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ABSTRACT

Possessing excellent biodegradability and biocompatibility properties, cellulose nanocrystal
(CNC)-based nanocomposites has recently gained immense research interest and holds
great potential as novel drug carrier. The use of CNC-based nanomaterials to deliver drugs
is an attractive idea, however many of these class of CNC-based nanocarriers generally lack
active targeting or triggered drug release components, making them difficult to obtain
effective drug delivery, thus limiting the dose achievable within the tumour. The
incorporation of magnetite nanoparticles (FesO4 NPs) into CNC matrix is a feasible solution
to improve the drug delivery and targeting properties. The utilization of magnetic cellulosic
nanocomposite has in fact recently attracted more and more attention, in which they have
been suggested to be applicable as magnetic aerogel, magnetically retrievable oil
absorbent, and recyclable catalyst. In present study, author proposed to develop a
magnetically responsive cellulose nanocrystals as Pickering stabilizer for emulsion with the
goal of utilizing them as controlled drug delivery carrier. To achieve this, Fez04@CNC
(MCNC) nanocomposites were first synthesized via a facile one-step ultrasound-assisted in
situ co-precipitation technique. Results of physicochemical analysis demonstrated the
feasibility of utilising the as-synthesised MCNCs as stabilizer for the formation of highly
stable palm olein-in-water Pickering emulsions. The developed MCNC-stabilized Pickering
emulsions (MCNC-PE) exhibits responsiveness to both pH and external magnetic field
(EMF). It has been found that the magnetization of the MCNC-PE destabilized when the pH
falls around 8 to 11. Using curcumin as model drug, the loading efficiency and in-vitro
release behaviour of MCNC-PE were investigated. The loading efficiency of curcumin in
emulsion template was found to be 99.35%. Effect of pH and EMF affected the curcumin
release rate of MCNC-PE matrices. Exposure to EMF (0.7 T) under simulated buffer solution
(pH 7.5) significantly enhanced the bioactive release, achieving a total of 53.30 £ 5.08 %
of the initial loading over a period of 96 hr. The release mechanism from MCNC-PE based
matrices was the non-Fickian transport in which the sustainable curcumin release rate from
Pickering emulsions could be improved by external magnetic stimulus. The MTT assay

demonstrated that the curcumin-loaded MCNC-PE is effective in reducing human colon
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cancer cells growth down to 60% in the absence of EMF. A noticeable further reduction of
~ 42% in the cell viability was observed when oscillating EMFs were applied. The findings
of our study suggest that the developed magnetic palm-based Pickering emulsions could
be promising stimuli-responsive micro-carriers which offer preservation and controlled

delivery of bioactive and therapeutic.
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non-in-situ prepared MCNC, and (d) E4, mechanical stirred non-in-situ prepared
MCNC. The inset shows the negligible coercivity in all samples.

Scheme 4.1. Schematic illustration of the hydrophilic groups on the surface of CNC
and MCNC.

Figure 4.1. FTIR spectra of MCNC samples prepared with different CNC/MNP ratio, (a)
0.2, (b) 1, (c) 2, (d) 10, and (e) 20.

Figure 4.2. STEM images of (a) MCNCO0.2, (b) MCNC1, (c) MCNC2, (d) MCNC10, and
(e) MCNC20. The inset shows the images at higher magnification. All scale bar are
representing 100 nm.

Figure 4.3. (a) MNPs feret diameter in different MCNC samples, Standard error of
mean of triplicate readings were represented by the error bars in each graph, different
alphabetic letters was significantly different at P < 0.05 by Bonferroni's Multiple
Comparison Test. (b) Histogram generated from the STEM images for the feret
diameter of MNPs deposited on CNC. Samples (i) MCNCO.2, (ii) MCNC1, (iii) MCNC2,
(iv) MCNC10, (v) MCNC20.

Figure 4.4. (a) Surface charge, and (b) photograph of water dispersion of (i) pure
MNPs, (ii) MCNCO.2, (iii)) MCNC1, (iv) MCNC2, (v) MCNC10, (vi) MCNC20, and (Vii)
pure CNC. Images captured 10 min after preparation.

Figure 4.5. TGA data representing weight loss % at different temperature for (a)
MCNCO.2, (b) MCNC1, (c) MCNC2, (d) MCNC10, and (e) MCNC20.

Figure 4.6. Magnetization plot of MCNC samples with CNC/MNP ratio of (a) 0.2, (b) 1,
(c) 2, (d) 10, and (e) 20. The inset shows the negligible coercivity in all samples.
Figure 4.7. FTIR spectra of MCNC samples prepared at different pre-heated
temperature, with (a) 25, (b) 45, (c) 65 and (d) 85 °C.

Figure 4.8. STEM images with the respective histogram for MNPs deposited on MCNC
samples prepared at different pre-heated temperature. (a) 25, (b) 45, (c) 65 and (d)
85 °C. All scale bar are representing 100 nm.

Figure 4.9. TGA data representing weight loss % for MCNC samples prepared at

different pre-heated temperature. (a) 25, (b) 45, (c) 65 and (d) 85 °C.
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Figure 4.10. Magnetization plot of MCNC samples prepared under different pre-heated
temperature. (a) 25, (b) 45, (c) 65 and (d) 85 °C. The inset shows the negligible
coercivity in all samples.

Figure 4.11. FTIR spectra of MCNC samples prepared at different US power, with (a)
40 w, (b) 60 w, and (c) 80 w.

Figure 4.12. STEM images with the respective histogram for MNPs deposited on MCNC
samples prepared at (a) 40, (b) 60 and (c) 80 w US power. All scale bar are
representing 100 nm.

Figure 4.13. TGA data representing weight loss % at different temperature with US
power of (a) 40, (b) 60 and (c) 80 w.

Figure 4.14. Magnetization plot of MCNC samples prepared under different US power.
(a) 40, (b) 60 and (c) 80 w. The inset shows the negligible coercivity in all samples.
Figure 4.15. FTIR spectra of MCNC samples prepared at different sonication time, with
(a) 1 min, (b) 3 min, (c) 5 min, (d) 7 min, and (e) 10 min.

Figure 4.16. STEM images with the respective histogram for MNPs deposited on MCNC
samples prepared under (a) 1, (b) 3 (c) 5, (d) 7 and (e) 10 min ultrasonication. All
scale bar are representing 100 nm.

Figure 4.17. TGA data representing weight loss % at different temperature with
sonication time of (a) 1, (b) 3, (c) 5, (d) 7 and (e) 10 min.

Figure 4.18. Magnetization plot of MCNC samples prepared under different sonication
time. (a) 1, (b) 3, (c) 5, (d) 7 and (e) 10 min. The inset shows the negligible coercivity
in all samples.

Figure 4.19. XPS spectra for (a) wide scan, (b) narrow scan Fe 2p and (c) narrow scan
O 2p & valence band of MCNC nanocomposites prepared at (i) 1, (ii) 5 and (iii) 10 min
ultrasonication time.

Figure 4.20. Sulphate group content in medium containing various CNC/MNP ratio
estimated by conductometric titration. Standard error of mean of triplicate readings
were represented by the error bars in each graph, different alphabetic letters was

significantly different at P < 0.05 by Bonferroni's Multiple Comparison Test.
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Figure 4.21. EDX mapping for (a) sulphur content and (b) iron content in (i) pure CNC,
(ii) MCNC20, (iii) MCNC10, (iv) MCNC2, (v) MCNC1, (vi) MCNCO.2, and (vii) pure MNP.
MCNC samples were obtained under different CNC/MNP ratio.

Figure 4.22. Photographs of (a) CNC suspensions and (b) MCNC suspensions prepared
under pH ranging from 1.5 to 13.0.

Figure 5.1. Schematic representation for preparation of MCNC-PE.

Figure 5.2. Fresh Pickering emulsion produced with (a) 0.1 wt% pure MNP, (b) 0.1
wt% pure CNC, and (c) 0.1 wt% MCNC nanocomposite.

Figure 5.3. Surface charge of Pickering emulsion stabilized by (black) pure MNP,
(green) pure CNC, and (purple) MCNC nanocomposite. Standard error of mean of
triplicate readings were represented by the error bars in each graph, different
alphabetic letters was significantly different at P < 0.05 by Bonferroni's Multiple
Comparison Test.

Figure 5.4. Fluorescent micrographs of MCNC-PE at pH 6 with double staining. Images
(a) showing MCNC nanocomposites, (b) showing red palm oil phase, and (c) Combined
image. (Red palm oil phase stained with nile red, MCNC stained with calcofluor).
Figure 5.5. Magnetic attractability of the as-formulated MCNC-PE at pH 6 (left, small)
and pH 3 (right, big) from point (A) to (B), (i) without EMF, (ii — vii) with EMF.

Figure 5.6. Photograph of O/W Pickering emulsion stabilized by MCNC at (a) pH 1.5,
(b) pH 2, (c) pH 3, (d) pH 4, (e) pH 5, (f) pH 6, (9) PH 7, (h) pH 8, (i) pH 9, () PH
10, (k) pH 11, () pH 12, and (m) pH 13. Image captured 10 minutes after preparation.
Figure 5.7. (a) Raw size distribution data and (b) mean droplet diameters of MCNC-
PE ranging from pH 1.5 to pH 13. Standard error of mean of triplicate readings were
represented by the error bars in each graph, different alphabetic letters was
significantly different at P < 0.05 by Bonferroni's Multiple Comparison Test.

Figure 5.8. Microscopic images of O/W MCNC-PE at (a) pH 1.5, (b) pH 2, (c) pH 3, (d)
pH 4, (e) pH 5, (f) pH 6, () pH 7, (h) pH 8, (i) pH 9, (j) pH 10, (k) pH 11, (1) pH 12,
and (m) pH 13.

