gas evolution from salt particulates and subsequent
rapid gas flow-out from the semi-solidified polymer mixture. In addition, the cross-section views
in Figure 5.8 Al, A2, B1, B2, C1, C2 reveal the presence of uniform distribution of well-
interconnected opened macropores from surface to surface. The obtained results suggest the
successfulness of gas foaming/combined particulate leaching technique that introduced in this
study for developing scaffold with higher porosities. It also worth to mention the used fabrication
method showed two distinctive advantages over the other examined techniques. The blend
mixture (i.e., PCL/PEG/drug/nanowhisker/ammonium bicarbonate) can be easily manipulated to
make any shape and size, and also the final scaffold did not show any sign for surface skin
formation.

Moreover, Table 5.3 is also depicted the obtained compression modulus values that measured

for the cylindrical shaped drug-laden porous scaffolds. Results show decline for the modulus
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with the increase in salt: polymer ratio due to the increased porosity. For instance, the scaffold
prepared using 5:1 ammonium bicarbonate/polymer ratio showed the maximum compression
modulus of 12.3 +0.7 MPa, but the least porosity value of 86.45%. In contrast, 10:1 salt/polymer
ratio showed the highest porosity of 94.85%, but the least compression modulus of 7.2 +0.7
MPa. However, 7:1 salt/polymer ration has maintained good compression modulus value of 10.6
+0.5 MPa along with higher porosity of 91.17%. Therefore, 7:1 salt to polymer was identified in
this study as the most suitable ratio for developing drug-laden scaffolds with higher porosity (>
90%) along with outstanding compression modulus.

Nevertheless, in case similar experiments where porous scaffolds were fabricated from neat PCL
or PCL/DOX blend (control experiment) using 7:1 (salt: polymer) ratio, the observed
compression modulus values are harshly decreased with increasing either drug loading or
porosity level; see Table 5.3. The later evidence is not only confirming the main role of BCNW-
g-BCD-PCLogp as reinforcing phase for keeping the integrity of the drug-laden nanocomposites,
but also shows its potentiality to compensate for the deterioration in mechanical properties due to
the combined effect of the increased drug loading and the developed porous structures. For
instance, scaffold fabricated with PCL/BCNW-g-BCD-PCL 000 (4%) and loaded with 25 wt%
DOX using 7:1 (salt: polymer) showed almost the same porosity level of control (PCL/DOX),
but with three-fold compression modulus value (Table 5.3).

The adequate pore sizes, highly porous structure with an interconnected pore-network, along
with an improved hydrophilicity suggest the suitability of the fabricated drug-laden scaffold that
developed in this study for encouraging initial cell attachment, proliferation, and
differentiation.®*® In addition, the compression modulus values range (i.e., 7.2—12.3 MPa) are
located in the range of cancellous bones (i.e., 2—12 MPa).[*®® Therefore, these developed drug-
laden PCL scaffolds can find application as promising temporal implant or bone cement in limb

salvage procedure.t**
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Table 5.3 Porosity percentage, pore volume, pore size, and compression modulus of PCL-drug laden porous scaffolds

Scaffold Formulation NH,HCO; : NH;HCO; | Porosity* | Pore Volume* | Pore Size* Compressive
PCL (% w/w) Size (um) (%) (cm®/g) (um) Modulus (MPa)
Neat PCL 7:1 180-300 90.77 11.71 264 +8 2.3+0.1
5:1 180-300 86.64 9.84 251 +13 4.5 +0.7
PCL+ DOX (25%) control 7:1 180-300 90.48 11.92 274 +10 4.1+0.2
10:1 180-300 93.92 16.70 287 +19 3.6 £0.2
PCL+ BCNW-g-BCD-PCL 5000 (4%) 7:1 180-300 91.28 12.33 285 +16 8.7+0.5
5:1 180-300 86.45 9.64 254 £11 12.3+0.7
PCL+ BCNW-g-BCD-PCLaggo (4%) 7:1 180-300 91.17 12.15 284 +17 10.6 £0.5
+ DOX (25%) 10:1 180-300 | 94.85 17.86 202 +11 72403
7:1 300-500 93.25 13.13 342 £19 8.7x0.7

The significant differences for each individual feature, with p <0.05, was determined by one-way ANOVA.*(n =5 for porosity and

pore volume, and n =30 for pore size).
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Figure 5.8 SEM images of surface and cross-section morphology of PCL/BCNW-g-BCD-
PClL2o00 (4%)/DOX (25%) scaffolds prepared by gas foaming in hot citric acid. (A, B &C) are
surfaces when weight NH4HCO3: PCL ratios were 5:1, 7:1 and 10:1, respectively; (Al, A2) &
(C1, C2) cross-section morphology corresponding to the same series at different magnification
powers; x800 and x3500.

5.4.10 Invitro Degradation

In vitro degradation behavior of neat PCL and its drug-laden scaffolds are shown in Figure 5.9.
The graph shows the recorded weight loss that determined gravimetrically at different time
intervals after immersing scaffolds in PBS of pH 7.4 up to ~2 month. The results show a slower
degradation rate for neat PCL where only 11% weight loss was occurred after 70 days. This slow
degradation rate is related to the higher crystallinity and the hydrophobic nature of PCL.1*! In
contrast, the incorporation of 4 wt% of BCNW-g-BCD-PCLog into PCL matrix increased its
degradation rate to 18%. This improved degradation could be related to the increased surface
hydrophilicity of nanocomposites, which allows promoted interaction between scaffold surface
and dissolution medium. The later finding is also in a good agreement with the thermal results
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that revealed decreased crystalinity due to the incorporation of BCNW-g-BCD-PCLg0 into PCL
matrix. A further increase in degradation rate was observed for drug-laden nanocomposites with
25 wt% DOX, where about 21% weight loss could be achieved after 70 days; see Figure 5.9.
This observation is also in a good agreement with further improvement in contact angle the
previously reported with increasing drug payload. Where the ionic nature of DOX.HCI increases
the interaction between scaffold surface and dissolution media. In addition, a comparative test
for investigating the effect of enzyme on hydrolytic degradation of scaffolds was carried out in
PBS at pH 7.4 and 37°C in presence of porcine lipase. A substantial increase in degradation rate
was observed where percentage weight loss is reached a maximum value of 29% after 70 days;
see Figure 5.9. Porcine Lipase most probably accelerates the hydrolysis through attacking the
ester linkages of either short and long PCL chains.”* This promoted degradation rate of PCL-

drug laden bionanocomposite scaffolds makes it ideal candidate for long-term tissue
regeneration.
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Figure 5.9 In vitro degradation behavior of neat PCL and drug-laden nanocomposites scaffolds
in PBS at pH 7.4 and 37°C.
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5.4.11 Drug Release Profiles from Porous Scaffolds

Figure 5.10 shows cumulative release of DOX at 37°C from PCL/DOX blend and the drug-laden
PCL/BCNW-g-BCD-PCL 000 (4%)/DOX (25%) scaffolds that having the same porosity level of
91%. PBS of two different pH; 6.4 and 7.4 are used as drug release media. Results indicate a
minimum stained release with a larger initial burst of DOX from PCL/DOX scaffold. Analyzing
these results shows a cumulative release of about 60% of the total drug payload during 2 months
period. Approximately 55% of which is released in the first 10 days, and only ~5% of drug
payload is released during the subsequent period. In contrast, DOX release from nanocomposites
scaffold (i.e., PCL/BCNW-g-BCD-PCL000/DOX) at pH 7.4 is significantly slower with a
controlled and sustained manner. The results indicated that more than 80% of the drug payload is
released gradually during ~60 days before reaching the constant plateau. This obvious difference
in the drug release behavior could be attributed to the improved bulk properties (i.e.,
hydrophilicity and degradation) of nanocomposites due to the presence of BCNW-g-BCD-
PCL2o0o. This reinforcing nanowhisker is greatly enhanced the rate of scaffold dissolution and
consequently its drug release properties. In addition, a promoted drug release properties is
observed in acidic pH of 6.4 that mimicking the physiological pH range of cancer tumors. The
higher cumulative release of DOX in this acidic pH can be ascribed to the greater solubility of
the drugs in aqueous acidic medium due to the protonation of the amine groups of drug
molecules, which consequently assists the diffusion process. Therefore, beside the satisfactory
mechanical properties showed by the developed drug-laden PCL/BCNW-g-BCD-PCL 00
scaffolds it also demonstrates a promising potential for encapsulating higher payload of

anticancer-drug and also prolongs its release.
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Figure 5.10 Cumulative release of DOX from PCL+ DOX (25%) and PCL/BCNW-g-BCD-
PCL2000 (4%) + DOX (25%) at 37°C in PBS of pH 7.4 and 6.4.

In order to better predict the drug-release characteristics of scaffolds, a further investigation of
drug release profiles at different porosity and drug loading levels were investigated in Figure
5.11 A and B. Results show that the scaffolds loaded with the same amount of DOX (i.e., 25%)
demonstrated an improved cumulative drug release rate with increased scaffold’s porosity during
the first 30 days. After which, these differences become less conspicuous just before reaching the
common plateaus; see Figure 5.11 A. Furthermore, Figure 5.11B shows the effect of increased
drug payloads on drug release properties of scaffolds at the same porosity level. Results show
that increasing drug loading concentration has a positive relationship with the cumulative
releases of DOX over 60 days. Increasing drug loading concentration in the scaffold causes a
steeper diffusion gradient between the scaffold and surrounding dissolution medium. This in turn
leads to an increased rate of diffusion and consequently the drug release rate. As for treatment
regime, most cancer patients would be placed on doxorubicin 25 mg/m?/day on days 1 to 3 and
cisplatin 100 mg/m? on day 1, every 3 weeks for six cycles.[**”1 While the scaffolds developed in
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this study could potentially release from 50-80% from their total drug contents gradually during
in the first 60 days, therefore, they could secure sufficient quantity of DOX drug that required for
the entire postoperative period. In addition, the initial sustained releases of DOX from the
developed drug-laden scaffolds might not make them facing the common growth-inhibition
problem* of PCL/DOX blend due systemic toxicity induced by the fast initial releases of
chemotherapeutic drugs during the initial phase of treatment.
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Figure 5.11 A: Effect of increased porosity (%) on the cumulative release profile of DOX from

nanocomposites with drug payload of 25% w/w in PBS at pH 7.4 and 37°C.
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Figure 5.11 B: Effect of drug loading (%) on the cumulative release profile of DOX from
nanocomposites of 91% porosity in PBS at pH 7.4 and 37°C.

5.4.12 Mathematical Model Fitting Drug Releases

Table 5.4 summarizes the results of regression analysis that obtained from fitting drug release
data to various theoretical models namely; zero-order, first-order, Hixson-Crowell, Higuchi and
Peppas-Korsmeyer. The goodness of fit was determined by comparing the average R? values
generated from linear regression analysis. The model that best fits the data was chosen to
evaluate the arbitrary release constants of drug. The release constants values were then used to
compare between the rates of drug release from scaffolds having various porosities and drug
loadings. In addition, the drug release data were also fitted to the Korsmeyer-Peppas model to
estimate the average release exponent (n), which gives indication about the identity of release
mechanism. Examining the results in Table 5.4 shows that drug releases from all scaffolds are
mostly fit to first-order release pattern. In addition, the mechanism of drug releases from all
scaffolds was found to be diffusion-controlled following Higuchi’s model. Moreover, as revealed

from the data fitting to Hixon-Crowell model, the scaffolds’ erosion showed comparatively
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lesser effect on drug release. Finally, Peppas-Korsmeyer model reconfirms that the release
mechanism of DOX is diffusion controlled as indicated from the exponent values (n) which
varied from 0.27 to 0.42; see Table 5.4. The drug diffusion constants (k) that estimated from
Higuchi model are also listed in Table 5.4. These diffusion constants provide a clear visual
comparison between DOX release profiles from the scaffolds fabricated with different
parameters. Where the higher k value indicates faster drug release and vice versa. Analyzing
those values indicates that k increases as percentage porosity increases. This could be related to
the total offered surface area, where rate of diffusion is directly proportional to the total exposed
surface area. Hence, scaffolds with higher porosities would demonstrate a faster drug release
rates. In addition, increasing drug loading concentration shows a positive effect on the
cumulative release of DOX as well. This is because increasing drug payload in scaffold results in
a steeper diffusion gradient between the drug concentration in scaffolds and the surrounding

dissolution medium and consequently leads to an increased rate of diffusion.