Figure 5.9. Zeta potential of MCNC particles as function of pH.
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Figure 5.10. Storage stability for MCNC-PE with 0.05 wt% MCNC, produced under (a)
pH 6, and (b) pH 8. Image captured in (i) day 0, (ii) day 7, and (iii) day 14 of
formulation. Line (x) indicating the point where emulsion samples were extracted for
mastersizer analysis.

Figure 5.11. (a) Change in the volume fraction of the stable emulsion vs storage time
for MCNC-PE at pH 6 and 8. (b) Change in emulsion droplets diameter of MCNC-PE at
pH 6 and 8 up to 14 days of storage. (c) Microscopic images of MCNC-PE at pH 6
(Left), and pH 8 (Right), for (i) day 0, (ii) day 7, and (iii) day 14.

Figure 5.12. (a) Raw droplet size distribution data and (b) Mean droplet diameters of
MCNC-PE as a function of MCNC concentration (wt%). All formulations contain fixed
o Of 0.3. Standard error of mean of triplicate readings were represented by the error
bars in each graph, different alphabetic letters was significantly different at P < 0.05
by Bonferroni’s Multiple Comparison Test. (c) Microscopic images of Pickering
emulsion prepared at the MCNC particle concentration, C,,.,. of (i) 0.025, (ii) 0.050,
(iii) 0.100, (iv) 0.200, and (v) 0.300 wt%.

Figure 5.13. Changes in emulsion droplets diameter for MCNC-PE stabilized by MCNC
nanocomposites at 0.025 to 0.300 wt% up to 14 days of storage.

Figure 5.14. (a) Day 0 and (b) day 14 of photograph of O/W Pickering emulsion
stabilized by MCNC at (i) 0.025, (ii) 0.050, (iii) 0.100, (iv) 0.200, and (v) 0.300 wt%.
(c) creaming index, and (d) creaming rate of the respective Pickering emulsion.
Figure 5.15. (a) Raw droplet size distribution data and (b) Mean droplet diameters of
MCNC-PE prepared at different ¢,; of 0.1 to 0.5. All formulations contain fixed C,,.n.
= 0.100 wt%. Standard error of mean of triplicate readings were represented by the
error bars in each graph, different alphabetic letters was significantly different at P <
0.05 by Bonferroni’s Multiple Comparison Test. (c) Microscopic images of MCNC-PE
prepared at oil volume fraction, ¢,; of (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4, and (v) 0.5.
Figure 5.16. (a) Changes of MCNC-PE droplet diameter as a function of ¢,; throughout
14 days of storage. (b) Fluorescent microscopic image of MCNC-PE prepared at ¢,; =

0.1 (40x magnification). All formulations contain fixed C,,.,. = 0.100 wt%.
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Figure 5.17. Photographs of MCNC-PE at (a) day 0, and (b) day 14, (c) creaming
profile and, (d) creaming rate of the MCNC-PE prepared using different @,;. All
formulations contain fixed C,,.,. = 0.100 wt%.

Figure 5.18. (a) Mean droplet diameters of MCNC-PE as a function of US power and
time. Error bars represented the standard error in measurement. Raw droplet size
distribution data of MCNC-PE under different US power at (b) 0.5, (c) 3 and (d) 7 min
sonication time.

Figure 5.19. Optical microscopic images of MCNC-PE prepared using different US
power at (a) 0.5, (b) 3 and (c) 7 min.

Figure 5.20. The creaming index and creaming rate of MCNC-PE prepared under
different US power and sonication time. The inset shows a clearer view of the creaming
rate of samples with sonication time of 2 min or longer.

Figure 5.21. Changes in emulsion droplets diameter of MCNC-PE prepared under (a)
40, (b) 60 and (c) 80 W throughout a storage period of 30 days.

Figure 5.22. (a) Mean droplet diameter and creaming profiles of MCNC-PE as a
function of ionic strength (mM NaCl). (b) Raw droplet size distribution data of Pickering
emulsions using different NaCl concentrations. All formulations contain fixed oil, ¢,;
of 0.3 and MCNC particle concentration, C,,.,. = 0.100 wt%, and was stored at room
temperature for 14 days prior to measurement. (c) Microscopic images of MCNC-PE
prepared NaCl concentration of (i) 0, (ii) 100, (iii) 200, (iv) 300, (v) 400, and (vi) 500
mM.

Figure 5.23. MCNC dispersions (a) without NaCl, and (b) with 500 mM NaCl.

Scheme 6.1. Schematic illustration of the MCNC-PE stabilization-destabilization
mechanism.

Figure 6.1. (a) Raw droplet size distribution data, (b) Mean droplet diameter, and (c)
Optical micrograph of the MCNC-PE prepared at (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4 and
(v) 0.5 wt%. Error bar represents standard error in measurement. Different alphabetic
letters were significantly different at P < 0.05 by Bonferroni’s Multiple Comparison

Test.
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Figure 6.2. Changes in the mean droplet diameter of MCNC-PE upon storage up to 14
days. Error bar represents standard error in measurement.

Figure 6.3. Fluorescent microscopic images of Pickering emulsion stabilized with 0.5
wt% MCNC nanocomposite, showing the location of (a) MCNC nanocomposite, (b) oil
globule and (c) MCNC-PE droplets.

Figure 6.4. (a) Mean droplet diameter of MCNC-PE prepared under different MCNC
particle concentration as a function of pH without EMFs, and the respective droplet
size distribution data at (b) 0.3, (c) 0.4 and (d) 0.5 wt% MCNC content. Error bar
represents standard error in measurement.

Figure 6.5. Optical microscopy and photograph of MCNC-PE stabilized using particles
concentration of (a) 0.3 wt%, (b) 0.4 wt% and (c) 0.5 wt% at (i) pH 1.5, (ii) pH 3.0,
(iii) pH 5.0, (iv) pH 7.5 and (v) pH 8.5 without EMF. The photograph of each emulsion
is shown beside the optical microscope image.

Figure 6.6. (a) Mean droplet diameter of MCNC-PE prepared under different MCNC
particle concentration as a function of pH with EMFs, and the respective droplet size
distribution data at (b) 0.3, (c) 0.4 and (d) 0.5 wt% MCNC content. Error bar
represents standard error in measurement.

Figure 6.7. Optical microscopy and photograph of MCNC-PE stabilized using particles
concentration of (a) 0.3 wt%, (b) 0.4 wt% and (c) 0.5 wt% at (i) pH 1.5, (ii) pH 3.0,
(iii) pH 5.0, (iv) pH 7.5 and (v) pH 8.5 with EMF. The photograph of each emulsion is
shown beside the optical microscope image.

Figure 6.8. Temperature variation of MCNC-PE with and without its exposure to EMF.
Figure 6.9. Mean droplet diameter of MCNC-PE after various destabilization and
stabilization cycles with/without the presence of an EMF. The error bar represents the
standard error in measurement. Different alphabetic letters were significantly different
at P < 0.05 by Bonferroni’s Multiple Comparison Test.

Figure 7.1. Mean droplet diameter of the curcumin-loaded MCNC-PE. Error bar
represents standard error in measurement. Inset shows the raw droplet size

distribution data.
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Figure 7.2. Percent retention of curcumin in Pickering emulsions stabilized with 0.1
wt% MCNC particles. Black arrow indicates the loading efficiency of curcumin in the
respective sample. Error bar represents standard error in measurement.

Figure 7.3. Optical microscopic image and photograph of curcumin-loaded MCNC-PE
at pH 7.5 (a) without and (b) with exposure to oscillating EMFs.

Figure 7.4. (a) Percent curcumin released from different emulsion samples under pH
7.5. (b) Plots of the release of curcumin from the both MCNC-PEs samples based on
Korsmeyer—-Peppas model.

Figure 7.5. Cell viability test of curcumin-loaded MCNC-PE on HCT116 colon cancer
cell line. The cell line analysis was performed using MCNC-PE stabilized by 0.1 wt% of
MCNC nanocomposite, with curcumin content of 30 ug/ml of incubation serum
(equivalent to 1 mg/ml oil basis). Error bar represents standard error in measurement.
Different alphabetic letters was significantly different at P < 0.05 by Bonferroni’s
Multiple Comparison Test.

Figure 7.6. Cell viability test of MCNC suspensions with or without EMF on HCT116
colon cancer cell line. The cell line analysis was performed using 0.1 wt% of MCNC
nanocomposite. Error bar represents standard error in measurement. Different
alphabetic letters was significantly different at P < 0.05 by Bonferroni’s Multiple
Comparison Test.

Figure 7.7. Morphological changes of HCT116 cells at different time point for (a)
control, (b) pure curcumin, (c) blank MCNC-PE, (d) curcumin-loaded MCNC-PE and
(e) curcumin-loaded MCNC-PE + EMF treated samples.

Figure 7.8. Nuclear morphology changes of HCT116 cells at 24 hour incubation for (a)
control and (b) curcumin-loaded MCNC-PE treated samples.

Figure 7.9. Fluorescence and bright field-fluorescence overlay images of HCT116 cells

after 2 hours incubation (a) without and (b) with Nile red stained MCNC-PE.
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CHAPTER ONE
INTRODUCTION

1.1 Research Background

By definition, Pickering emulsions are new class of emulsion stabilized by fine solid particles
of intermediate wettability at the interface between two immiscible liquids (e.g. oil/water
interface). Recently, there have been a renewed interest in these colloidal particle-stabilized
systems in the past decade due to the new emerging applications of Pickering emulsion in
oil recovery (Sharma, Kumar, and Sangwai, 2015), composites (Kim et al., 2013) and drug
delivery (Frelichowska et al., 2009). Pickering stabilization was first reported by Walter
Ramsden (Ramsden, 1903) and Spencer Umfreville Pickering in 1907 (Pickering, 1907),
and these particle-laden interfaces possess remarkable resistance against coalescence
compared to conventional emulsions stabilized by classic surfactant. In Pickering emulsions,
the adsorption of solid particles onto the deformable interface is virtually irreversible thus
high energy is required for detaching the adsorbed particles from the interface. The ability
of solid particles to adhere to fluid-fluid interfaces has resulted in the widespread use of
Pickering emulsion in food, cosmetics, and personal care products in which valuable
ingredients and nutrients are encapsulated in the dispersed phase as the active cargo to be
delivered (Dickinson, 2012; Marefati et al., 2015; Wahlgren et al., 2013). Besides, Pickering
emulsions offer many advantages over traditional surfactant-stabilized emulsions, including
lower cost and lower toxicity (Dyab et al., 2014), self-assembly capability (Fujii, Okada,
and Furuzono, 2007), enhanced long-term stability (Melle, Lask, and Fuller, 2005) and
reduced foaming during preparation (Binks, 2002) because of their “surfactant free”
character.

In the past decade, a variety of particulate emulsifier have been explored to prepare
Pickering emulsion throughout the literatures. Some of the examples include latex-,
laponite-, carbon black-, silica-, gold-, and calcium carbonate-based inorganic solids
(Chevalier and Bolzinger, 2013). It is generally recognized that these particles are able to

effectively adsorb at the oil-water interface, forming a dense film (monolayer or multilayer)
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around the dispersed drops impeding coalescence, however, such inorganic particles are
limited in their relevance in applications requiring biocompatibility and biodegradability.
Furthermore, some of the particles require complex and laborious synthesis procedures and
these particles tend, more often than not, to aggregate or fuse completely forming larger
non-spherical structures. Thus, there has been a shift toward studying biologically derived
materials for the stabilization of emulsion systems. Many biomacromolecules like chitin
nanocrystal particles (Liu et al., 2012; Nan et al., 2014; Wei et al., 2012), modified starch
nanocrystals (Li, Sun, and Yang, 2012; Tan et al., 2012), soy protein nanoparticles (Liu
and Tang, 2013), and flavonoids (Luo et al., 2011) have emerged as potential and versatile
Pickering emulsifiers due to their biodegradability, ease of modifications, cost effectiveness,
and wide availability. These excellent properties render these bio-based Pickering stabilizers
appealing in both fundamental research fields and in industries.

On recent strong trend, the design of CNC-based nanocomposite has become an
intense field of research due to their eco-friendliness and attractive combination of
properties such as biodegradability, biocompatibility, high aspect ratios (length-to-width),
high surface-to-volume ratios, optical transparency and flexible surface chemistry (Capron
and Cathala, 2013; Cunha et al., 2014; Kalashnikova et al., 2011; Zoppe, Venditti and
Rojas, 2012). In the present study, author, for the first time, proposed the preparation of
magnetic cellulose nanocrystals hybrid nanocomposite as novel Pickering emulsifiers. When
incorporated in pharmaceutical emulsion systems, they can be used to magnetically guide
drug-containing droplets at the targeted tumor site, and subsequently release the
encapsulated drug in a controlled manner upon application of a local high frequency
alternating magnetic field. Or due to the magnetic hyperthermia effect (Reddy et al., 2012).
To achieve this, we will first strongly combine the CNC with Fe;O4 to form a hybrid
Fe;04@CNC (MCNC) nanocomposite via a facile one-step ultrasound (US)-assisted in-situ
co-precipitation technique. The surface and interfacial properties as well as the
physicochemical properties of the as-synthesized MCNC nanocomposite will be
characterized. Then, the obtained MCNCs will be applied to form Pickering emulsion and

their impact on the colloidal stability will be investigated systematically. As part of this
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work, the effects of drug loading and in-vitro release behaviour of MCNCs-stabilized
Pickering emulsions (MCNC-PE) will also be studied by using curcumin as a model drug.
These research phases are shown schematically in Figure 1.1. It is deduced that these
magnetically driven Pickering emulsion may enhance the stability and shelf life of a drug
formulation, while permitting the controlled delivery of active pharmaceutical ingredients

when desired in response to magnetic field.

Phase 1: Phase 2: ) '
Ultrasonic Evaluating the Phase 3: Phase 4:
assisted in- feasibility of Formation of Bioactive
situ | ‘ MCNC Pickering Encapsulation
Preparation of composite as E.mUIlsl'gR'C anF<{:l /In-wtro
MCNC Pickering using L sf edase
composite stabilizer composite udies

Figure 1.1. An illustration showing the four phases in this project.

1.2 Problem Statements

Cellulose is the most abundant and versatile biopolymer in nature. Cellulose nanocrystals
(CNCs) are extracted from several kinds of cellulose, such as tunicate, cotton, straw as well
as bacterial cellulose. In the past decade, CNCs have gained more and more attention in
the nanotechnology field because of their stimuli and combination properties, including such
as biocompatibility, a high elastic modulus, low density and thermal expansion coefficient,
optical transparency and anisotropy, chemical tunability and environmentally sustainability
making it of interest in applications such as green nanocomposites (Dufresne, 2006),
security film (Zhang et al., 2012), wound dressings and medical implants (Webster, 2007).
In the recent literature, an extensive list of cellulose and CNC-based materials has been
presented and they show great potential for biomedical applications.

Possessing excellent biodegradability and biocompatibility properties, CNCs has
recently attracted a great deal of research interest in the pharmaceutical industry, in
particular as novel drug carriers for various routes of administration. For instance, Lin et
al. (2011) developed a pH-sensitive CNC/sodium alginate microsphere as controlled drug

delivery systems. The incorporation of CNC in alginate-based microspheres gave rise to
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higher encapsulation efficiency and prolong drug release in addition to a more consistent
swelling patterns. Similarly, Akhlaghi, et al. (2013) demonstrated that using polymer
grafting technique, novel (CNC)/chitosan oligosaccharide hybrid bio-nanocomposites were
synthesized and the study showed that they could be used as potential drug carriers for
transdermal delivery applications. More recently, Rescignano et al. (2014) had successfully
combined CNC and poly (b,L-lactide-co-glycolide) (PLGA) nanoparticles (NPs) loaded with
bovine serum albumin fluorescein isothiocynate conjugate (FITC-BSA) and the formed
PVA/CNC/NPs-based composites appeared to be promising potential vehicle for both
localized and fast controlled drug delivery. Nevertheless, these novel CNC-based
nanomaterials lack of active targeting properties, making them difficult to obtain
satisfactory therapeutic efficacy, thus limiting their applications in the clinical settings.
Hence, creating CNC-based drug vehicle containing stimuli-sensitive components,
able to respond to externally applied triggers will be essential and beneficial to pave the
way for greater acceptance of nanocellulose as an ideal sustainable biomaterial in
pharmaceutical applications. In the present study, author, for the first time, proposed to
develop a magnetically responsive Pickering emulsion based on magneto-sensitive CNCs to
be used as a novel controlled drug delivery carrier. The applications of magnetic cellulose
nanomaterials with tailored surface functionalities have, in fact, been reported and
suggested as magnetic aerogel (Olsson et al., 2010), magnetically retrievable oil absorbent
(Chin et al., 2014), recyclable catalyst (Xiong et al., 2013). However, the application of
proposed Fes04@CNC (MCNC) nanocomposite has yet to be explored in literature for the
preparation of Pickering emulsions and this is an interesting aspect as there are so far no
data available on the mechanisms of stabilization and drug controlled release of this
magnetically controllable colloidal delivery systems. Furthermore, the therapeutic efficacy
of this novel MCNC-based Pickering stabilizer encapsulating anti-tumor drug is also worthy

of study. This remains a major research gap that is addressed in this proposed work.
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1.3 Aims and Objectives
The aim of current proposed work is to produce a new MCNC-stabilized Pickering emulsion
(MCNC-PE) with the goal of utilizing them as cargo for controlled drug delivery application.
The following objectives listed are to be met in order to achieve the main goal of the study.
1. To synthesize MCNC nanocomposites via ultrasound-assisted in-situ synthesis under
atmospheric conditions.
2. To characterise MCNC nanocomposites in term of magnetivity, wettability, size,
morphology, and compositions.
3. To produce stable Pickering emulsion droplets using fabricated MCNC
nanocomposites and determine its magnetic- and pH-responsivity.

4. To investigate the drug loading and in-vitro release behaviour of the MCNC-PE.

1.4 Contribution of Studies

The controlled delivery of pharmaceutically active ingredients is of considerable interest in
drug delivery application. Stimuli-responsive Pickering emulsions are regarded as useful
tool with great potentials in the pharmaceutical sectors to incorporate and deliver drug or
active cargos to provide the desired outcome. Several triggering approaches include
chemical, biological, light and thermal stimuli have been developed to release the
encapsulated emulsion contents. Magnetically-induced release is an especially enticing drug
delivery method because rapid and controlled release of the payload is possible at the site
of interest upon the application of magnetic field. In the present work, the proposed study
contributes to the design and manufacture of smart magneto-responsive Pickering emulsion
systems as new controlled drug delivery systems. This research enables to prove that MCNC
nanocomposite could be a green and effective Pickering stabilizer for the generation of
pharmaceutical grade emulsions. This study will provide an important additional perspective
that is complementary to the current state of understanding of environmentally-responsive
Pickering emulsions, and we hypothesize that the success of this new generation of
therapeutic formulation will benefit and revolutionize the current and emerging research on

the design and development of smart CNC-based drug delivery systems.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Pickering Emulsion Formation

2.1.1 Nanoparticles as Stabilizer for Pickering Emulsion

Pickering emulsion is an emulsion of oil-in-water (o/w) or water-in-oil (w/0) stabilized by
solid particles in place of surfactants. The ‘surfactant-free’ characteristic makes Pickering
emulsions as an attractive formulation in numerous applications including food,
cosmeceutical and pharmaceutical where surfactants often caused adverse effects, i.e.
cytotoxicity, irritancy, and gastric discomfort. Solid stabilization leads to high energy
particles’ attachment at liquid-liquid interfaces, thus resulting in excellent emulsion stability
against coalescence. Based on earlier studies, successful evidence of Pickering emulsion
stabilized by surface-modified magnetite nanoparticles had been reported by Qiao et al.
(2012) and Zhou et al. (2012). The nano-size magnetite was reported to remarkably
stabilize emulsion droplets as small as few micrometres.