Table 5.4 In vitro drug releases data fitting to various theoretical drug release models

Fitting Models
Scaffold Formulation Zero-order | First-order | Hixon-C. Higuchi Peppas-Korsmeyer
R R R R k R

PCL/BCNW-g-BCD-PCL 000 (4%)

+ DOX (10%) + porosityzo(ogl%) 0.512 0.922 0.727 | 0.952 | 5.7 0.911 0.35
PCL/BCNW-g-BCD-PCL 000 (4%)

+ DOX (20%) + porosity (91%) 0.375 0.915 0.703 0981 | 6.5 0.901 0.27
PCL/BCNW-g-BCD-PCL 000 (4%)

+ DOX (25%) + porosity (91%) 0.331 0.910 0.731 | 0955 | 64 0.900 0.33
PCL/BCNW-g-BCD-PCL 000 (4%)

+ DOX (30%) + porosity (91%) 0.271 0.867 0.655 | 0.896 | 9.1 0.854 0.41
PCL/BCNW-g-BCD-PCL 000 (4%)

+ DOX (25%) + porosity (86%) 0.443 0.921 0.654 |0.991 | 55 0.910 0.32
PCL/BCNW-g-BCD-PCL 000 (4%)

+ DOX (25%) + porosity (95%) 0.172 0.887 0.772 | 0.946 | 6.8 0.877 0.37
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5.5 Conclusion

Nano-functionalized material (i.e., BCNW-g-BCD-PCL2o0) based on the green biocompatible
BC nanowhisker was synthesized by grafting with BCD and conjugating low molecular weight
segments of PCL oo to nanowhisker surface. Incorporation of 4 wt% of BCNW-g-BCD-PCLg00
into PCL matrix resulted in bionanocomposite with improved bulk characteristics. Compared
with neat PCL, the added nanowhisker caused overwhelmed change in the bulk characteristics of
PCL. Whereas Young’s modulus, tensile strength, hydrophilicity and degradation rate of the
resulted nanocomposites were improved by 51% and 115%, 20% and 7%, respectively. In
addition, the obtained bionanocomposite (i.e., PCL/BCNW-g-BCD-PCL 00 (4%)) showed high
potentiality for encapsulating large drug payload. More interestingly, incorporation of 25 wt% of
DOX drug into bionanocomposite formulation caused further improvement in Young’s modulus
and tensile strength to 107% and 165%. The hydrophilicity and degradation rate were also
promoted to 31% and 21%. Additionally, T value of the drug-laden nanocomposites decreased
by 4°C, whereas T, and Tnax Were increased by 5 and 8°C.

Porous structures having porosities of 86—95% with mean pore diameters of 250—340 pum along
with unique interconnected pore-network, ideal for cell seeding and proliferation, were
developed using gas foaming/combined particulate leaching technique. Results showed that
reinforcing drug-laden nanocomposites with 4wt% of BCNW-g-BCD-PCLyg is not only
compensated for the loss in mechanical properties due to the higher porosity, but also enhanced
the integrity and compression modulus of the drug-laden bionanocomposite. The obtained
compression moduli of the drug-laden porous scaffold were in the range of cancellous bones.

In addition to the higher drug-loading efficiencies of the obtained drug-laden nanocomposites
(i.e., 25% wiw) it also showed long-term sustained release behavior for 80% of loaded drug
within 2 months. In contrast, PCL/DOX blend released about 55% of loaded drug within the first
10 days with burst release. In vitro drug release kinetic studies suggested first-order drug release
mechanism in a diffusion-controlled manner.

The work done displays the ability to design and fabricate dual-function porous scaffolds based
on the biosorbable and biocompatible PCL. The sufficient mechanical properties, higher
porosity, improved hydrophilicity and bulk degradation characteristics, along with long-lasting
drug release properties suggest great potential applications for the obtained scaffolds in
biomedical field and regenerative medicine.
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CHAPTER 6*

Production and Recovery of Poly-3-hydroxybutyrate Bioplastics using Agro-Industrial
residues of Hemp Hurd Biomass
The present study describes production and recovery of Poly(3-hydroxybutyrate) P(3HB) from
agro-industrial residues. Production was conducted using Ralstonia eutropha strain with hemp
hurd biomass hydrolysates sugars as a carbon source and ammonium chloride as the nitrogen
source. Results show that maximum hydrolysis yield of 72.4% was achieved with total sugar
hydrolysate concentration (i.e., glucose and xylose) of 53.0 g/L. Sugar metabolism by R.
eutropha showed preference for glucose metabolism over xylose. Under optimum conditions,
cells can accumulate P(3HB) polymer in quantity up to 56.3 wt% of the dry cell weight. This
corresponds to total production of 13.4 g/L (productivity of 0.167 g/L.h). Nitrogen source
showed no adverse effect on P(3HB) biosynthesis, but rather on cell growth. Among several
examined recovery techniques, ultrasonic-assisted sodium dodecyl sulfate (SDS) recovered
bioplastics directly from the broth cell concentrate with P(3HB) content of 92%. Number
average molecular weights (M) of final recovered bioplastics were in the range of 150-270 kDa

with polydispersity index (My/My) in the range of 2.1-2.4.
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*This chapter is adapted from a manuscript accepted for publication by Bioprocess and Biosystems
Engineering (BPBSE-18-0493). Mohamed M. Khattab, Yaser Dahman. Production and Recovery of Poly-
3-hydroxybutyrate Bioplastics using Agro-Industrial residues of Hemp Hurd Biomass.
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6.1 Introduction

Recent issues concerning the sustainable and harmless disposal of agrio-industerial solid wastes
such as Canadian Hemp Hurd Biomass (HHB), have generated interest in microbial
biotechnologies. These biotechnologies are focused on converting waste materials into useful
biomaterials such as poly(3-hydroxybutyrate) P(3HB), contributing to reduce the environmental
footprint. By producing and using polyesters derived from biological processes, petrochemical-
derived products can be replaced both partially and even completely.“*'P(3HB), the best known
member of the polyhydroxyalkanoate family (PHA), is an energy and/or carbon storing material
synthesized and accumulated intracellulary by many microbial strains. It is characterized by its
strength, hydrophobicity, inertness, relatively high melting point, optical purity and
thermoplastic process ability similar to those of polypropylene.*>”! These properties have made
P(3HB) an attractive green alternative to synthetic plastics. In addition, low molecular weight
P(3HB) and its degradation product D(-)-3-hydroxybutyrate are common metabolites detected in

human plasma.™*®

This significant advantage of being completely biocompatible and
biodegradable within the blood and tissue of mammals has further exploited the high-value of
P(3HB) for medical implants. P(3HB) is now used for absorbable suture, scaffolds, heart valves
and cardiovascular tissue supports.® Enormous efforts and investigations have been undertaken
by microbiologists, molecular biologists, chemical engineers, chemists, polymer experts, and
medical researchers to reduce the production cost of P(3HB) and to increase the industrial
sustainability.®¥) However, much more work is still needed to reduce the productin cost of this
environmentally friendly biodegradable plastic. Doing so will allow this product to be able to
compete with petroleum-based plastics. Utilization of cheap and renewable carbon sources such
as palm oil mill effluent, grass powder, rice waste biomass, waste glycerol, cassava starch
hydrolysate, starch, organic waste, and fermentative effluents was reported by many researchers
as a potential solution for cutting down the production cost of P(3HB) to at least 25—40 %.1"
Most of the Western World banned the cultivation of Cannabis sativa (hemp fibers) in the early
20" century because the biotypes are high in A°-tetrahydrocannabinol (THC). THC is the
principal intoxicant cannabinoid and considered the source of marijuana. In 1990 dozens of
countries including Canada have legalized the growth of “industrial hemp” (cultivars with quite
low levels of THC) due to its potential source for oilseed crop. Since then industrial hemp has
become an attractive biomass for biofuel and bioplastics production.[*?®) However, this material
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is typically resistant to enzymatic hydrolysis and direct fermentation by microorganisms.!?"!
This is due to the complex interactions of cellulose, lignin, hemicellulose, and pectin.[*?®]
Exploiting lignocellulosic materials and increasing its hydrolyzability by removal of lignin,
solubilization of hemicelluloses and decrystallization of cellulose is a highly challenging process.
Therefore, disassembling material and increasing accessible surface area for hydrolysis without
losing the desired carbohydrates is considered the main purpose for the pretreatment process.! %!
Compared to acidic or oxidative pretreatment processes, alkaline pretreatment is the most
effective pretreatment method for soft lignocelluloses material like hemp hurd. It is being
processed at moderate temperatures and proven its ability to completely remove pectin and parts
of lignin content rather than in hardwood. Yet, this enables better accessibility to carbohydrates
by hydrolysis enzymes.!*!

Previous studies have clearly shown that the hydrolysis yields of untreated and pretreated hemp
by commercial cellulases were found to increase upon adding a low dosage of pectinases and
xylanase. The studies reported this was due to the synergistic actions between the three enzymes
on the efficiency of hydrolysis.[*?®) In addition, other studies have reported significant increase in
the efficiency of hydrolysis by the commercial cellulase and cellobiase enzymes from 41.1 % to
78.9 %. These results occurred after adding polyethylene glycol M= 4000 (PEGao00) at 0.05 g/g
glucan (lignocellulosic substrate) during enzymatic hydrolysis.[*?®]

Chemical composition analysis of different agriculture biomasses, such as maize, faba bean,
wheat straw and hemp fibers have shown a similarity in lignin content among them. However,
considerable variation is prominent in the total content of carbohydrates. The highest
carbohydrate content reported for hemp fibers was about 64 % (w/w) of the crop dry matter.[**!
Therefore, HHB can be considered a promising candidate for P(3HB) production. Good selection
of the microbial strains that can utilize this cheap carbohydrate biomass as a sole carbon source,
can lead to more efficient and cost-effective P(3HB) production.! %!

Ralstonia eutropha, also known as Cupriavidus necator, is among the bacterial strains that have
proven to assimilate sugar carbons to P(3HB). R. eutropha has been the most commonly used
strain for the industrial production of P(3HB) from the hydrolyzed lignocellulosic biomass, such
as glucose, xylose, and arabinose. Thus, it accumulates P(3HB) as discrete inclusions whenever
they are exposed to stresses.[*) These P(3HB) granules (typically 0.2 0.5 um in diameter) are

localized in the cell cytoplasm and can be visualized quite clearly with transmission electron
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microscopy.™** Maximum accumulation of P(3HB) to the level of approximately 90% of its dry
cell weight has been reported.™

In R. eutropha, microbial biosynthesis of P(3HB) starts with the condensation of two molecules
of acetyl-CoA to give acetoacetyl-CoA, which is subsequently reduced to hydroxybutyryl-CoA.
This latter compound is then used as a monomer to polymerize P(3HB).[****%% studies using R.
eutropha have shown that the intracellular degradation of P(3HB) inclusions is a very slow
process. The rate of degradation has been calculated to be about 10 times slower than the rate of
its synthesis.**¥ P(3HB) accumulation occurs in response to nutrient limitations during the
growth process. This explained the physiological role of P(3HB) which is employed by
microorganisms as a form of energy storage molecule to be metabolized when the complete
range of nutrients required for cell division are not available but there is a generous supply of
carbon. The biosynthesis of P(3HB) was shown to be initiated by magnesium or sulfate

[162]

deficiency. Another factor that can initiate the biosynthesis of P(3HB) is nitrogen,

phosphate,[*** and oxygen limitations.[*** Previous studies also showed the quantity of P(3HB)
accumulated due to an increase in the carbon to nitrogen ratio.!*®4

The aim of the present study is to analyze the ability of R. eutropha ATCC17699 to produce
P(3HB) using hemp hydrolysate sugars as a sole carbon source in separate hydrolysis and
fermentation. Various pretreatment of hemp hurd raw material were examined to concentrate
holocellulosic fraction in substrate as well as to open structure for subsequent enzymatic
hydrolysis. Afterward, different scenarios for enzymatic hydrolysis in combination with
ultrasonication were examined to maximize the total concentration of sugar yield in HHB
hydrolysates. Following, the effects of different nitrogen sources and C:N ratios for maximizing
P(3HB) production from HHB hydrolysates was studied. Additionally, a comparison of the
production process based on sugars mixture, mimicking composition in HHB hydrolysate was
investigated. Composition analysis of hemp substrate and molecular weight determination of

recovered P(3HB) were determined using various analytical methods.
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6.2 Materials and Methods

6.2.1 Materials and microbial strain

Lignocellulosic substrate used in this study is the Canadian industrial hemp hurd biomass. It has
grown in the region of Manitoba, and harvested at the end of August. The substrate is the woody
inner portion of the hemp stalk, broken into pieces after separating bast fiber. R. eutropha
(ATCC17699) was purchased from CEDARLANE, Canada. Cellulase enzyme from
Trichoderma reesei (30 filter paper units FPU/g), Novozyme 188 produced by Aspergillus niger
(cellobiase or B-glucosidase, 15 B-glucosidase units CBU/g), and xylanase were all purchased
from Sigma-Aldrich. D-Glucose, xylose, chloroform (CDCI3), methanol, sodium hypochlorite
(NaOCl), NaOH, HCI, H,SO,4, and SDS were procured from Sigma-Aldrich. The following
nutrients for the growth and fermentation media were also produced from Sigma-Aldrich: beef
extract, yeast extract, peptone, tryptone, sodium chloride, potassium dihydrogen phosphate
(KH2POy,), nickel chloride (NiCl,.6H,0), manganese chloride (MnCl,.4H,0), sodium molybdate
(NaMo00,4.2H,0), ferric ammonium citrate (Fe(II1)NH,-citrate), calcium chloride (CaCly),
ammonium chloride (NH4CI), ammonium nitrate (NH4NO3), ammonium sulfate (NH4),SO,, urea
(N2H4CO), boric acid (H3BO,), cobalt chloride (CoCl,.6H,0), cuprous chloride (CuCl,.6H,0),
zinc sulphate (ZnS0,4.7H,0), magnesium sulfate (MgSO,.7H,0), and disodium hydrogen
phosphate (Na,HPO,.12H,0). Poly-3-hydroxybutyrate sample standard was used for

comparison.

6.2.2 Methods

6.2.2.1 Preparation and characterization of HHB

Sustainable and renewable biomass feedstock of HHB was initially washed with warm water and
dried. It was then ground in a commercial blender to a maximum particle size of 1 mm. Final
stock was dried in oven at 70°C to constant weight, and then kept in desiccators at room
temperature until use.

Composition of HHB dry matter (DM) was analyzed after drying the samples at 105°C until
constant weight was obtained. The ash ratio was obtained from DM weight loss after pyrolysis at
550°C for 3 h using 1800C Quality muffin furnace. The percentage protein is estimated after
measuring the elemental nitrogen content in the starting material (% protein= % N x 6.25),

where % N was determined by Energy-dispersive X-ray spectroscopy (EDX) associated with
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(FE-SEM) microscope (FEI Quanta 200 F, Netherlands) with accelerating voltage of 15-20 kV.
Lignin and carbohydrates were analyzed in triplicate according to the methods of the National
Renewable Energy Laboratory NREL-LAP protocols.****! |n brief, acid hydrolysis is used to
hydrolyze the biomass into monosaccharide. Acid insoluble lignin (Klason lignin) was
gravimetrically determined as the residue of the hydrolysis, eventually containing some insoluble
proteins. Acid soluble lignin was determined spectroscopically by measuring UV absorbance at
212 nm for the filtrate obtained from acid hydrolysis. Fat, wax, pectin and hemicellulose ratios
were sequentially estimated by using the method of Vignon et al.'**”! The DM of hemp hurd was
extracted in chloroform for 24 h to remove waxes and fats. The residual material was
successively extracted twice for 5 h with boiling water, followed by 0.5 % w/w ammonium
oxalate solution (100°C, 5 h), and then twice with 0.5 % w/w ethylenediamine tetra acetic acid
disodium salt (EDTA-2Na) at (100°C, 5 h) to remove pectin. After pectin extraction, the samples
were finally washed, dried, and the residual insoluble material was considered as the
holocellulosic residue. The amount of holocellulosic residue was estimated from the previous
measurements as shown in Equation (6.1).

Holocellulosic residue = 100 % - % (pectin + lignin + fats and waxes + ashes + proteins)  (6.1)

6.2.2.2 Pre-treatment of HHB

Thermal pretreatment was performed in an autoclave (Sanyo MLS 3780) at 135°C and 0.24 MPa
for 1hour. Dry HHB samples were pretreated using different methods that include heating to
135°C for 60 minutes in water, in 2.0% v/v sulfuric acid solution, and in 2.0% w/v NaOH
solution. All pretreatments were carried out at biomass concentration of 0.1 g/ml. After
pretreatments, biomass was recovered by filtration, washed with distilled water, and dried in
oven at 55°C for 48 h. It was then stored at 4°C for further enzymatic hydrolysis. The supernatant

was kept at -20°C until sugars concentrations analyses.

6.2.2.3 Enzymatic hydrolysis

Enzymatic hydrolysis of dry untreated (control) and pretreated HHB samples were performed at
biomass concentration of 10.0 % (w/v) in 50 mM citrate buffer (pH 4.8). Hydrolysis experiments
were done in 1000 mL Erlenmeyer flask with total reaction volume of 500 mL. For the one step
hydrolysis study, the mixture was incubated for 72 h at 50°C stirred at 150 rpm in presence of

0.005% (w/v) sodium azide to avoid external microbial contamination. In case of two-step
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enzymatic hydrolysis, the samples were vacuum-filtered after completing the first step, and the
solid fraction was re-suspended into 100 mL of 50 mM citrate buffer and incubated with
enzymes for another 36 h. In all hydrolysis experiments, HHB was mixed with either two
enzymes (cellulases and cellobiase) or three cellulose-degrading enzymes (cellulases, cellobiase
and xylanase) in the presence and absence of PEGguo. In the case of using two-enzyme
hydrolysis experiments; a mixture of cellulase and B-glucosidase was used in dosage of 3000
FPU/L and 1500 CBUI/L, respectively. While for the three enzymes mixture, 2 g/L of xylanase
was added to two enzymes mixture. However, in case of using of PEGago for improving
enzymatic digestibility, mixtures were prepared by adding half of enzymes loading in addition to
5 g/L PEGaooo.® In case of enzymatic hydrolysis that includes ultrasonication step, the
enzymatic hydrolysis was achieved by pulsing samples at (26 kHz, 150 W for 15 min), using
Hielscher (UP200Ht) high intensity ultrasonic processor connected with 14 mm sonotrode,
before the second enzymatic step. At the end, samples were immediately heated to 100°C for 15

min to deactivate enzymes, cooled, centrifuged for 15 min (4,000 xg) and then stored at -20°C.

6.2.2.4 Measuring sugar concentrations

Sugar concentrations in hydrolysates were determined using a calibration curve that was
constructed following 3,5-dinitrosalicylic acid (DNS) method.[*®! Calibration curves were done
using UV-Vis spectrophotometry at 540 nm and using glucose as standard. Glucose and xylose
sugar concentrations were determined by HPLC method detailed elsewhere.l**¥ Perkin Elmer
Series 200 pump auto sampler instrument was used with SH1011 column (Shodex) and
refractive index detector. Samples were filtered through 0.2um microfilters. The mobile phase
was 10 mM H,SO, at flow rate of 0.5 mL/min and column oven temperature was maintained at
55°C.

The combined single sugars that were released during the enzymatic hydrolysis are used to
calculate the hydrolysis yield according to Equation (6.2).1**"! The factor 0.90 was used to
convert polysaccharide to monosaccharide accounting for water uptake during hydrolysis.

single sugars (mg)x 0.9 X100

Hydrolysis yield (%) = (6.2)

cellulose content of substrate (mg)
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6.2.2.5 P(3HB) fermentation and production

For seed culture of R. eutropha, nutrient broth consisting of 3.0 g/L beef extract and 5.0 g/L
peptone was used. Fermentation experiments were carried out in 250 mL shake flasks containing
100 mL of sterilized HHB hydrolysate (carbon source) mixed with mineral salt medium (MSM)
with composition described elsewhere.**Y] All components of fermentation media were sterilized
separately in an autoclave at 121°C for 30 min. For fermentations, all flasks were aseptically
inoculated with 5% v/v of vortexed inoculums. This inoculum was derived from 72 h incubated
stock culture grown with MSM medium containing 20 g/L glucose. The fermentation media
were incubated at 30°C in a shaker at 200 rpm for 96 h. Production media was adjusted initially
and during fermentation to pH 7 by using 1M NaOH and 0.5 M HCI.

Several inorganic and organic nitrogen sources were examined in the present work. This includes
NH4CI, NH4NO3, (NH4)2SO4, urea, yeast extract, beef extract, peptone and tryptone. The effect
of each nitrogen source on cell growth and P(3HB) production was investigated by testing each
nitrogen source separately at fixed sugar concentration level. Furthermore, the effect of carbon to
nitrogen ratio (C:N) on cell growth as well as P(3HB) production was also examined. This was
done by cultivating R. eutropha at various NH4CI-N contents from (3.75-18.75 g/L) at a fixed
glucose level of 42.0 g/L (i.e., C:N ratio of 20:1, 20:2, 20:3, 20:4 and 20:5).

Fermentation broths were sampled periodically to monitor the change in total and single sugars
concentration, P(3HB) production, bacterial cell optical density (ODgoo) and cell dry weights
(CDW). P(3HB) productions were determined gravimetrically. Cell growths were measured by
quantifying optical density at 600 nm using UV-Vis spectrophotometer. CDW were determined
gravimetrically by centrifuging 2 mL solutions at (4000xg) for 15 min in pre-weighed Eppendorf

tube, which were dried overnight at 75°C and cooled down to room temperature.

6.2.2.6 P(3HB) recovery

Cell concentrates (cell and intracellular P(3HB) product) were recovered from fermentation
broth by centrifugation. It was then double washed with distilled water, and rinsed with
chloroform. Following this step, four different methods were examined for recovering the
intracellular P(3HB) product. This includes solvent extraction with chloroform,*? digestion in
sodium hypochlorite/chloroform solution,"*®! recovery by direct SDS-digestion,”***! and

disruption by ultrasonication.[***! In the solvent extraction method, CDW of 5 g was dispersed in
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200 ml chloroform at ration of 1:40 (w/v). The solution was then sonicated for 10 min at a low
power, and then boiled for 2 h at 70°C. The cell residue was separated by filtration and P(3HB)
was then precipitated from filtrate by dropwise addition of solution into chilled methanol
(99.8%). White precipitate of the P(3HB) polymer was collected and dried at 40°C in vacuum
oven. In the product recovery method using digestion in sodium hypochlorite/chloroform
solution, CDW of 10 g was dispersed in 200 mL of chloroform and 100 mL of sodium
hypochlorite solution (30% v/v, pH 12.15). After incubation at 30°C for 3 h, the dispersion was
centrifuged, and the bottom chloroform phase was carefully collected. P(3HB) was recovered by
non-solvent precipitation and filtration method using 80% methanol. The resulting white
precipitate was air-dried. Recovery of product by direct SDS-digestion was carried out in 100 ml
round-bottom flask with concentration ratio of 0.5 (w/w) of SDS/biomass for 1h at 30°C. Then,
the mixture was heated at 121°C for 15 min and then centrifuged at 4000xg for 15 min. The
harvested solid sample containing P(3HB) was washed with distilled water. The recovered
P(3HB) is dried at 60°C for 5 h. Ultrasonic assisted SDS extraction was implemented as before
with 10 min sonication before shaking. In ultrasonication method, 1 g of CDW was blended with
100 mL of hot chloroform in 250 mL round-bottom flask. After complete dispersion of cells in
chloroform, the cells were disrupted by high intensity homogenizer Hielscher (UP200Ht)
connected with 14 mm sonotrode. The amplitude and output power was kept at 26 kHz and 160
W, respectively for 30 min. In order to prevent cell degradation during homogenization, the
solution temperature was kept below 25°C using cold water jacket. After ultrasonication, the
lighter density disrupted fragments was separated from P(3HB) by centrifugation. The
bioplastics polymer was obtained from chloroform solution as a film by evaporation or
precipitated as white powder by using chilled methanol (1:9 v/v). P(3HB) productions (g/L) were
determined gravimetrically.

P(3HB) accumulation was calculated as the percentage ratio of final product to initial CDW used

for recovering intracellular product and evaluated by Equation (6.3).