For Pickering emulsion, the stabilization of emulsion droplets occurred when the
solid nanoparticles are attached to the interface between emulsion droplets and the
continuous phase. The particles attachment are almost irreversible because the energy
required for detachment is extremely high. The energy can be calculated from Equation
(2.1) (Katepalli, 2014):

AE = mr?y,, (1 — |cos B,,,1)? [Equation 2.1]

Where r is the particle radius (m), y,w is the oil-water interfacial tension (N/m). The types
of Pickering emulsions (either o/w or w/0) formed are strongly dependents on the particles
partial wettability (or contact angle 6,,, with water and oil) (Binks and Lumsdon, 2000c).
Hydrophilic particles with 6,, < 90° have the ability to stabilize o/w emulsions, while
hydrophobic particles with 8,,, > 90° are able to stabilize w/o emulsions (as shown in Figure

2.1).
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(a) oil (b) il

Figure 2.1. Graphical illustration of solid particles with different wettability (contact angle)

at the interface of two immiscible liquids. (a) 8 < 90°, and (b) 6 > 90°.

2.1.2 Destabilization Mechanisms

The most stable condition between two immiscible liquid is when the system attains
minimum free energy (minimal contact area between the two phases) (Pichot, 2010).
Therefore, emulsions are considered thermodynamically unstable since emulsification
involved homogeneous mixing of two immiscible phases (i.e. oil and water) that will
eventually lead to an increase in oil-water contact area (higher free energy). In Pickering
emulsions formation, the high energy particles’ attachment at liquid-liquid interfaces forms
a barrier that promotes great defences for the emulsions against coalescence, which in turn
delayed the phase separations process. However, an enhanced defence against
destabilization does not always mean a total prevention. Pickering emulsions are still
subjected to destabilisation in terms of various mechanisms similar to that of surfactant
stabilized emulsions such as Ostwald ripening, coalescence, flocculation, sedimentation,
and creaming. These mechanisms are highly interrelated to each other in term of
definitions. Concisely, Ostwald ripening occurs as an outcome of the steady growth of larger
droplets by expensing the smaller droplets, where those tiny droplets formed initially would
disappear in time (Tcholakova et al., 2008). This phenomenon. In brief, indicated the
diffusion of small droplets into larger one. This is highly similar to the coalescence incident
where smaller droplets collided with each other to form a larger ones (Marruchi, 1969), and
the flocculation where fine droplets clump together into a floc (Guzey and McClements,
2006). When coalescence occurred, the flocs/larger droplets may either settled down

(sedimentation) or floated (creaming) due to gravitational separation (Choi et al., 2014)
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and finally leads to phase separation. Figure 2.2 shows the schematic explanation of the
de-stabilizing phenomena mentioned.

Sedimentation

Creaming Flocculation

i

Coalescence Ostwald Ripening
g&)’i -/ \' Zs
® U e

Stable Emulsion o2

N N4

Figure 2.2. Graphical illustration of different destabilization mechanisms on emulsion.

2.1.2.1 Interfacial Free Energy

As described earlier, a system with minimum contact area between two immiscible liquid
specifies the minimum free energy condition. To achieve that small droplets tend to collide
with each other to form larger emulsion droplets with lower free energy. As expressed in
Equation (2.2) (Jatin, Somnath, and Dash, 2010), an increase in contact area between the
two immiscible liquid pointers to free energy (AG) increment in the system (and vice versa).
Therefore, emulsion droplets size provide a good indication of the interfacial free energy
and so it is an important parameter to monitor in order to determine the stability of an
emulsion.

AG =y, A [Equation 2.2]

Where y,, is the oil-water interfacial tension (N/m), and A is the total interfacial area (m?).
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2.1.2.2 Interaction Potential

The interaction potential between emulsion droplets shows whether repulsive or attractive
force dominates. It is expressed as the sum of van der Waals, electrostatic, and short-
range interactions (Equation 2.3) (Demetriades, Coupland, and McClements, 1997).

Vringe = Vpaw + Ve + Vr [Equation 2.3]
Where Viine, Voaw, Ve, and V. are total, van der Waals, electrostatic, and short-range
interaction respectively.

In particular, van der Waals interactions are normally attractive. Electrostatic interactions,
on the other hand, are usually repulsive since the particulate emulsifier used in Pickering
emulsion generation are usually having similar charges. Lastly, short-range interaction
occurs when droplets emulsifier layers started to overlap. In this situations, both repulsive
(steric and thermal fluctuation) and attractive interactions (hydrophobic and depletion) may
take place depending on the nature of the emulsions and particulate emulsifier (Dickinson,
1992; Israelachvili, 1992; Walstra, 1996). The three types of interactions mentioned could

be effectively examined through optical visualization under a microscope.

2.1.2.3 Gravitational Separation

Gravitational separation or phase separation are interrelated to sedimentation and
creaming. It happened mainly regarded to the density differences between the continuous
phase and disperse phase that causes the lighter phase to move up while the heavier phase

settles down. This separation can be explained by Stoke’s equation (Equation 2.4).

— Zgrz(pcont - pdisp)/
9p-cont

v [Equation 2.4]

Where v is the settling velocity by gravity (m/s), ris the droplet radius, g is the gravitational
force (m/s?), u is the viscosity of continuous phase (kg/ms), Pcont and pdisp are the density
of continuous and disperse phase respectively (kg/m?3).

Gravitational effects can be examined by simply measuring the volume fraction of

cream/sediment in emulsions in accordance with time.
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2.1.3 Methods of Pickering Formation
Much equipment have been invented recently for the production of emulsions/Pickering
emulsions. In this section, the rotor-stator and ultrasound (US) system on two Pickering
emulsion production methods (rotor-stator and ultrasonic system) will be focused.
Rotor-stator system utilizes mechanical energy that drives the droplet disruptions.
It is one the most commonly used homogeniser (Schubert and Engel, 2004). Its operation
involved high-speed agitation that emulsified every ingredient present in a vessel. Thus,
the size of emulsion droplets produced under this method is directly affected by the rotating
speed and homogenizing time. Next, US system is a famous and green system for
emulsification of oil globules (Chen et al., 2011). It employed ultrasonic acoustic wave to
create instability to the bulk system and caused droplets formation (Pichot, 2010). These
coarse droplets are then disrupted further by the high energy acoustic cavitation to reduce
the oil globule size. In the US system, parameters that have the most effect on Pickering

emulsion sizes would be ultrasonic power and sonication time.

2.1.4 Factors affecting Pickering Emulsion Properties and Stability
Emulsion stability often refers to the ability of an emulsion to stay away from properties
variation over a period of time. Factors affecting the stability and characteristics of Pickering
emulsion includes Particles partial wettability (or hydrophobicity), particulate emulsifier
size, concentration, oil type, oil/water ratio, and electrolyte concentration. As mentioned in
section 2.1.1, types of Pickering emulsion and strength of particles adsorption at the oil-
water interface depends on its partial wettability. In short, particles must be partially
wettable by both liquids in order to get adsorbed at the interface. Therefore, excessive in
hydrophobicity or hydrophilicity would retard the particle adsorption at the interface, and
consequently failing the generation of stable Pickering emulsion. From literature, Kaptay
(2006) claimed that optimum 6,,, for o/w emulsions falls between 70 - 86°, and 94 - 110°
for w/o type emulsions.

Since Pickering emulsion is stabilized by adsorbing particles at the oil/water interface
of emulsion droplets, smaller particle size would results in smaller emulsion droplets

10
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because smaller particles favoured lesser voids available on the Pickering emulsion droplets
(as expressed in Figure 2.3). However, these Pickering emulsion droplets generated by
smaller particles may not be as stable as those prepared by larger particles. This can be
explained via equation 1. With fixed interfacial tension and interfacial contact angle (same
oil/water content, same particulate emulsifier), detachment energy, E is a function of
particle size (E = f(r?)). Therefore, smaller particles lead to lower detachment energy, and
thus the Pickering emulsion formed will ease the destabilization. Henceforth, there will
always be an optimum ratio between particulate emulsifier and Pickering emulsion sizes for
the generation of small yet stable Pickering emulsions. This theory was further supported
by Pichot’s research where phase separation was observed on emulsions prepared with
silica particles of size 50 nm, but not on the emulsions stabilized by larger particles (85 nm

and 120 nm) (Pichot, 2010).

Figure 2.3. Schematic view of Pickering emulsion droplet stabilized by (a) larger size

particles and (b) smaller size particles.

The concentration of solid particles also affects the stability of Pickering emulsion.
The reason behind is mainly attributed to the low coverage of emulsion droplets by particles
that resulted in the insufficient repulsive barrier against coalescence (Tambe and Sharma,
1993). At higher particles concentration, more colloids are available in the system particles
adsorption. This contributed to limited coalescence where the emulsion droplets only
coalesced up to a point where the Pickering barrier is sufficient for shielding the coalescence

(see Figure 2.4). This principle was braced by several other researchers in literature. For

11
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example, Kalashnikova et al., (2011), and Zoppe and others (2012) work shows that
emulsion stability was enhanced with increased nanocellulose concentration in the system.
Furthermore, they also showed that emulsions droplet size could be controlled by

controlling the nanocellulose concentration.