Dry weight of extracted P(3HB) (g/L) x100
CcDW (g/L)

P(3HB) accumulation (%) = (6.3)

P(3HB) yield was expressed as the ratio of gram P(3HB) produced per gram of total hydrolysate
sugars consumed (Yp@areys) or as the ratio of the ratio of gram P(3HB) produced per gram of

DM (YpgHayp). Productivity was expressed as gezng)/L.h and calculated by Equation (6.4).
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Concentration of P(3HB) (g/L)
Fermentation time (h)

Productivity (g/L.h) = (6.4)

6.2.2.7 Analytical method and characterization of P(3HB)

Composition, chemical structure, morphology and molecular weight of the produced P(3HB)
were confirmed using UV-Vis spectroscopy, Fourier Transform Infrared (FTIR), FE-SEM
microscope and Gel Permeation Chromatography (GPC), respectively. Due to the presence of
residues of other intracellular product mixed with the recovered bioplastics,***! P(3HB) content
is described as the percentage of pure P(3HB) that present among other non-P(3HB) intracellular
products. Percentage content of P(3HB) was measured spectrophotometrically by the method of
Law and Slepecky,*) that can only detect depolymerized P(3HB) among other non-P(3HB)
intracellular products recovered. It involves a comparison between UV absorbance of the cooled
crotonic acid solutions at 235 nm that liberated from standard and extracted P(3HB) after boiling
each sample in concentrated sulfuric acid for 10 min.

The functional groups and moieties present in the extracted P(3HB) samples were determined by
FTIR spectroscopy (using Perkin Elmer Spectruml FTIR/ATR spectrophotometer). Attenuated
total reflection spectra (ATR) were recorded in the transmittance mode in the range of 4000-500
cm™. ATR-crystal is ZnSe, the spectral resolution is 4 cm™ and 20 scans were collected for each
spectrum.

The surface morphology and elemental composition of extracted gold-coated P(3HB) film was
examined by FE-SEM microscope with operating voltage of 15-20 kV. EDX attached with FE-
SEM unit was used for elemental analyses.

Molecular weights of P(3HB) using different recovery methods were determined by Gel
Permeation Chromatography (GPC) using Viscotek GPC/SEC system. Molecular weight
determination is accomplished through the use of Triple detector array (TDA 302) and OmniSec
software. The triple detector consists of Right Angle Light Scattering (RALS), a high sensitivity
Viscometer (for DP and IP), and a Refractive index detector (RI). HPLC grade chloroform was
used as eluent with flow rate of 1.0 mL/min. Polymer samples were dissolved in chloroform at a
concentration of 5mg/mL, and then filtered through 0.45 pm filter. The internal column
temperatures were kept at 25°C. Weight and number average molecular weights of the recovered
polymers (M,, and M,) were determined after column calibration using polystyrene reference
samples (GPC/SEC calibration kit; VWR) having narrow molecular weight distributions
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6.3 Results and Discussion

Results in Table 6.1 represent the chemical composition of unpretreated HHB (control) (i.e.,
holocellulose residue, pectins, lignin, proteins, ash, waxes and fats), as well as HHB samples
after implementing different pretreatment processes. According to these results, untreated total
solid of HHB contains 87% DM fraction and 13% water content. Approximately, 8% of DM
constitute waxes, fats, proteins and ash, 6% pectin, 18% lignin, and the remainder 67% of the
DM is holocellulose residue (cellulose + hemicelluloses). The solid fractions obtained after
different pretreatment processes are varied in holocellulosic content. They are also further
utilized for enzymatic saccharification as potential source for fermentable sugars. Results in
Table 6.1 show that alkaline pretreatment (i.e., 2% NaOH) at 135°C resulted in higher loss in
biomass content reached 26% due to near complete removal of pectin and notable decrease in
lignin content. This consequently concentrates holocellulose fraction in the raw material to 22%
over untreated DM, 12.4% over acid pretreated DM and 18.4% over hydrothermal pretreated
DM. In addition, the amount of wasted sugar observed in the supernatant of alkaline pretreated
samples did not exceed 2% of the carbohydrate total mass. Although, the acid pretreated samples
showed comparable weight loss of 19%, it mostly related to the solubility of hemicelluloses
where the wasted sugars observed in supernatant reached 17%. This consequently causes
decrease in the carbohydrate content of DM rather than delignification. Several researches have
reported that the pretreatment with 1% NaOH significantly increased the cellulose content of
wheat straw in addition to high removal of lignin.[*®! However, Korte et al *! reported that
pectin in hemp is strongly bound to lignin and forming disorganized matrix with cellulose,
hemicelluloses and protein. Only strong pretreatment methods such as steam explosion and hot
alkali treatment should be used to open structure. Therefore, the hot alkali pretreatment method
proved its effectiveness for lignin and pectin removal in addition to keeping cellulose and
hemicelluloses solid fraction intact and ready for the subsequent enzymatic hydrolysis. Figure
6.1 displays the effect of reducing substrate particle size on hydrolysis yield. Results showed that
the amount of liberated sugars significantly increases when HHB particle size decreases. A
hydrolysis yield of ~61 % was achieved after 72 h, when particle sizes reduced to 1 mm range.
Further decrease in particles size showed no significant effect on hydrolysis yield. In addition,
the observed rate of hydrolysis is comparatively higher at the first 24 h, and started to decrease
after that.
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Table 6.1 Chemical composition of HHB expressed as % w/w of the pretreated DM as means of triplicates

Recovery Components mass fraction (%)°
Pretreatment methods?
(%)° Holocellulose residue Pectins Lignin Proteins Ash
Un-pretreated HHB (control) 100 67.4+1.3 6.1+0.6 18.5+0.3 3.140.2 4+0.1
2 % NaOH (135°C, 1h) 74 89.0+1.5 0.2+0.2 4.0+0.4 3.0+0.3 340.1
2 % H,S0,4(135°C, 1h) 85 76.6 +1.5 3.0+0.1 15.0 +0.5 3.0£0.0 2+0.1
Hydrothermal (135°C, 1h) 94 70.6 £1.2 59+0.2 16.5+0.5 3.0+0.3 3+0.1

# Hemp hurd DM of 10 g used for carrying out pretreatment

b 9% Recovery and components mass fraction based on the 10 g of DM used

For all pretreatment methods, the combined waxes and fats mass fraction does not exceed 1 +0.1 %.
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Figure 6.1 Hydrolysis yield of enzymatically hydrolyzed alkali pretreated HHB samples of

different particle sizes; 0.5-5 mm expressed as % of the total carbohydrate

Table 6.2 summarizes sugar concentrations and hydrolysis yields as obtained from the different
pretreated HHB samples with different enzymatic hydrolysis methods. Results show that
hydrolysis yield and total librated sugar concentration achieved by alkali pretreated HHB using
one-step enzymatic hydrolysis with two-enzyme mixture were 43.7% and 32.0 g/L, respectively.
This hydrolysis yield is ~7 times greater than untreated HHB (i.e., 6.1%). Moreover, one-step
enzymatic hydrolysis using the three enzymes showed hydrolysis yield equal to 54.7% with total
sugar produced of 40.0 g/L. These values are higher than those obtained above using one-step
enzymatic hydrolysis with the two-enzyme mixture. This is correlated to the efficiency of
synergistic action of the major glucane and xylane enzymes (i.e., endoglucanases,
cellobiohydrolases, p-glucosidase and xylanase) for hydrolyzing holocellulosic material.[*284"]
Results in Table 6.2 also demonstrates that hydrolysis yield of 47.8% with total sugar
concentration of 35 g/L can be achieved with half load of the tri-enzyme mixture together with
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0.059 PEGuo00/g glucane. This may be related to the ability of PEG to make hydrophobic
interaction and hydrogen bonding with lignin, which in turn could reduce the unproductive
binding of enzymes. Though, the previous method provides an opportunity for using a lower
amount of enzymes.

It was observed that the accumulation of higher sugar concentration released during the one-step
enzymatic hydrolysis using tri-enzyme mixture causes feedback inhibition for enzymatic
activity. Accordingly, a two-step enzymatic hydrolysis is proposed to uncouple enzymatic
hydrolysis and liberated fermentable sugars. Up on using this method, the observed hydrolysis
yield and total released sugars were increased and reached 62.8% and 46.0 g/L, respectively.
This is corresponding to an increase in total sugar concentration over than one-step hydrolysis
with the tri-enzyme mixture (i.e., 40 g/L); see Table 6.2. Moreover, a combination of an
ultrasonication step in-between the two enzymatic hydrolysis steps were also performed. This
has improved the hydrolysis yield and the total sugar concentration to 72.4% and 53.0 g/L,
respectively. The physico-chemical effect of ultrasound and cavitations for enhancing the
delignification process was previously reported, where the subsequent rate of the enzymatic
hydrolysis can be increased by approximately 200%.1*"! Although the mode of action is not
clearly investigated, it presumably due to the breakdown of hydrogen bonds of the crystalline
cellulose structure by the enough energy generated from ultrasonication. The maximum total
sugar concentration obtained (i.e., 53.0 g/L) is equivalent to sugar yield of 530 mg/g of dry
HHB. This corresponds to 42.0 g/L glucose and 11.5 g/L xylose, respectively (from HPLC
analysis). Figure 6.2 depicts the mass balance for alkali pretreated HHB based on two-step
enzymatic hydrolysis and in combination with ultrasonication step In previous investigation,
Zhang et al*®? obtained 48.3 g/L of glucose and 29.8 g/L of xylose from alkaline pretreated oil
palm empty fruit bunch hydrolysate with overall sugar concentration of 78.1 g¢g/L and
corresponding to a sugar yield of 550 mg/g. Annamalaia et al'*® obtained overall sugar
concentration of 62.9 g/L from wheat bran corresponding to sugar yield of 629.1 mg/g, and the
sugars released were mainly composed of 48.4 g/L glucose and 14.6 g/L xylose. Contrarily, 12.6
g/L of glucose and 5.0 g/L of xylose was obtained by Cao et al™** from alkali pretreated sweet

sorghum bagasse.
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Figure 6.2 Mass balance for alkali pretreated HHB based on two-step enzymatic hydrolysis and
in combination with ultrasonication step.

It was observed that for all applied glucose concentrations, growth was significantly delayed for
~72 h. Hence, R. eutropha is rapidly adapted to utilize glucose as growth substrate, by simply
incubating the microorganism with high levels of glucose (i.e., 20 g/L) for a period of ~72 h
before starting fermentation. This initial incubation in the applied glucose concentration allows
reducing the estimated lag-phase time span upon which glucose-utilizing strain will arise.**
Therefore, in this study, the onset of growth was correlated with the initial glucose concentration
after the previously mentioned time span.

Figure 6.3a shows concentration profiles of sugar consumption in HHB hydrolysate and that
present in glucose and xylose control experiments. Figure 6.3a demonstrates that consumption
profiles of glucose were similar in the two cultures. This indicates that glucose was consumed at
the same rate when it was used as single sugar feedstock or was a part of HHB hydrolysate
sugars. In the presence of the two-sugar mixture of HHB hydrolysate (i.e., glucose and xylose),
R. eutropha showed selectivity for glucose which it can assimilate first, and then xylose in a
clearly distinct two-phase production steps. During the first phase, P(3HB) production increased
steadily until full consumption of glucose where an amount of (11.7 g/L) was achieved after 72

h. In the second phase, P(3HB) production continued to increase slightly slower and reached a
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maximum value of 13.4 g/L after 80 hours of fermentation at full consumption of xylose; see
Figures 6.3a,b. Xylose sugar appeared as an important nutrient as glucose, since its consumption
was also complete and associated with more P(3HB) production; (Figures 6.3a,b). Hence, the
increased total sugar concentration that was obtained from HHB hydrolysate (i.e., 53.0 g/L)
supported the higher P(3HB) accumulation of 56.3%. This corresponds to yield of about 0.134
OpraHB)/gom Or 0.253 gp(arB)/Qsugar and productivity of 0.167 gpareyL.h. It worth to mention that
after 80 h fermentation time, P(3HB) production started to decrease and reached 13.1 g/L after
110 h; see Figure 6.3b. This can be related to the existence of the intracellular PHA
depolymerases in R. eutropha, which may be activated as a result of complete consumption of
the carbon source.!*!

The maximum P(3HB) production obtained in the present study (i.e., 13.4 g/L) is higher than
those reported for R. eutropha ATCC17699 that were fed on different feedstock. P(3HB)
production of 10.0 g/L was reported with feedstock of wheat straw hydrolysate,**”! 9.9 g/L with
rice paddy straw hydrolysate,**® 7.8 g/L with emulsified palm 0il,** and 3.9 g/L with bagasse
hydrolysate.®” R. eutropha MTCC 1472 fed on paddy straw hydrolysate achieved P(3HB)
production of 5.2 g/L.[*®Y] However, this is less than the production reported with mutant strain
R. eutropha NCIMB 11599 fed on wheat bran hydrolysate (i.e., 14.8 g/L).[*¢

Production profiles for the simulated sugar culture in Figure 6.3b show that glucose culture
produced P(3HB) of 12.3 g/L with calculated yield of 0.29 g P(3HB)/g glucose, whereas xylose
culture produced 2.3 gp@aHeyL, Which is equivalent to a yield of 0.20 gpHe)/Oxyiose. Therefore, it is
obvious that the combined total P(3HB) produced by R. eutropha from the simulated synthetic
individual sugars was ~1.3 g/L larger than that obtained using HHB hydrolysate sugars. This
decreased production in case of hydrolysate mixed sugars substrate can be related to the induced
degradation of some accumulated P(3HB) after complete exhaustion of glucose, during the time
taken by R. eutropha to resume the growth when switching from glucose to xylose toward
P(3HB) production.[**®!
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Table 6.2 Sugar concentrations and hydrolysis yields obtained from HHB hydrolysates after using different pretreatments process in

combination with different scenarios of enzymatic hydrolysis

Pretreatment and  hydrolysis | Recovered Total sugars Hydrolysis | Single sugars (g/L)°
methods? biomass (g)° | Y(mg/g)°* | (g/L) yield (%) | Glucose Xylose
Untreated HHB (control) + one step
enzymatic hydrolysis (two enzymes) 92541 64 6.4 6.1 4.0 1
Hydrothermal (135°C, 1h) +onestep | g4, 110 11 22.4 7.0 2.0
enzymatic hydrolysis (two enzymes)

0 o
2 % H,S0, (135°C, 1h) + one step 68.8 +0 165 165 228 12.0 4.0
enzymatic hydrolysis (two enzymes)

O o
2 % NaOH (135°C, 1h) + one step 407 +2 320 32 437 22.0 8.0
enzymatic hydrolysis (two enzymes)

O o
2 % NaOH (135°C, 1h) + one step 323 +1 400 40 54.7 23.0 15.0
enzymatic hydrolysis (tri-enzymes)
2 % NaOH (135°C, 1h) + one step
enzymatic hydrolysis (tri-enzymes) 36.6 +2 350 35 47.8 21.0 14.0
+ PEGao00
2 % NaOH (135°C, 1h) + ultrasonic
pulses + one step enzymatic 29.5 +2 430 43 58.8 33.0 10.0
hydrolysis (tri-enzymes)

0 o
2 % NaOH (135°C, 1h) + two step 17.6 +2 460 46 62.8 36.0 9.0
enzymatic hydrolysis (tri-enzymes)
2 % NaOH (135°C, 1h) + two steps
enzymatic hydrolysis (tri-enzymes) 19.8 +2 530 53 72.4 42.0 115
+ ultrasonic pulses

# Hemp hurd DM of 100 g used for carrying out pretreatment

b Amount of recovered mass after enzymatic hydrolysis based on 100 g pretreated DM
¢ Sugar yield = amount of sugar released (mg)/g of hemp DM

dBased on the carbohydrate mass fraction in pretreated DM

®Single sugar concentrations in 1 liter HHB hydrolysate.
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Figure 6.3 Concentration profiles showing sugars consumption (a) and PHB production (b) by
R. eutropha feed on HHB hydrolysate in comparison with glucose and xylose control
experiments. The results were presented in mean + SE, n =3
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Figure 6.3a and b show the growth profiles of R. eutropha represented by the change in cell
concentration (CDW; g/L) and cell density (ODeqo) over fermentation time. Results in Figure 6.4
shows that both CDW and ODgq increased gradually over fermentation time. Maximum CDW
reached was 23.8 £0.3 g/L while largest ODgg Value obtained was 4.1 after 80 h of fermentation
time. Furthermore, total CDW obtained from the combined glucose and Xxylose-controlled
cultures was higher than that obtained from HHB hydrolysate. This is consistent with the
increase in P(3HB) production that was obtained from the combined glucose and xylose-
controlled cultures. The higher growth values achieved by R. eutropha with HHB hydrolysate
without any detoxification demonstrate less fermentation inhibitors and water-soluble lignin
were present in hydrolysate. This reflects the importance of the HHB as green feedstock that

releases high concentration of fermentable sugars and less potential inhibitory effect on cell

metabolism.
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Figure 6.4 Accumulation of cell dry weight (a) and gradual increase in cell concentration (b)
over fermentation time by R. eutropha feed on HHB hydrolysate sugars in comparison with the
observed accumulation in control fermentation containing glucose and xylose simulated

feedstock. The results were presented in mean = SE, n = 3

Table 6.3 shows the effect of using various inorganic and organic nitrogen sources on cell-
growth, P(3HB) production and yield of R. eutropha at same sugar level. Results in Table 6.3
demonstrate that the largest CDW obtained was 25.3 and 23.8 g/L when using ammonium sulfate
and ammonium chloride as nitrogen sources, respectively. Ammonium sulfate showed the largest
CDW, but the highest production, yield and accumulation of P(3HB) (i.e., 13.4 g/L, 0.253
Or@HB)/ Osugar and 56.3%, respectively) were observed with ammonium chloride (see Table 6.3).
This confirms that limitation of ammonium sulfate as sole nitrogen source supports cell growth
rather than bioplastics accumulation. Accordingly, ammonium chloride is considered an
appropriate choice as nitrogen source for fermentation and P(3HB) production in the current
study. This is in agreement with earlier reports where ammonium chloride was identified as the
most suitable nitrogen source for bacterial growth and P(3HB) production.™** However, other
reports identified ammonium sulphate,**® ammonium nitrate,®® and tryptone**® as the most

suitable nitrogen sources.

177



Table 6.3 CDW, P(3HB) production and P(3HB) accumulation by R. eutropha fed on various

nitrogen sources and fixed total HHB hydrolysate sugar concentration of 53.0 g/L

Nitrogen CDW (g/L) P(3HB) production P(BHB) P(3HB) yield
Sources (g/L) accumulation (%) (Yp@HBys)™
NH,CI 23.8 0.3 13.4 +0.3 56.3+1.4 0.253 +0.02
NHsNO3 20.6 +0.3 10.0 +0.3 48.8 £1.5 0.189 +0.01
(NH4)2S04 25.3+0.2 11.6 +0.4 458 £1.5 0.219 +0.02
Urea 20.0 0.2 9.4+0.2 472 £1.2 0.177 +0.03
Yeast Extract 19.3+0.1 8.5+0.3 441 +£1.4 0.160 +0.03
Beef Extract 18.6 +0.1 8.3+0.3 445+1.1 0.157 £0.04
Peptone 20.0 £0.3 9.1+0.3 455 +1.2 0.172 £0.02
Tryptone 20.8 £0.2 9.6 £0.3 479 +1.7 0.181 +0.01

" P(3HB) yield (Yp@aHgys) is gram of P(3HB) produced from gram of total sugar.
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Figure 6.5 The effect of changing C/N ratio on cell growth and P(3HB) accumulation by
R.eutropha
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In addition, several reports suggested that C:N ratio plays an important role in P(3HB)
production but has minimal effect on cell growth.l**™ Table 6.4 shows results for the effect of
C:N ratio on P(3HB) production. The investigation was carried out by varying NH,CI-N
concentrations from (3.75-18.75 g/L) at fixed glucose concentration of 42.0 g/L. This
corresponds to C:N ratio range from 20:1 to 20:5. Results in Figure 6.4 present that when C:N
ratio increased to 20:1, CDW was found to be minimum (i.e., 23.8 g/L) whereas P(3HB)
accumulation was found to be maximum (i.e., 56.3 %). Moreover, when C:N ratio decreased to
20:5, P(3HB) accumulation reached a minimum value of 33.7 %, however, CDW reached a
maximum value of 25.5 g/L. The previous results provide clear evidence that nitrogen limitation
does not support cell growth, but it mostly favors P(3HB) accumulation. Accordingly, C:N of

(20:1) was used in this study as the optimal ratio for maximizing P(3HB) production.

Table 6.4 Investigating CDW and P(3HB) production and accumulation at different C:N ratios

utilizing glucose and NH,4CI as sole carbon and nitrogen sources

Glucose NH,4CI _ P(3HB) P(3HB)
(/L) (g/L) C:Nratio | CDW (glL) production (g/L)" | accumulation (%)
42 3.75 20:1 23.8 0.3 13.4 +0.2 56.3 £3
42 7.50 20:2 24.1 +0.7 11.4+0.5 47.3 +2
42 11.25 20:3 24.6 £0.4 10.6 +0.2 43.1 +2
42 15.00 20:4 25.1 0.2 9.2+1.0 36.4 +1
42 18.75 20:5 25.510.3 8.6 £+0.5 33.7 13
52 3.75 25:1 25.9+0.4 12.6 £0.6 48.6 +3

“In all cases solvent extraction by chloroform was used as recovery technique

Figure 6.6 gives a comprehensive overview of changing ammonium chloride and glucose
concentrations on P(3HB) accumulation. At fixed ammonium chloride concentration of 3.75 g/L,
an increase of glucose concentration to 52.0 g/L (i.e., C:N ratio of 25:1) promoted biomass
growth without significant effect on P(3HB) production. This may be related to the effect of

substrate inhibition at high initial concentrations on cell growth.!%*!
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Figure 6.6 Contour plot showing the effect of changing ammonium chloride and glucose

concentrations on P(3HB) accumulation

Table 6.5 shows results for percentages contents and percentages recovery of P(3HB) in
bioplastics obtained by different recovery methods. Generally, all the recovery methods used in
the current study showed near complete recovery of P(3HB) from DCW (i.e., 92-97%).
Considering that highest recovery and degree of purity of P(3HB) without polymer degradation
are usually obtained by solvent extraction with chloroform.?*? The recovery efficiency was
evaluated with respect to the total polymer recovered by this method in the present study.
Recovery method with digestion by sodium hypochlorite in chloroform achieved 91% of
polymer recovery with a higher P(3HB) content of 95%. Ultrasound-assisted extraction is
another recovery method achieved the least percentage recovery of 89% along with P(3HB)
content of 93%.

Furthermore, digestion of cells by the anionic surfactant SDS showed a recovery percentage of
90% with P(3HB) content of 94%. Compared to the previous method, ultrasonic-assisted SDS
technique uses a lower surfactant dose of 3 wt% and showed higher recovery percentage of 94%
but with lower P(3HB) content of 92%.
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In summary, solvent extraction method showed the highest recovery and P(3HB) content. It does
not cause obvious polymer degradation during the recovery, as revealed from the highest
obtained polymer molecular weight (i.e., M,= 271 kDa); see Table 6.5. This method has also
proven ability to eliminate the endotoxin found in gram negative bacteria.*®®! Owing to this fact,
P(3HB) polymer obtained by this method can be useful for some medical applications. However,
recovering P(3HB) from cell debris in solution containing more than 5% (w/v) can be difficult
due to the high viscosity. Accordingly, about 20 parts of solvent is required to extract 1 part of
polymer."*®®! This requires further solvent recovery and purification steps when applied on
industrial scale. Hence, ultrasonic-assisted SDS technique is considered as reasonable alternative
for solvent extraction method on the industrial scale as it achieves higher P(3HB) content along
with large molecular weight.

Table 6.5 also summarizes results for the polymer molecular weight and polydispersity index of
P(3HB) recovered by different techniques. Results show that M, of recovered P(3HB) using
solvent extraction method was the highest (i.e., 379 kDa) when glucose is used as sole carbon
source. This is in good agreement with M, value of recovered P(3HB) produced from glucose by
R. eutropha (i.e., 400 kDa), where glucose is reported to promote polymer synthesis by R.
eutropha [54]. However, M, value of recovered P(3HB) produced from the metabolism of HHB
hydrolysate sugars was equal to 271 kDa. The inclusion of another supplementary carbon
sources (i.e., xylose in this study) during fermentation resulted in a significant decrease in the M,
of the polymer produced (Table 6.5). The is in good agreement with the reported effect of
supplementary carbon sources on reducing M, more 50% of that for P(3HB) produced from
glucose as sole carbon source.l**” Nevertheless, M, values of recovered P(3HP) polymer from R.
eutropha grown on HHB hydrolysate sugars were in the range of 153-271 kDa, with
polydispersity index (My/M,) in the range of 2.1-2.4. According to results in Table 6.5, M,
value of polymers recovered using solvent extraction method was the highest (i.e., 271 kDa). The
decrease in M, values of the bioplastics obtained by the other recovery methods could be related
to the polymer chain session that occurred as a result of the harsh chemicals or the physical
method used during the recovery process.l*®! This was clearly observed with polymer samples
recovered by NaOCl/chloroform digestion and disruption by ultrasonication method, see Table

6.5. Utilizing these two methods led to lower M, values of 153 and 155 kDa, respectively. This
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implies that solvent extraction with chloroform and ultrasonic-assisted SDS digestion methods

are recommended when higher molecule weight is required.