Figure 2.4. Schematic view of (a) high particles concentration versus (b) low particles

concentration in stabilizing Pickering emulsion droplet.

Moving on to oil type and oil/water ratio, Binks and Lumsdon (2000b) reported that
with particles of intermediate hydrophobicity (approximately 90°), o/w emulsion type is
more preferred when non-polar oils such as that formed by hydrocarbons is used, whereas
w/o is preferable when polar oils such as esters and alcohols are used. The reason behind
is again related to equation 1, the oil-water interfacial tension y,,, and particles contact
angle at interface 6,, that has direct effects on detachment energy. Non-polar
hydrocarbons oil with high y,,, exhibit low values of 6,,, and thus favour o/w emulsions,
and polar alcohols or esters with low y,,, would increase the 6,,, values and gives w/o
emulsions (Binks and Lumsdon, 2000b). Besides oil type, the same research group also
investigated on effects of oil/water ratio on emulsion types and stability. Their research
showed that at w/o types were formed with increased oil/water ratio (high oil fraction) and
o/w emulsion were acquired at a reduced ratio (Binks and Lumsdon, 2000b).

Lastly, emulsion stability can also be altered by changing the electrolyte/salt

concentration. In particular, the addition of salts contribute to the reduction of particles

12
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surface charge and thus causing flocculation of particles. From literature, Binks and
Lumsdon (2000a) reported that stability of emulsion with the addition of salt is strongly
dependent on the types of particulate emulsifier employed in the system. For instance, with
the addition of salt, no emulsion was formed when hydrous maghemite (Fe,0s3) is used as
the particulate emulsifier (Binks and Lumsdon, 2000a). However, for aerosil silica particles
and nanocellulose, stable emulsions will only be produced if particles were flocculated by
salt (Binks and Lumsdon, 2000a; Zoppe, Venditti and Rojas, 2012). This phenomenon is
related to the particles surface charge. If the particles originally possessed high charges,
its repulsion force will hold as a barrier to retard the stability of the emulsions. Thus a
certain amount of salt is required to be added into the particles suspension to screen its
surface charge to favour stable emulsions. On the other hand, if the particle’s surface
charge is low, further addition of salt will merely cause the reduction of the charges and

trigger coalescence between particles, resulting in destabilization of the emulsions.

2.1.5 Types of Particulate Emulsifier

Types of particulate emulsifier can be categorized into inorganic and organic molecules,
with inorganic particles dominating in the literature (Binks and Lumsdon, 2001) due to their
availability in different size and shape as well as the existence of their surface functional
groups, which makes them possible for modification (Lam et al., 2014). In spite of these
benefits, most of these inorganics are not biocompatible nor biodegradable. Hence, in
recent years significant attentions have been paid to Pickering emulsion stabilization using
organic-based materials as the particle-based stabilizer that is biocompatible,
biodegradable, non-toxic, and widely available. Previous studies had reported that there
are many organic or hybrid (mixture of organic and inorganic) nanoparticles that are
biocompatible while able to be used as Pickering stabilizer for emulsion. Some common
examples are clays (Ashby and Binks, 2000), magnetic particles (Melle, Lask and Fuller,
2005; Qiao et al., 2012; Zhou et al., 2012), natural latex (Binks and Lumsdon, 2001;

Gautier et al., 2007), Nanocellulose (Capron and Cathala, 2013; Cunha et al., 2014;

13
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Kalashnikova et al., 2011; Zoppe, Venditti and Rojas, 2012), chitosan (Liu et al., 2012;
Nan et al., 2014; Wei et al., 2012), and so on (Chevalier and Bolzinger, 2013).

These nanoparticles were chemically grafted or surface adsorbed with other
chemicals to achieve the circumstance of partial wetting by water and oil. Between the two
techniques mentioned, chemical grafting is able to produce solid nanoparticles with grafts
attached tightly on its surface, whereas adsorbed molecules in equilibrium with free
molecules and bulk phase may undergo desorption when the equilibrium condition altered
(Chevalier and Bolzinger, 2013). Although the procedure of chemical grafting method is
much complex as compared to the surface adsorption method (Chevalier and Bolzinger,
2013; Lee et al., 2006; Skaff et al., 2002). It allowed the formation of a solid composite
with better physicochemical stability as compared to the adsorbed ones. Thus, chemical
grafting approach is focused in this project to synthesize magneto-responsive nanocellulose

that will be further utilized for the formation of Pickering emulsion.

2.2 Green Pickering Emulsion Stabilizer: Nanocellulose

To date, this world is more and more concerned about the development of environmentally
friendly and renewable resources. Same goes for the research community where the
development of renewable biomaterials for advanced applications has been recently gained
momentum (Hamad, 2006; Kamel, 2007). In particular, cellulose is an attractive material
source that has been the main focused of researchers nowadays due to its availability,
biodegradability, renewability, and amenability for surface modification (Kalashnikova et
al., 2011; Zoppe, Venditti and Rojas, 2012). The cellulose that contained crystalline and
amorphous regions, could be subjected to various preparation methods to yield rod-like
nanocrystals with even more unique surface, optical, and mechanical properties (Dufresne,
2008; Habibi et al., 2010). In overall, classes of nanocellulose can be categorized into three
groups depending on their sources, dimensions, and preparation methods. They are termed
as microfibrillated cellulose (MFC), bacterial nanocellulose (BNC), and cellulose nanocrystal
(CNC). Table 2.1 showed a brief summary of the differences between the three mentioned

groups of nanocellulose. From literature, many examples have shown that stable Pickering
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emulsion formation is feasible with the use of surface modified/unmodified nanocellulose.

These examples will be mentioned in the subdivision in this section.

Table 2.1. Differences between nanocellulose types (adapted from (Zhen, 2015)).

cellulose (MFC)

nanofibril (CNF)
Nanofibrillated

cellulose (NFC)

de-structuring

Nanocellulose Synonyms Synthesis method Dimensions
type
Microfibrillated e Cellulose Mechanically Diameter: 5 - 60 nm

Length: up to several

micrometres

Bacteria
nanocellulose

(BNC)

Bacterial

cellulose

Biocellulose

Microbial

cellulose

Bacterial

biosynthesis

Diameter: 20 - 100
nm
Length: up to several

micrometres

Cellulose
nanocrystal

(CNC)

Nanocrystalline
cellulose (NCC)

Nanowhisker

Acid hydrolysis

Diameter: 5 - 70 nm
Length: up to few

hundred nanometres

2.2.1 Microfibrillated Cellulose (MFC)

MFC is also named as cellulose nanofibril (CNF) or nanofibrillated cellulose (NFC). Its typical
dimensions are ranging from 5 to 60 nm for diameter and up to several micrometres in
length. They are normally produced through mechanically induced de-structuring approach
(Zhen, 2015). However, the process for its production often required high-energy
consumption due to the employment of high-power homogenizers (Zimmermann, Bordeanu
and Strub, 2010). From recent collected works, MFC is found to have good ability to form
a rigid network due to its high length to diameter aspect ratio and low percolation level.

Furthermore, it has adjustable hydrophobicity and is non-toxic. Thus, it has been the choice
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for researchers to be utilized in stabilizing Pickering emulsion droplets for oil recovery and

drug delivery applications (Zhen, 2015).

2.2.2 Bacterial Nanocellulose (BNC)

Moving onto BNC, it was biosynthesized from bacteria strains as resulted from explicit
environments (Zhen, 2015). Unlike the MFC and CNC that are obtained from fibre cellulose,
BNC is the product of the excretion of bacteria as exopolysaccharide through bioassembly
processes from nutrient media (Cherian et al., 2013; Zhen, 2015). The dimensions of BNC
are controllable over the length scale of nano to micron scale, and its properties could be
engineered by regulating the substrates, cultivation conditions, additives, and bacteria
strain. Because BNC is morphologically similar to collagen and proved to have no foreign-
body reaction, it has been widely exploited for many medical applications namely biological
implant, cell immobilization, cell support and others (Gatenholm and Klemm, 2010). As for
its application in stabilizing Pickering emulsion, Kalashnikove et al. (2011) performed an
examination of forming Pickering emulsion using bacterial nanocellulose and received a

positive outcome with stable Pickering micro-emulsion.

2.2.3 Cellulose Nanocrystal (CNC)

CNC has synonyms of cellulose nanowhiskers and nanocrystalline cellulose (NCC). It is

favoured from acid hydrolysis. Its surface functionality depends highly on the acid used for
hydrolysis (Zhen, 2015). CNC produced is neutral charged under hydrochloric acid (HCI)
hydrolysis, and is highly negatively charged if sulphuric acid hydrolysis is taken place to
form the CNC since sulphuric acid hydrolysis provides uniform aqueous dispersions and the
ability to self-assemble into chiral-nematic liquid crystals due to the presence of sulphate
ester groups installed on the surface (Dong et al., 1998; Elazzouzi, 2006). It has a similar
diameter range to MFC but the length is much shorter than that of both MFC and BNC (only
up to few hundred nanometers). Many examples have shown that stable Pickering emulsion

formation is feasible with cellulose nanocrystal, for example, Kalashnikove et al. (2012)
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formed stable Pickering emulsion using unmodified cellulose nanocrystal, Hu et al. (2015)
and Zoppe and others, (2012) produced stable Pickering emulsion with surface modified
cellulose nanocrystal.

In overall, the use of nanocellulose as the stabilizer for Pickering emulsions is more
advantageous over some inorganic nanoparticles when considering biocompatibility,
biodegradability, density, and cost issues. Thus in this project, Fe;04s@CNC (MCNC)
nanocomposite will be focused, aimed not only to produce green Pickering emulsion

droplets but also with magnetic properties, for targeted controlled drugs delivery processes.