Table 6.5 Comparison between P(3HB) content, percentage of recovery, molecular weights and

polydispersity of P(3HB) polymer recovered by different methods

P(3HB) R Average Molar Mass Polvdi "
) ecovery (kDa) olydispersity
Recovery Technique content (%) (%)° - - (M/M,)
W n

H a
Solvent extraction ND ND 910 379 24
Solvent eXtraCtionb ND ND 469 213 2.2
Solvent extraction 97 100 569 271 21
NaOCl/chloroform 95 91 352 153 2.3
digestion
Direct digestion with SDS 4 0 53l 241 2.2
Disruption by 93 89 372 155 2.4
ultrasonication
Ultrasonic-assisted SDS 92 94 561 244 2.3
digestion

All recovery experiments were done on P(3HP) obtained from R. eutropha utilized HHB
hydrolysates sugars. Except; 2 Glucose was used as sole carbon source; ® Xylose was used as sole
carbon source.

¢ Determined based on assuming 100% recovery for solvent extraction with chloroform

ND: not determined.

FTIR spectra of P(3HB) obtained by SHF from microbial fermentation is shown in Figure 6.7.
The characteristic band at 2850 to 2965 cm ™ shows the presence of antisymmetric and
symmetric stretching of —CH (alkanes) bonding in —CH3 and —CH, groups. The band at 1718
cm ' represents the C=0 (carbonyl) of —COO (ester) group. The band found at 1452 cm™
corresponds to the asymmetrical deformation of the C—H bond in —CH; groups, while the one
found at 1379 cm™ is the equivalent for —CH3 groups .The band observed at 1053 to 1259 cm™*
corresponds to the C-O bonding. Comparison between the band assignments of various peaks in
FTIR spectra for the obtained P(3HB) samples by microbial fermentation and the standard
P(3HB) confirmed identical chemical structure of and the bioplastics produced (Figure 6.7). The

bands of the above PHB samples closely match with the results of standard PHB. Moreover, all
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these bands are in full agreement with those reported by Getachew et al.l**®¥ Thus, the FTIR
results showed not only closely match with the results of standard P(3HB) but also substantial

degree of purity in terms of peaks assignment for P(3HB) obtained after extraction.

P(3HP) obtained by SHF using R. eutropha
— CH,
C-H (alkanes)
CH
=]
s L J
£ C=0 (ester) c-0
£
% P(3HP) standard e
=
< ""adl
3600 3100 2600 2100 1600 1100 600

Wavenumber (cm™?)

Figure 6.7 FTIR characterization of P(3HB) produced from microbial fermentation by R.
eutropha utilizing hemp sugars hydrolysate

Figure 6.8 shows elemental composition and surface morphology of solvent-extracted P(3HB)
analyzed by FE-SEM. SEM image in Figure 6.8b shows the granular structure surface
morphology of extracted bioplastics film. Moreover, EDX spectrum in Figure 6.8a shows that
the weight percentage of carbon and oxygen content in the extracted P(3HB) film were equal to
61.4% and 38.15%, respectively. These results are in agreement with values theoretically
calculated from the chemical formula of the polymer for both carbon and oxygen contents (i.e.,

62.92% and 36.73%, respectively). This confirms the composition of produced and recovered

P(3HB) polymer and promotes its higher purity as well.
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Figure 6.8 EDX spectra (a), SEM-images (b) and photograph of extracted P(3HB) film (c)
produced by R. eutropha feed on HHB hydrolysates

6.4 Conclusion

Poly(3-hydroxybutyrate) P(3HB) is a biodegradable, biocompatible, and non-toxic polymer,
which stands out as replacement for fossils-derived plastics. It is postulated that availability of
substrate, operation and bioreactor control and the downstream processing make this polymer
commercially competitive against fossils-derived plastics. In the present study, production of
P(3HB) using renewable and sustainable resources of green hemp, as an interesting alternative
for reducing the production cost, was examined. Results for the different scenarios of
pretreatment and hydrolysis of raw biomass showed that hot alkali pretreatment of biomass in
combination with ultrasonic assisted two-step enzymatic hydrolysis released the highest sugar
concentration from biomass with sugar yield of 530 mg/g.
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Under optimum carbon and NH4CI-N concentration of 20:1 ratio, the highest P(3HB) production
of 13.4 g/L was achieved. Ultrasonic assisted SDS-digestion method has proven its effectiveness
as competent economic recovery method for bioplastics. It could recover 94% of P(3HB) directly
from broth cell concentrate with bioplastics content of 92%. Compared to other literature values,
the current study demonstrated a potential process for cost-effective microbial synthesis of
P(3HB) and can be easily scaled up for industrial production. A hyper production of PHB by

using genetically modified bacterial strain is under progress by our research group.
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CHAPTER 7
Original contributions and recommendations
7.1 Original contributions to research

The objective of this thesis largely involved the development of novel functional materials based
on BCNW by considering its attractive sustainability, biocompatibility and excellent thermal and
mechanical properties. The goal is to utilize the synergistic properties of BCNW for obtaining
functional nanomaterial that could assist in biomedical applications; one time as drug nanocarrier
and other time as reinforcing nanophase for developing the bulk characteristics of PCL matrix.
The thesis includes the synthesis and characterization of two types of functionalized
nanocellulose-based materials: (i) BCNW-g-BCD-Drug; (ii)) BCNW-g-BCD-PCL3p00 and
preparation techniques and characterization of two different bionanocomposite scaffolds based
on PCL: (i) PCL/BCNW-g-BCD-PCLaggo; (ii) PCL/BCNW-g-BCD-PCL00o/DOX. In addition,
different methodologies were also investigated for the preparation and recovery of P(3HP)
bioplastics from sustainable feedstock of agro-industrial residue of hemp hurd biomass. The

following sections summarize the main findings of each part:

7.1.1 Development of BCNW-g-gCD-Drug as a drug nanocarrier

A green nanosized and long lasting drug nanocarrier systems based on the biocompatible BCNW
was developed by grafting of BCD to the surface of nanowhisker. This developed nanocarrier
able to spontaneously load and release significant quantities of antibiotics and anticancer drugs
without significant burst releases. Different scenarios for controlled acidic and enzymatic
hydrolysis were examined to resolve the aggregation problem of BCNW for better
functionalization process. In addition, different linkers and reaction conditions were examined to
achieve the highest grafting ration for BCD on nanowhisker surface. The later resulted in
functionalized nanomaterial with unique properties and enhanced performance in the fields of

drug delivery.

7.1.2 Development of reinforcing nanowhisker BCNW-g-gCD-PCL 2000

Sustainable and biocompatible reinforcing nanophase based on BCNW (i.e., BCNW-g-BCD-
PCL2o00) was developed by grafting nanowhisker with BCD and then conjugating low molecular
weight segments of PCLgo to its surface, The assembly of hydrophobic polymer segments on
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nanowhisker surface is a smart solution for tuning its surface energy and enhancing the

dispersion of the hydrophilic cellulose nanowhisker in hydrophobic polymer matrix.

7.1.3 Development of PCL/BCNW-g-pfCD-PCL 00 bionanocomposite for TE applications

Incorporation of 4 wt% of BCNW-g-BCD-PCLg0 into PCL matrix resulted in bionanocomposite
with improved bulk characteristics. Compared to neat PCL, the obtained PCL-bionanocomposite
showed improved mechanical and thermal properties, as well as promoted hydrophilicity and in
vitro degradation rate. In addition, porous structures having porosities of 86—95% with mean
pore diameters of 250-420 um along with unique interconnected pore-network were developed
using gas foaming/combined particulate leaching technique. The obtained scaffolds showed
compression moduli values in the range of cancellous bones and could be ideal for cell seeding
and proliferation. The obtained scaffolds’ characteristics suggest their suitability for regenerative

medicine.

7.1.4 Development of drug-laden porous scaffolds PCL/BCNW-g-#CD-PCL 000/DOX

Dual-function drug-laden porous scaffolds based on the biosorbable and biocompatible PCL was
developed. The drug-laden scaffold showed high potentiality for encapsulating large drug
payload of (~25% w/w). The drug released from scaffold in a sustained and a controlled manner
without obvious burst releases. The sufficient mechanical properties, higher porosity, improved
hydrophilicity and bulk degradation characteristics, along with long-lasting drug release
properties suggest future potential applications for the obtained scaffolds in the field of cancer

therapy and regenerative medicine.

7.1.5 Development of P(3HP) biodegradable bioplastics

The production of biodegradable, biocompatible, and non-toxic P(3HB) bioplastics from
sustainable hemp hurd biomass was established. Different scenarios of retreating and
hydrolyzing the raw biomass were implemented to concentrate cellulosic substrate and increase
sugar yield in hydrolysate. In addition, different techniques for downstream extraction and
purification processes were examined for commercial and competitive production. Microbial

production of 13.4 g/L was achieved with bioplastics content of 92%.
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7.2 Recommendations for future studies

Based on the obtained results from the different studies conducted in this thesis, the following
recommendations are proposed for future research. In chapter 3, the model can be also expanded
to include dual or multiple drug delivery applications. Moreover, finding more effective method
for increasing the grafting density of PCD on BC nanowhisker could pave the way for
developing new green bio-based controlled release nanocarriers with higher efficiency. In
addition, however the successfulness of the invitro studies, the developed nanocarrier has to be
tested in vivo. In chapter 4, applying the same scenarios with other biodegradable hydrophobic
polymers, such as PLA and PHB could lead to similar or better development for the bulk
properties of those biodegradable polymers, and consequently expanding their application in
biomedical arena. In addition after polymer degradation, until now there is no sharp decision in
literature was taken to categorize nanocelluloses as completely safe. As the size allows their
penetration into cells and they might be accumulated in biological system if they are not
resorbable. Therefore, in this regard, in vivo safety concerns have to be studied. In chapter 5, the
model can be expanded to develop dual-function drug-laden scaffolds multiple drug delivery
properties. Nevertheless, the developed drug-laden scaffold has to be tested in vivo to figure out
if any cytotoxicity for drug payloads. In chapter 6, for scaled-up production with a competitive
cost, a hyper production of PHB should be examined using other bacterial strains, genetically
modified strains and co-carbon sources. Moreover, different greener recovery and extraction

techniques have to be tried out.
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APENDICES

Appendix A: Main Chemical and Pharmacokinetic Data of the Drugs Used

Figure Al. Ciprofloxacine Hydrochloride

antibiotic

Common Brand
name

IUPAC name

Usage

Formula
Molar mass
Bioavailability
Metabolism

Biological half-life

Cipro

1-cyclopropyl-6-fluoro-4-
oxo-7-(piperazin-1-yl)-
quinoline-3-carboxylic acid
Treatment of different types
of bacterial infections

C17H18FN303.HCI.H,0
385.82 g/mol

69%

Hepatic

4 hours
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Figure A2. Doxorubicin Cancer Drug

Common Brand
name

IUPAC name

Usage

Formula
Molar mass
Bioavailability
Metabolism

Biological half-life

Dox

(7S,95)-7-[(2R,4S,5S,6S)-4-
amino-5-hydroxy-6-methyloxan-
2-ylloxy-6,9,11-trihydroxy-9-(2-
hydroxyacetyl)-4-methoxy-8,10-
dihydro-7H-tetracene-5,12-dione
Treatment of some leukemias, as
well as, cancers of the bladder,
breast, stomach, lung, ovaries,
thyroid and soft tissue sarcoma

Ca7H2sNO1;
543.52 g/mol
5% (Oral)
Hepatic

1-3 hours


https://en.wikipedia.org/wiki/Chemical_formula
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https://en.wikipedia.org/wiki/Bioavailability
https://en.wikipedia.org/wiki/Drug_metabolism
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https://en.wikipedia.org/wiki/Chemical_formula
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https://en.wikipedia.org/wiki/Bioavailability
https://en.wikipedia.org/wiki/Drug_metabolism
https://en.wikipedia.org/wiki/Biological_half-life

Figure A3. Paclitaxel Cancer Drug.

Common Brand
name

IUPAC name

Usage

Formula
Molar mass
Bioavailability
Metabolism

Elimination half-life
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PTX

20,40,5B,78,108,13a)-4,10-Bis
(acetyloxy)-13-{[(2R,3S)-3-
(benzoylamino)-2-hydroxy-3-
phenylpropanoyl]oxy}-1,7-
dihydroxy-9-o0x0-5,20-epoxytax-
11-en-2-yl benzoate

used to treat a number of types
of cancer. This includes ovarian
cancer, breast cancer, lung
cancer, Kaposi sarcoma, cervical
cancer, and pancreatic cancer

C47H5:NOy,
853.906 g/mol
6.5% (Oral)
Hepatic

5.8 hours
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Appendix B. Activation of Bacteria strains

B1. Gluconacetobacter xylinus (ATCC® 700178™)

ATCC

Gluconacetobacter xylinus
(ATCC® 700178 ™)

Please read this FIRST

Storage Temp.
Frozen: -80°C or
colder
Freeze-Dried: 2°C
to 8°C

Live Culture: See

Propagation
Section

Intended Use

This product is intended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Citation of Strain

If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner. Gluconacetobacter xylinus

(ATCC® 700178™)

American Type Culture Collection
PO Box 1549

Manassas, VA 20108 USA

www atce org

800.638.6597 or 703.365.2700
Fax: 703.365 2750

Email: Tech@atcc.org

Or confact your local distributor

e Description

Designation: JCM 9730 [BPR2001, FERM-BF 4545, LMG 18788]
Deposited Name: Acetobacter xylinus subsp. sucrofermentans Toyosaki et al.

Product Description: Deposited as and referred to as the type strain of Acefobacter xylinus subsp.
sucrafermentans. Produces large amounts of cellulose

“
l]ﬂ Propagation

Medium
ATCC® Medium 459- YGC medium

Growth Conditions
Temperature: 26°C
Atmosphere: Aerobic

Propagation Procedure

. Open vial according to enclosed instructions.

2. Using a single tube of #459 broth (5 to 6 mL), withdraw approximately 0.5 to 1.0 mL with a Pasteur or
1.0 mL pipette. Rehydrate the entire pellet.

3. Aseptically transfer this aliquot back into the broth tube. Mix well.

4. Use several drops of the suspension to inoculate a #459 agar slant and/or plate

5. Incubate the tubes and plate at 26°C for 72 hours.

El Notes

Colonies on #459 agar are small, slightly irregular, smooth, entire, pulvinate, and opaque. Undisturbed broth
tube will form a thick pellicle at the surface

Additional information on this culture is available on the ATCC® web site at www atcc.org

—
. References

References and other information relating to this product are available online at www.atcc.org.

’Q Biosafety Level: 1

Appropriate safety procedures should always be used with this material. Laboratory safety is discussed in
the current publication of the Biosafety in Microbiological and Biomedical Laboratories from the US.
Department of Health and Human Services Centers for Disease Control and Prevention and National Institutes
for Health.

ATCC Warranty

ATCC® products are warranted for 30 days from the date of shipment, and this warranty is valid only if the
product is stored and handled according to the information included on this product information sheet. If the
ATCC® product is a living cell or microorganism, ATCC lists the media formulation that has been found to be
effective for this product. While other, unspecified media may also produce satisfactory results, a change in
media or the absence of an additive from the ATCC recommended media may affect recovery, growth and/or
function of this product. If an alternative medium formulation is used, the ATCC warranty for viability is no
longer valid.

Disclaimers

This product is intended for laboratory research purposes only. It is not intended for use in humans.
While ATCC uses reasonable efforts to include accurate and up-to-date information on this product sheet,
ATCC makes no warranties or representations as fo its accuracy. Citations from scientific literature and
patents are provided for informational purposes only. ATCC does not warrant that such information has been
confirmed to be accurate.
This product is sent with the condition that you are responsible for its safe storage, handling, and use. ATCC
is not liable for any damages or injuries arising from receipt and/or use of this product. While reasonable effort
is made to insure authenticity and reliability of materials on deposit, ATCC is not liable for damages arising from
the misidentification or misrepresentation of such materials.

Please see the enclosed Material Transfer Agreement (MTA) for further details regarding the use of this
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B2. Cupriavidus necator (ATCC® 17699™)

ATCC

Cupriavidus necator
(ATCC® 17699™)

e Description

Designation: 337 [ATCC 23440, H16, NCIB 10442, 5-10-1]
Deposited Name: Ralstonia eutropha Yabuuchi et al.
Product Description: Formerly Wautersia eufropha

..
hv Propagation

Please read this FIRST

Storage Temp.
Frozen: -80°C or
colder
Freeze-Dried: 2°C
to 8°C

Live Culture: See

Propagation
Section

Biosafety Level
1

Medium
ATCC® Medium 3: Nutrient agar or nutrient broth

Growth Conditions
Temperature: 26°C
Atmosphere: Aerobic

Propagation Procedure
. Open vial according to enclosed instructions.
2. Using a single tube of #3 broth (5 to 6 mL), withdraw approximately 0.5 to 1.0 mL with a Pasteur or

-

1.0 mL pipette. Rehydrate the entire pellet.
3. Aseptically transfer this aliquot back into the broth tube. Mix well.
4. Use several drops of the suspension to inoculate a #3 agar slant and/or plate.
5. Incubate the tubes and plate at 26°C for 48 hours.

EI Notes

Intended Use

This product is infended for research use only. It is not
intended for any animal or human therapeutic or
diagnostic use.

Citation of Strain

If use of this culture results in a scientific publication, it
should be cited in that manuscript in the following
manner: Cupriavidus necator (ATCC® 17699™)

American Type Culture Collection
PO Box 1549

Manassas, VA 20108 USA
www.atcc.org

800.638.6597 or 703.365.2700
Fax: 703.365 2750

Email: Tech@atcc.org

Or confact your local distributor

Additional information on this culture is available on the ATCC® web site at www atcc org

E References

References and other information relating to this product are available online at www_atcec.org.

@" Biosafety Level: 1

Appropriate safety procedures should always be used with this material. Laboratory safety is discussed in
the current publication of the Biosafety in Microbiological and Biomedical Laboratories from the U.S.
Department of Health and Human Services Centers for Disease Control and Prevention and National Institutes
for Health.

ATCC Warranty

ATCC® products are warranted for 30 days from the date of shipment, and this warranty is valid only if the
product is stored and handled according to the information included on this product information sheet. If the
ATCC® product is a living cell or microorganism, ATCG lists the media formulation that has been found to be
effective for this product. While other, unspecified media may also produce satisfactory results, a change in
media or the absence of an additive from the ATCC recommended media may affect recovery, growth and/or
function of this product. If an alternative medium formulation is used, the ATCC warranty for viability is no
langer valid.

Disclaimers

This product is intended for laboratory research purposes only. It is not intended for use in humans.
While ATCC uses reasonable efforts to include accurate and up-to-date information on this product sheet,
ATCC makes no warranties or representations as to its accuracy. Citations from scientific literature and
patents are provided for informational purposes only. ATCC does not warrant that such information has been
confirmed to be accurate.
This product is sent with the condition that you are responsible for its safe storage, handling, and use. ATCC
is not liable for any damages or injuries arising from receipt and/or use of this product. While reasonable effort
is made to insure authenticity and reliability of materials on depasit, ATCC is not liable for damages arising from
the misidentification or misrepresentation of such maternals.

Please see the enclosed Matenal Transfer Agreement (MTA) for further details regarding the use of this
product. The MTA is also available on our Web site at www.atcc.org

Additional information on this culture is available on the ATCC web site at www .atcc.org
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Appendix C: Calibration/Standard Curves

C1: Calibration curve Used to Determine Grafting Density of BCD on BCNW
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Figure Cl. (A) Negative correlation standard curve of absorbance at A=552nm vs. BCD
concentration (mg); (B) UV-vis absorbance of Ph. Ph/B-CD solutions with increasing BCD
concentrations; (C) Ph.Ph solutions with increasing BCD concentration, where color faded from
dark pink to faint pink.
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C2: The Standard Curves Used to Estimate the Concentration of Loaded and Relaesed
Ciprofloxacin Drug
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Figure C2. (A) Standard curve constructed at 272 nm for studying loading and release
concentration of Cip-HCI; (B) Absorption spectra of ciprofloxacin hydrochloride in aqueous
solution.

C3: Polystyrene calibration curve used to estimate Mn of P(3HP) using GPC

y=-0.2147x+7.6077
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Figure C3. Polystyrene calibration generated by EasiVials for determination of number-average
molecular weight of P(3HB)
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C4. HPLC Standard Calibration Curves for Glucose Determination
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Figure C4. HPLC calibration curve for glucose (retention time 12.85 min).

C5. HPLC Standard Calibration Curves for Xylose Determination
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Figure C4. HPLC calibration curve for xylose (retention time 14.03 min).
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Appendix D: : Lab Gallery Photos Showing Water-In-Air Contact Angle Measurements of PCL
nanocomposites

D2.

D1. PCL/BCNW-g-BCD-PCL000 nanocomposites films at different BCNW-g-BCD-PCL 2000
loadings; (A) 1% w/w, (B) 3% wiw, (C) 4% wi/w.

D2. PCL/BCNW-g-BCD-PCL 000 (4%) drug-laden nanocomposites with different DOX
loadings; (A) 10% wiw, (B) 25% w/w, (C) 30% w/w.
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Appendix E: Lab Gallery Photos Showing Microbial Production and Purification of BC
Nanofibers and their Conversion to Nanowhisker

E1. BC disk from static culture

E3. BC disk after purification

E5. BC pellicle purified

Electron image 1

E6. BC nanofibers before and after
hydrolysis

E7. SEM of nanofibers before
hvdrolvsis

E8. SEM of nanowhiskers

Electron image 2
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E9. SEM of BC nanowhiskers after
grafting




Appendix F: Lab Gallery Photos Showing Microbial Production and Extraction of PHB from
Hemp Hurd Biomass

F1. Hemp Hurd biomass pretreatments

F4. PHB pellicle after fermentation

F6. Extraction PHB bioplastics

F7. PHB bioplastics purification

F8. PHB bioplastics film
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Appendix G. Mechanical Testing

Tensile Strength

Tensile strength is calculated by dividing the load at break by the original minimum cross-
sectional area. The result is expressed in megapascals (MPa) and reported to three significant
figures.

Tensile strength = (load at break)/(original width) (original thickness)

Percent Elongation

Percent elongation is calculated by dividing the elongation at the moment of rupture by the initial
gauge length and multiplying by 100. When gauge marks or extensometers are used to define a
specific test section, only this length is used in the calculation, otherwise the distance between
the grips is used as the initial gauge length. The result is expressed in percent and reported to two
significant figures.

Percent elongation = (elongation at rupture)x 100/ (initial gage length)

Young’s Modulus

Young’s modulus is calculated by drawing a tangent to the initial linear portion of the stress-
strain curve, selecting any point on this tangent, and dividing the tensile stress by the
corresponding strain. For purposes of this calculation, the tensile stress shall be calculated by
dividing the load by the average original cross section of the test specimen. The result is
expressed in gigapascals (GPa) and reported to three significant figures.

load at point on tangent/(original width) (original thickness)

Yi ’ dulus =
oung s moduius elongation at point of tangent) /(initial gage length)

Toe Compensation

In a typical stress-strain curve (see below), there is a toe region, AC, which does not represent a
property of the material. It is an artifact caused by a take-up of slack, and alignment or seating of
the specimen. In order to obtain correct values of such parameters as modulus, strain, and yield
point, this artifact must be compensated for to give the corrected zero point on the strain or
extension axis. In the case of a material exhibiting a region of Hookean (linear) behavior as
shown below, a continuation of the linear (CD) region of the curve is constructed through the

zero-stress axis. The intersection (B) is the corrected zero-strain point from which all extensions
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or strains must be measured, including the yield point, if applicable. The elastic modulus can be

determined by dividing the stress at any point along line CD (or its extension) by the strain at the

same point (measured from point B, defined as zero-strain).

Stress

/

A B Strain 2.4.18.3-01

Figure G2. Labthink’s Param XLW (PC)
Auto Tensile Tester.