2.3 Surface Functionalization of Cellulose Nanocrystal (CNC)

The surface functionality of CNC depends highly on the acid used for the hydrolysis process.
In brief, CNC will be neutrally charged under hydrochloric acid (HCI) hydrolysis while highly
negatively charged under sulphuric acid (H2S04) hydrolysis due to the introduction of
sulphate ester groups onto its surface (Zhen, 2015). To utilize CNC in drug delivery
technology, researchers often incorporate CNC with certain fillers to introduce one or
multiple stimuli-responses and to control its stability. Extra properties including thermal,
photoluminescent, conduction, magnetic properties and others have been investigated to
date. In this section, a few examples of modified CNC will be concisely reviewed for thus

far works and for future potential applications.

2.3.1 Thermal Properties

Thermos-responsive CNC has been well reported to control the colloidal stability of CNC. It
was found that thermo-reversible aggregation could be introduced to CNC activate the self-
assembling and disassembling functionalities (Wu et al., 2015; Zoppe, Venditti and Rojas,
2012). Such response to temperature is advantageous especially when the particles are
utilized in Pickering emulsion stabilization. As previously noted, Pickering emulsion
stabilizer often required very high mechanical energy for desorption to happen as compared
to the surfactant-stabilized emulsion. The introduction of temperature-sensitive properties
allowed one to effectively control the stability of the Pickering carrier via altering the
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surrounding temperature. This can be useful in various biomedical applications especially
when triggered release of bioactive ingredient is required. An example of such achievement
is done by Zoppe and others (2012) who have successfully produced thermo-responsive
CNC by grafting poly(NIPAM) brushes onto CNC and formed Pickering emulsion utilizing the

mentioned composite.

2.3.2 Photoluminescent Properties

Photoluminescent responsive nanocellulose are attractive materials in sensing technology.
To induce photoluminescent or fluorescent properties to nanocellulose, an interesting
approach nowadays is the incorporation of quantum dots (QDs) to nanocellulose. Recently
Wang et al., (2013) showed successful covalent attachment of quantum dots onto the active
functional groups on cellulose surface. Besides QDs, fluorescent materials have also been
widely used as filler to synthesize photoluminescent nanocellulose. For instance, Helbert et
al. (2003) successfully produced fluorescent micro/nano- fibril via grafting of 5-(4,6-
dichlorotriazinyl)aminofluorescein (DTAF) onto bacteria nanocellulose for detection of
cellulase activity. Furthermore, Wu et al., (2015) performed the grafting of fluorescent and
thermos-responsive poly(N-isopropylacrylamide) (PNIPAAM) brushes onto CNC, resulting
in dual stimuli-responsive CNC. Last but not least, Navarro et al. (2015) produced
multicolour CNF by first modifying CNF with furan and maleimide groups, followed by the
coating of CNF with several fluorescent probes. Their results showed that two luminescent
dyes could be selectively labelled onto CNF, yielding CNF with multicolour (Navarro et al.,
2015). These achievements could definitely aid in boosting the advancing photoluminescent

nanocellulose in various sensing applications.

2.3.3 Conductive Properties

Conductive cellulosic materials have generated great interest due to their potential in
developing flexible electronics with benefits of lightweight, good thermal and chemical
stability (Johnston, Moraes and Borrmann, 2005). Out of those electronics, supercapacitor
served as one of the most commonly produced devices from the conductive nanocellulose.
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For example, CNC based composite electronics have been reported as flexible organic field
effect transistor by incorporating CNC with tin oxide (Valentini et al., 2014). These coatings
are said to be done through the reaction of surface coating agents with surface hydroxyl
groups of nanocellulose (Johnston et al., 2006). In fact, paper sheet based on polypyrrole
and polyaniline coated cellulose fibres were produced using ferric chloride as an oxidant in
the study and they claimed the interaction to be chemical bonding between the H and N in
pyrrole ring with the hydroxyl groups of cellulose (Johnston et al., 2005, 2006). The
incorporation of conductive filler to cellulosic materials not only advanced the properties of
various commercial electronics but also enhancing the development of green electronics as

future devices.

2.3.4 Magnetic Properties

Introduction of magnetic properties onto cellulosic materials is in fact, a newly extended
area for nanocellulose surface functionalization. Literatures reported on incorporation of
magnetic NPs and cellulosic materials claimed the working principle behind this remarkable
combination to be mostly in hydrogen bonding between carboxyl/hydroxyl group of
cellulose and hydroxyl group on magnetic NPs surface, or anchoring of magnetic NPs in
pores of cellulosic materials (Li et al., 2013; Xiong et al., 2013). Besides that, another
available interaction was reported by Liu et al., (2013) in the case of in-situ synthesis, there
would be electrostatic interactions between carboxyl/hydroxyl groups of cellulosic materials
and metal ions (e.g. Fe?* & Fe3*). These ferrous & ferric ions are then transformed to Fe304
NPs by adjusting the pH of the medium to 11 by a base solution, resulting in Fez04
NPs/cellulosic composites (Liu et al., 2013). Thus by far, it is safe to say that there are
three testified interactions available for interacting magnetic NPs with cellulosic materials.
To the best knowledge of the author, in most of the works done by researchers, magnetic
NPs incorporated nanocellulose are directly employed for applications such as oil recovery,
hyperthermia, enzyme immobilization, drug delivery, antibacterial activity and catalytic
activity (Chin et al., 2014; Mahmoud et al., 2013; Nypeld et al., 2014; Xiong et al., 2013).

There is, however, no reported investigation on the formation of Pickering emulsion using
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such nanocomposite. With inspiration from the mentioned accomplishment, the author
proposed to investigate and develop a facile in-situ synthesis of MCNC nanocomposite,

aiming ultimately to serve as Pickering emulsion stabilizer.

2.4 Magnetic Nanoparticles

Magnetic NPs allow the targeted transportation of drug carrier to cellular tissues through a
direct manipulation by an external magnetic field (EMF) (Plank et al., 2003). To date, the
most commonly used magnetic NPs is claimed to be the ferrites (Fe) nanoparticles (Lu et
al., 2007). In this project, magnetite (Fe304) is proposed to serve as the targeted magnetic
NPs as it is one of the most commonly used magnetic NPs that provides superparamagnetic
properties in room temperature (Lu et al., 2007), furthermore it has been approved by the
Food and Drug Administration (FDA), implying that magnetite is quite benign toward
humans (Lattuada and Hatton, 2007). General applications of magnetite include magnetic
resonance imaging (Kim et al., 2001), drug targeting (Zhang and Misra, 2007),
hyperthermia (Silva et al., 2011; Fortin et al., 2007), magnetic recording tape (Lu et al.,

2007), ferrofluid (Zubarev and Iskakova, 2004) etc.

2.4.1 Concept of Magnetism

Magnetism is claimed to be magnetic phenomena in materials, resulted from moving
charges of atoms, sourced from two electronic motions namely, orbital and spin motion of
electron, where orbital motion is an electron with a rest mass and a charge moving in a
circular orbit of a radius at a velocity (Figure 2.5), and spin motion is magnetic moment
based on the spin of the electrons (Chen, 1977a; Sorensen, 2002). The two magnetic
moment are combined into a resultant magnetic moment of an electron. However, the
combination of both magnetic moment is affected by the spin-orbital interaction, in short,
an electrostatic interaction is taken place between the orbital and spin motion because each
motion produces a magnetic field that would affect the other (Chen, 1977a). Thus, the
magnetic effects of a material are literally dependent on the arrangement of the atoms in
crystalline lattices and the alignment of the spins. For magnetic materials, the magnetic
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properties are branded into 5 main categories: diamagnetic, paramagnetic, ferromagnetic,
ferrimagnetic, and antiferromagnetic (Chen, 1977b). A solid is said as diamagnetic if it
repelled from a permanent magnet and as paramagnetic, ferromagnetic, and ferrimagnetic
if it attracted by a permanent magnet, with ferromagnetic having the strongest attraction,
followed by ferrimagnetic with slightly weaker interaction due to the presence of different
lattice sites in the crystalline network (Zhang, 2007), and paramagnetic that is weakly
attractive towards a magnetic pole (Chen, 1977b; Sorensen, 2002). Antiferromagnetic
materials, on the other hand, indicating that it does not sustain a magnetic field due to the
opposite alignment from both moments in the crystalline lattice. Besides these five main
categories, it is worth to mention that there are still other kinds of magnetism that are not
included because they could be viewed as variations of the ones listed (Chen, 1977b). Out
of the unlisted magnetism, the superparamagnetism that lines up their moments with an
external applied magnetic field and loses the alignment once the field is detached is the

main magnetic working principles for magnetite nanoparticles employed in this project.

Figure 2.5. Vector model showing the spin-orbital interaction for a bound electron (adapted

from (Brailsford, 1966)).
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2.4.2 Magnetism in Magnetite Nanoparticle (MNP)

Magnetite (Fes04) is a type of ferrimagnetic material that is most commonly used due to
its low toxicity and good biocompatibility, in addition with approval by the Food and Drug
Administration (FDA), that it is safe to human body (Lattuada and Hatton 2007). The
magnetic properties of this nanoparticles differ from its bulk form because its dimensions
are much smaller than the typical domain size (typical domain size mentioned here are
approximately > 100 nm (Hitchhiker's Guide, 2015)), when the magnetic moments of the
atoms aligned under an EMF, at multidomain (MD) structure to reduce the magnetostatic
energy associated with a large stray field (Bogart et al., 2014). If the nanoparticles sizes
are smaller than the typical domain size in bulk form, the nanoparticles will be in single
domain (SD), where further reduction would lead to the superparamagnetic state (Figure
2.6), which the magnetic moment is now sensitive to thermal effect that could cause
random flipping of magnetic moment (Apsel et al., 1996; Bean and Livingston, 1959; Bogart
et al., 2014). An example of single- and multi-domain structures are as illustrated in Figure
2.7. Thus, the size of magnetite nanoparticles (MNPs) is utmost important because it has a
strong relationship with its magnetic properties. To date, there are several common
synthesis techniques reported in the literature, namely co-precipitation, thermal
decomposition, hydrothermal synthesis, microemulsion, and sonochemical synthesis. These
techniques have their own advantages and limitations when they are utilised in preparing
MNPs. Thus the properties of products synthesized under each approach must be taken into
account so that appropriate techniques could be selected for synthesizing magnetite

nanoparticles to be used in different applications.
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Figure 2.6. Magnetic behaviour of MNPs at different size range (adapted from (Hitchhiker's

Guide, 2015)).
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Figure 2.7. Schematic illustration of structures of (a) single domain and (b) multidomain

(adapted from (Hitchhiker's Guide, 2015)).

2.4.3 General Techniques in the Synthesis of MNP

MNPs with controlled sizes and shapes are important criteria for its synthesis as regarded
by the strong correlation between these parameters and magnetic properties. Among the
different techniques used in synthesizing MNPs, other requirements such as cost, simplicity,
nanoparticles quality, and time consumption should also be considered. At present, there
are several common synthesis techniques reported in the literature as mentioned in the
previous section, they are co-precipitation, thermal decomposition, hydrothermal

synthesis, microemulsion, and sonochemical synthesis. These techniques have their own

23



Low Liang Ee Monash University — Chemical Engineering

advantages and limitations when they are utilised in preparing MNPs. Therefore, synthesis

technique must be wisely chosen so that the desired magnetite products can be obtained.

2.4.3.1 Co-precipitation

Co-precipitation method is the simplest method for obtaining MNPs. This method involved
the mixing of ferric and ferrous ions in a 2:1 molar ratio in high basic solutions at either
room or at elevated temperature. Wu et al., (2009) reported that the size and shape of the
MNPs are dependent on the type of salt used, the ferric and ferrous ions ratio, the reaction
temperature, pH, ionic strength of the media, stirring rate, and many other aspects.
However, it was also reported that MNPs are very unstable under ambient condition and
are easily oxidised or dissolved in an acidic medium, and thus the synthesis process must
be performed in the anaerobic condition. Additionally, this fabrication technique generally
resulted in magnetite nanoparticles with a wide particle size distribution. The waste from
this process is also very alkaline and will require additional treatments before discharging
to cope with environmental legislation. Despite the mentioned disadvantages, many
researchers still focused on co-precipitation method due to its process simplicity. Recently,
many researchers have successfully synthesized monodispersed MNPs using co-
precipitation method by adding surfactant that would prevent the magnetite agglomeration.
For example, Lopez et al., (2010), and Mahdavi et al., (2013) synthesized monodispersed
MNPs with sizes range of 7 to 18 nm using oleic acid as surfactant. Furthermore, Agotegaray
et al. (2014), also successfully synthesized such monodispersed MNPs by coating chitosan
to prevent aggregation. On the other hand, the formation of MNPs jn-situ in biotemplate
that contain antioxidant or reducing agent such as plant materials showed not only the
successful prevention for agglomeration but also inhibition of the oxidation of MNPs under
ambient conditions. I.e. Cai et al. (2010) successfully synthesized MNPs with an average
diameter of 8 nm, in-situ under the presence of soya bean sprouts without the needs of
anaerobic conditions. Therefore, the polydispersity issue and requirement of anaerobic
conditions for MNPs synthesized utilizing this method are considered solved and the only

problem that still exists is the treatment of waste generated from this system.
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2.4.3.2 Thermal Decomposition

Thermal decomposition route has been widely utilised in the magnetite synthesis. The
process covered a decomposition step, followed by oxidation to give high-quality
monodispersed MNPs. From literature, Sun and Zeng (2002) reported the synthesis of
monodispersed MNPs without size-selection process via thermal decomposition of Fe(acac)s
in phenyl ether in the presence of alcohol, oleic acid, and oleylamine, at 265 °C, and yield
MNPs with size ranging from 4 nm to 16 nm dependent on controlling the quantity of
nanoparticle seeds. In another study, Lee et al., (2010) also reported a large-scale
synthesis of monodispersed MNPs (with a size of 2.2 £ 0.2 nm) by decomposing Fe(acac)s,
Fe(acac);, and 1,2-hexadecanediol in the presence of octyl alcohol at 210 °C. Although this
method allowed the generation of MNPs with good monodispersity and in large scale,
however, it is very complicated and required a very high temperature (e.g. up to 200+ °C),

and the resulting NPs from this methods are generally only dissolved in nonpolar solvents.

2.4.3.3 Hydrothermal

Hydrothermal synthesis method has been used to produce dislocation-free crystal particles.
The grains formed through this process can give a better crystallinity than those from other
processes and hence, the hydrothermal process was claimed to be able to obtain the high
crystalline iron oxide NPs (Wu et al., 2009). Wang et al., (2003) reported a one-step
hydrothermal process in preparing highly crystalline monodispersed MNPs without
surfactants. Next, Zheng et al., (2006) also reported the production of MNPs of 27 nm in
the presence of sodium bis(2-ethylhexyl)sulfosuccinate (AOT) via hydrothermal process,
and both have reported that a superparamagnetic behaviour is available for the MNPs at
room temperature. Despite there are many benefits utilising this technique, the fabrication
necessitates the process to be performed at a relatively high temperature (140 °C) for quite
a long time. Furthermore, the sizes of MNPs synthesized under this methods is also very

much depends on the operating temperature. For instance, MNPs produced by Wang et al.,
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(2003) shows different sizes under different temperature (25 nm at 100 °C, 40 nm at 140

°C and 45 nm at 180 °C).

2.4.3.4 Microemulsion

Microemulsion and inverse micelles route are claimed to be a possible way to generates
shape- and size-controlled MNPs. First of all, stable microemulsion can be produced by
emulsifying two immiscible phases (water and oil) under the presence of surfactant, where
the surfactant will form a layer around the water-oil interface. Similarly to normal emulsion
system, different types of self-assembled structures of emulsion could be formed, ranging
from (inverted) spherical and cylindrical micelles to lamellar phases and bicontinuous
microemulsions and thus aiding in generating shape- and size-controlled MNPs (Wu et al.,
2008). In particular, water-in-oil (w/0) microemulsions are formed by dispersing the
nanodroplets of aqueous phase by the assembly of surfactant in a continuous oil phase (Wu
et al., 2008). From literature review, monodisperse maghemite NPs were synthesized by
one-pot microemulsion method (Vidal-Vidal et al., 2006). The reported synthesis involved
the capping of spherical particles with monolayer coating of oleylamine, and was able to
produce a narrow size distribution (3.5 £ 0.6 nm), in spherical shaped, having high
saturation magnetization (Ms), and are strongly protected by a monolayer coating (Vidal-
Vidal et al., 2006). Moreover, the results have shown that oleylamine is acting as
precipitating and capping agent. However, it does not prevent particle aggregation. In
overall, although this fabrication method has many advantages, it requires further
stabilizing treatments to reduce the high surface energy of the produced particles to avoid

aggregation.

2.4.3.5 Sonochemistry

The sonochemical method has been famous for the synthesis of various nanocomposites.
The working principle behind this synthesis method is due to the ultrasonic induced acoustic
cavitation, which involved the formation, growth, and collapse of bubbles in liquid, that
could generates a intense local heating, and high pressure (as shown in Figure 2.8) and
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producing a short burst of light (known as sonoluminescence, SL) and microjets in a very
short lifetime (Suslick and Price, 1999). These extreme conditions are beneficial and are
prone to the preparation of highly monodisperse nanoparticles. Out of all the
nanocomposites produced, its versatility has been successfully demonstrated in iron oxide
nanoparticles preparation (Bang and Suslick, 2007). In particular, MNPs can be synthesised
by sonication of iron(II) acetate in water with inert (argon) surrounding. From literature, a
sonochemical synthetic route for preparing the nanosized magnetite powders with
superparamagnetic properties at room temperature was reported (Vijayakumar et al.,
2000). In addition to that, another facile route combining co-precipitation and
sonochemistry was also reported by Dorniani et al. (2012), where solution consists of
ferrous chloride tetrahydrate (FeCls.6H>0) and ferric chloride hexahydrate (FeCls.4H,0), in
deionized water were sonicated in the presence of ammonia hydroxide to vyield

monodispersed MNPs of approximately 10 nm.
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Figure 2.8. An exaggerated illustration of the growth of a cavitation bubble when it is
subjected to sound field and leads to eventual collapse (adapted from (Mason and Peters,

2003)).

2.4.3.6 Overall Comparison of Synthesis Techniques

In overall, there were many synthesis methods reported to date with their respective
advantages and limitations when they are used to prepare MNPs. Thus when deciding the
synthesis methods, such advantages and limitations must be taken into account to ensure

the right method is chosen for the respective right application. Properties of each synthesis
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techniques as reviewed in Table 2.2 were considered for the selection of appropriate
techniques used in this study for magnetite nanoparticles synthesis. In this project,
sonochemical co-precipitation method is focused due to its advantageous properties such
as process simplicity, time saving, and its possibility in producing highly monodispersed

magnetite nanoparticles.