Figure G1. A typical stress-strain curve.
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Appendix H: Cumulative Drug Release Calculations

Before doing a cumulative release plot, the standard curve that represents the response vs. drug
concentration has to be created first. For example, y = ax + b, R* > 0.99, where x is the
concentration of the solution containing the drugused, y is the corresponding UV absorbance, the
constants a and b are the slope and intercept of the straight line.

For example, assume the drug loading capacity of the sample is 100 mg/g, the drug-loaded
sample (200 mg) was immersed into 10 mL PBS, and the drug-release medium (0.9 mL) was
withdraw for UV-vis analysis at given time intervals and replaced the same volume of fresh PBS
solution (to keep sink conditions).

The cumulative release was calculated as shown in the following Table. In addition, when the
experimental absorbance date is going up and down several parallel drug-release experiments
were carried out. Differences between the groups with p < 0.05 were considered to be
statistically significant, where the average error in every set of data presented was less than 5%.

The mean value and standard deviation were evaluated for accuracy.

The content of drug The cumulative
Time/h | Absorbance | in the drug-release The cumulative release/mg release percentage
medium/mg (%)
1 0.1478 10*(0.1478-b)/a A =10%(0.1478-b)/a 100*A/2
2 0.2073 10*(0.2073-b)/a B = 10*(0.2073-b)/a + 0.9*A 100*B/2
3 0.3123 10*(0.3123-b)/a C =10*(0.3123-b)/a + 0.9*B 100*C/2
4 D=..+0.9*C
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Appendix I: Sample Calculations

I1: Crystallite thickness
A more useful form of Scherrer Equation can be written as
Crystallite thickness (t) = 0.9 A/(B1/2 cos 0)

e.g.,atPp=1.1°A=0.154 nm, 20 = 27°
0 = 13.5% cos (13.5) =0.972
360°=2x3.142
1.1=1.1x2x3.142/(360) = 0.0189
t=7.1nm

12: Porosity and Pore Volume

The porosity and pore volume of the scaffolds were estimated gravimetrically using Equations
(4.1& 4.2), where pyoiymer IS the density of neat polymer used for scaffolds fabrication and pscaffold
is the apparent density of the scaffold which determined by using Sartorius YDK 01LP density
measurement kit. ppc. Was is considered to be 1.145 g/cm®,

Porosity (%) = 2fd 100 (4.1)

polymer

1 1

Pore volume = ( ) %X 100 (4.2)

Pscaffold ppolymer

e.g., for pscatoid €qual to 0.989 g/cm®

9
— 0
1145 X 100 = 86.45 %

1
0.989 1.145

Porosity (%) =

Pore volumewere equal to = ( > X 100 = 9.64 cm3/g

13: The degree of crystalinity (yc)
The degree of crystallinity (yc) was calculated using Equation (4.3).

_ AHp—AHc
c AHom (1-my)

X 100 (4.3)

where AH,, and AH, are enthalpies related to the second heating scan, AHg n is melting enthalpy
for 100% crystalline PCL taken as 139.5 J/g, and (1— my) is the weight fraction of PCL matrix in
the sample.

e.g., for PCL+ BCNW-g-BCD-PCL 000 (4%)/DOX (10%) scaffold AH,, and AH.. were equal to
58.1 and 13.1 J/g, and (1— my) equal to 0.86. Therefore, the corresponding . is equal

58.1-13.1

=2 T %100 =375
%c = 1395 (0.86)
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Appendix J. Statistical Analysis and Error Calculations

Most experimental procedure was done in triplicates. Each date point in table or graph is
expressed as mean for n = 3. The mean is presented in table as an interval, in which the true
value is likely to be found, and expressed mathematically as x+ (SE). While in graph, the (SE) is
represented by error bar on every data point. The statistical analysis of the data was conducted
using one-way ANOVA. Differences between the groups with p < 0.05 were considered to be
statistically significant, where the average error in every set of data presented was less than 5%.
Appendix J listed raw data that obtained from replicated experiments.

It is worth to mention that for all repeated experiments standard errors did not exceed + 5% and p
values < 0.05. This in turn reflects the significance of the obtained results.

Equations Jland J2 were used to calculate standard deviation (SD) and standard error (SE),

_[2&x=-%)?
SD = / = (D)

SEg =2 32)

respectively.

Where, X = sample mean value; x = data point; n = sample size
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Appendix K. Row data for some replicated experiments

K1: Cumulative release of DOX from PCL/BCNW-g-BCD-PCL 00 (4%)/DOX (25%) scaffold at
37°C in PBS of pH 7.4 and 6.4, Figure 5.10

Cumulative realesae (%), pH 6.4 Cumulative realesae (%), pH 7.4

Time, day T1 T2 T3 x+ (SE) T1 T2 T3 x+ (SE)
0.3 0.40 | 032 | 037 0.36+0.02 | 030 | 0.32 0.29 0.30 +0.01
1.5 13.21 | 12.28 | 13.10 | 12.86+0.29 | 12.19 | 12.21 | 11.71 | 12.0410.16
2.3 18.81 | 17.81 | 16.88 | 17.83+0.55 | 18.88 | 17.81 | 18.77 | 18.49+0.34
33 21.61 | 20.63 | 20.27 | 20.83%0.40 | 22.78 | 21.63 | 20.77 | 21.72+£0.58
4.3 25.61 | 24.65 | 24.50 | 24.9240.35 | 25.17 | 24.65 | 25.04 | 24.95+0.16
6.0 30.82 | 29.81 | 29.83 | 30.15%0.33 | 28.77 | 27.81 | 29.10 | 28.56 +0.39
8.0 36.02 | 35.21 | 35.62 | 35.62+0.23 | 32.67 | 31.21 | 30.62 | 31.500.61
10.0 40.42 | 41.44 | 41.47 | 41114034 | 35.66 | 34.44 | 33.66 | 34.59+0.58
18.0 52.43 | 53.47 | 53.54 | 53.15%0.35 | 47.05 | 45.90 | 46.36 | 46.44 +0.34
26.0 60.04 | 61.03 | 61.77 | 60.95+0.50 | 54.84 | 55.17 | 54.77 | 54.93+0.12
34.0 66.44 | 66.89 | 66.85 | 66.73+0.14 | 60.24 | 60.89 | 60.85 | 60.66 +0.21
43.0 71.24 | 72.42 | 72.17 | 71.94%0.35 | 65.03 | 61.42 | 64.17 | 63.54 +1.09
51.0 75.24 | 76.22 | 76.87 | 76.11+0.47 | 69.23 | 67.22 | 68.87 | 68.44+0.62
59.0 77.65 | 78.45 | 78.23 | 78.110.24 | 72.33 | 71.45 | 70.23 | 71.3410.61
67.0 78.45 | 81.04 | 81.00 | 80.16+0.85 | 73.22 | 71.83 | 71.00 | 72.02 +0.65

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

T1 15 668.3924 445595 674.0675

T2 15 671.6769 44.77846 721.8297

T3 15 672.457 44.83047 724.9039

ANOVA

Source of SS df MS F P-value F crit
Variation

Between 0.620382 2 0.310191 0.000439 0.999561 3.219942
Groups

Within 29691.22 42 706.9337

Groups

Total 29691.84 44
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K2: Porosity percentage of PCL/BCNW-g-BCD-PCL 000 (4%)/DOX (25%) scaffold at NH;HCO;
to PCL 7:1 (% w/w), Table 4.3

Porosity (%)
Trials Sample 1 | Sample 2 | Sample 3

T1 91.17 92.02 91.66

T2 90.12 91.42 90.18

T3 88.87 91.87 93.01

T4 92.13 90.13 91.17

T5 91.02 91.42 90.08
Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance
Sample 1 5 453.31 90.662 1.51157
Sample 2 5 456.86 91.372 0.55377
Sample 3 5 456.1 91.22 1.44535
ANOVA
Source of ) df MS F P-value F crit
Variation

Between 1.397613 2 0.698807 0.597153 0.565937 3.885294
Groups
Within 14.04276 12 1.17023
Groups
Total 15.44037 14
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K3: Tensile properties of PCL/BCNW-g-BCD-PCL,00 Nanocomposites films of different nanowhisker loadings, Table 4.1

Tensile Strength, oy (MPa)

% Elongation at Break, g, (%)

Young Modulus, E (MPa)

Sample

Lot name 4 T1 T2 T3 % +(SE) T1 T2 | T3 % +(SE) T1L | T2 | T3 % +(SE)

S1 276 | 270 | 282 | 276+1.7 9.0 88 | 9.2 0.0+02 | 1810 | 1900 | 1780 | 1830 +128

PCL+ BCNW-g-

BCD-PCLyono (1%) S2 263 | 275 251 | 26.3+2.0 9.3 98 | 11.2 | 10.1+0.3 | 1819 | 1916 | 1875 | 1870 +100
S3 258 | 27.8 249 | 255+0.8 8.5 93 | 87 8.8+0.1 | 1911 | 1919 | 1870 | 1900 +150
S1 28.9 | 26.7 278 | 27.8+18 8.1 86 | 8.8 8.6+0.6 | 1888 | 2011 | 1840 | 1901 +106

PCL+ BCNW-g-

BCD-PCLaogo (2%) S2 291 | 27.7 275 | 28.1#1.2 8.3 85 | 87 85+0.4 | 1978 | 2200 | 1825 | 2001+111
S3 30.1 | 285 | 284 | 29.0+0.9 8.5 81 | 88 8.4+0.2 | 1886 | 1898 | 2150 | 1978+119
S1 303 | 29.0 | 27.2 | 288+1.4 7.4 71 | 6.8 71402 | 2315 | 2359 | 2382 | 2352 +130

PCL+ BCNW-g- S2 303 | 295 323 | 30.7+18 7.4 72 | 70 7.2+0.1 | 2320 | 2205 | 2144 | 2223 +36

BCD-PCL 000 (3%)
S3 298 | 311 29.7 | 302+1.0 7.3 78 | 7.9 7.7+03 | 2175 | 2019 | 1971 | 2055 +46
S1 31.3 | 316 286 | 30.4+1.0 5.2 53 | 5.7 5.4+02 | 2310 | 2222 | 2317 | 2301+110

PCL+ BCNW-g-

BCD-PCLyono (4%) S2 28.2 | 303 301 | 295+1.3 5.8 56 | 54 57+03 | 2442 | 2411 | 2440 | 2431+61
S3 29.2 | 306 323 | 30.7+1.0 5.1 57 | 54 5.4+04 | 2333 | 2412 | 2209 | 2318 +69
S1 265 | 27.4 | 29.2 3.4 33 | 38 5+0. 2302 | 2229 | 2291 +

PCL+ BCNW-g- 27.7+0.8 3.5+40.3 2274 £102

BCD-PCL oo (5%) S2 285 | 26.1 267 | 27.1%1.2 3.3 30 | 33 3.2+04 | 2139 | 2133 | 2328 | 2200 +66

S3 26.1 | 25.3 25.4 | 25.6+1.6 4.0 39 | 44 41402 | 2304 | 2217 | 2244 | 2255 +56
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ANOVA Single Factor of the Mechanical Parameters of PCL+ BCNW-g-BCD-PCL2000 (4%) System as a Representative

Anova: Single Factor

for op
SUMMARY

Groups Count  Sum Average Variance
S1 3 915 30.5 2.73
S2 3 88.6 29.53333 1.343333
S3 3 921 30.7 2.41
Anova: Single Factor
for g (%)
SUMMARY

Groups Count Sum Average Variance
S1 3 16.2 5.4 0.07
S2 3 16.8 5.6 0.04
S3 3 16.2 5.4 0.09
Anova: Single Factor
for E
SUMMARY

Groups Count Sum Average Variance

S1 3 6849 2283 2803
S2 3 7293 2431 301
S3 3 6954 2318 10471

ANOVA

Source of SS df MS F P-value F crit
Variation

Between 2.335556 2 1.167778 0.54036 0.608445 5.143253
Groups

Within 12.96667 6 2161111

Groups

Total 15.30222 8

ANOVA

Source of SS df MS F P-value F crit

Variation

Between 0.08 2 0.04 0.6 0.578704 5.143253
Groups

Within 0.4 6 0.066667

Groups

Total 0.48 8

ANOVA

Source of SS df MS F P-value F crit

Variation

Between 35898 2 17949 3.96663 0.079854 5.143253
Groups

Within 27150 6 4525

Groups

Total 63048 8
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