Table 2.2. Advantages and disadvantages of reviewed magnetite nanoparticles synthesis

techniques.
Synthesis Techniques Advantages Disadvantages
Co-precipitation (Cai et e Unstable under
al., 2010; Nazrul Islam et ambient condition
e Widely
al., 2011; Jadhav et al, without
documented
2013; Wu et al., 2009) antioxidant/surfactant
e Simple
(Mixing ferric and ferrous e Polydispersity without
e Do not requires
ions in a 2:1 molar ratio in surfactant
high temperature
high basic solutions) e Additional treatments
for waste
Thermal decomposition
e High temperature
(Lee et al., 2010; Sun and
process
Zeng, 2002; Wu et al.,
e High-quality e Complicated process
2009)
monodispersity e Resulted nanoparticles
(Decomposition steps,
generally only dissolved
followed by oxidation at very
in nonpolar solvents
high temperature)
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Synthesis Techniques

Advantages

Disadvantages

Hydrothermal (Wang et
al., 2003; Wu et al., 2009;
Zheng et al., 2006)

(Crystallization process in

autoclaves chamber)

e Production of
dislocation-free
crystal particles

e Monodispersity

e Stable with

superparamagnet

ic properties in

room condition

e Process involving two
temperature zones in a
chamber

e Time consuming

e Required surfactant

Microemulsion (Vidal-Vidal
et al., 2006; Wu et al.,
2009)

(Dispersing nano-droplets of
aqueous phase by the
assembly of surfactant in a

continuous oil phase)

e Shape- and size-

controlled
e Could be
performed in

room condition

further

requires

stabilizing treatments

Sonochemical (Dang et al.,
2009; Dolores et al., 2015;
Dorniani et al., 2012;
Suslick and Price, 1999; Teo
et al., 2010; Vijayakumar et
al., 2000; Wu et al., 2009)
(Intense local heating, high
pressure with short burst of
light and microjets due to

ultrasonic induced acoustic

cavitation)

e Simple

e Monodispersity

e Does not required
high temperature

e Stable with

superparamagnet

ic properties at

room condition

e Acoustic wave of US
cannot be controlled
with normal ultrasonic

equipment

29




Low Liang Ee Monash University — Chemical Engineering

2.4.4 Surface Functionalization and Stabilization of MNP for Drug Delivery System
In the preparation of MNPs, its stability against agglomeration is of utmost importance.
Binding agents such as organic molecules, biological molecules, and various inorganic
molecules are often employed to reduce the surface energy of MNPs to avoid agglomeration.
Besides being utilised as surface passivate agent, the choice of molecules to be bonded to
the surface of MNPs often takes into account of the possibility of the expansion of its
application scope (e.g. for medical applications, choosing molecules with surface functional
groups to coat with MNPs so that other drugs can be loaded on the MNPs carrier). To date,
researchers often coat MNPs with either organic or inorganic molecules with good
biocompatibility to ensure magnetic properties remain in the nanostructure material (Sun
et al., 2005). Organic molecules such as polymer (chitosan, gelatin, dextran,
poly(ethylenimine) (PEI), poly(ethylene glycol) (PEG)), copolymers, (PEI-PEG-chitosan) or
biomolecules (oleic acid), have been widely used for producing MNPs that is feasible for
biomedical applications. For example, a successful coating of chitosan on MNPs was
reported by Dorniani et al., (2012), where magnetite was coated with chitosan, utilizing the
negatively charged surface of MNPs. Because of this factor, magnetite had an affinity
towards amine groups of chitosan and hence the protonated chitosan could be coated on
the surface of magnetite by electrostatic interaction and chemical reaction through
epichlorohydrin crosslinking (Saifuddin and Dinara, 2012). Besides that, Agotegaray et al.,
(2013), and Zhang et al., (2006) successfully coated MNPs with oleic acid and chitosan to
form magnetite nanocomposite for targeted Diclofenac delivery based on covalent bonding
between oleic acid and magnetite, and electrostatic interaction between oleic acid and
chitosan (Bonferoni et al., 2014), and Mahdavi et al., (2013), synthesized biocompatible
MNPs coated with oleic acid alone for biomedical applications.

On the other hand, inorganic molecules were also used as an alternative to coat
MNPs. The reason for inorganic molecules to be hired for surface functionalization are often
because the simultaneous control of the shape, stability, biocompatibility, surface structure,
and retaining the magnetic properties of MNPs is much easier as compared to organic

molecules functionalized MNPs (Wu et al., 2009). Besides that, such approach could also
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extend the application scope of MNPs, i.e. for bioseparation or biosensing that requires
appropriate dimensions that are comparable to that of virus (20-500 nm), protein (5-50
nm), or DNA (10-100 nm) (Wu et al., 2009). In particular, quantum dots incorporated MNPs
for biosensing applications have been inspiring because the synergistic effect of both MNPs
and quantum dots allowed targeted cellular imaging. Ahmed et al., (2013) reported an
example of quantum dots incorporated MNPs for imaging colon carcinoma cells. Another
inorganic molecule that is most often used for surface functionalization of MNPs is silica
because it provides good stability and biocompatibility to the MNPs. Consequently, the size
of silica coated MNPs can also be tuned specifically because of its maturity in preparation
technology (Wu et al., 2009). Furthermore, silica coating has been reported for biosensing
application. For example, Quy et al., (2013) synthesized silica coated MNPs for the detection
of pathogenic viruses such as hepatitis virus type B (HBV) and Epstein-Barr virus (EBV).
Their findings showed that the efficiency of magnetite-silica nanoparticles on purifying DNA
of both HBV and EBV to be superior to the commercialized magnetite-silica microparticles
(Quy et al., 2013).

Beside the mentioned stabilizers, cellulose-based materials have gained momentum
recently as alternatives for integrating MNPs since cellulose is a renewable and widely
available natural resource on Earth (Wu et al., 2011; Xiong et al., 2013). Additionally,
cellulose can undertake variety of properties including magnetic (Anirudhan and Rejeena,
2014; Li et al., 2013; Mahmoud et al., 2013; Nypelo et al., 2014; Wu et al., 2011),
conductive (Johnston et al., 2006), photoluminescent (Khan and Sundararajan, 2011), and
other specific properties (Wu et al., 2011) if they are incorporated with the appropriate
fillers. Though many researchers have investigated the feasibility of incorporating MNPs
with cellulosic materials, the focuses are not on Pickering emulsion formation. Hence, a
study on the synthesis of MNPs coated on cellulose nanocrystal (CNC) can literally open up
the doors for in-situ synthesis of monodispersed green Pickering emulsion emulsifier with

synergistic effect from both magnetite and CNC.
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Being inspired by several recent achievements, author have planned to achieve the
in-situ synthesis of monodispersed MNPs stabilized with CNC, and further utilizing it for

Pickering emulsion formation with the goal of using it as a potential drug carrier.

2.4.5 Pickering Emulsion Formation using MNP

Utilization of superparamagnetic MNPs in stabilizing Pickering emulsion have been
extensively investigated by many researchers in recent years. Surface modification of MNPs
with surfactants are normally required in order to alter the surface wettability of MNPs to
result in stable and small Pickering emulsion. From literature, many surface modified MNPs
such as cyclohexane and cetyltrimethylammonium bromide (CTAB) modified, and oleic acid
modified MNPs were used to produce Pickering emulsion droplets (Ingram et al., 2010;
Shen et al., 2007). However, works reporting the production of magnetic Pickering emulsion
stabilized by unmodified MNPs remained limited. Work done by Zhou et al., (2011) found
that unmodified MNPs can only stabilize Pickering emulsion if non-polar oil with high
oil/water interfacial tension is used. In addition, the size of the emulsion droplets is large
(20-100 micron) and polydispersed. Thus, surface modification of MNPs is preferred to
favour small and stable Pickering emulsion droplets. As previously mentioned, nanocellulose
are able to form stable Pickering emulsion of very small size. Additionally, the used of
nanocellulose as the stabilizer can lead to the preparation of “green and surfactant-free”
Pickering emulsions since nanocellulose is a renewable, and environmentally friendly
material. Furthermore, nanocelluse can undertake a variety of properties dependent on
incorporated filler. This suggested a great potential in generating the Pickering emulsion
droplets with magnetic stimuli responses. Hence, in this project nanocellulose will be the
main focus for the synthesis of monodispersed MNPs, aiming to produce magnetically
controllable and surfactant free Pickering emulsions to be employed as a new generation of

smart drugs carrier.
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2.5 Applications of Magneto-Responsive Cellulosic Materials
Magneto-responsive cellulosic materials have been recently utilized in myriad of
applications due to its ability to imply magnetic properties into products that made up of
cellulosic materials. In literature, magneto-responsive cellulose nanocomposite materials
have been proposed to be applicable as magnetic paper (Li et al., 2013), conductive paper
(Liu et al., 2015), magnetically retrievable oil absorbent (Chin et al., 2013), recyclable
catalyst (Xiong et al., 2013), anti-bacterial activity (Xiong et al., 2013), drug delivery
(Anirudhan and Rejeena, 2014), and enzyme immobilization (Mahmoud et al., 2013). In
overall, MNPs do not usually provide uniform dispersion in nanocellulose due to their
agglomeration. To overcome this issue, one can either stabilize MNPs with inorganic or
other stabilizers as mentioned in section 2.4.4. In this project, the MNPs will be synthesized
in-situ with nanocellulose to deposits the MNPs onto the cellulose dispersion matrix. In most
cases, the magnetic properties of magneto-responsive nanocellulose depend on MNPs size
and concentration in the matrix (Li et al., 2013; Liu et al., 2013). Here some conveyed
examples on the applications of the mentioned magnetic nanocomposite will be summarized
and linked to the initiation of this study.

First of all, one of the most practised application with this magnetic nanocomposites
is the formation of magnetic paper for magneto-optical applications. Li et al., (2013)
produced highly transparent magnetic nanopaper prepared by the immobilization of MNPs
on Nanofibrillated cellulose (NFC). In Li’s paper, the mechanism for the reaction between
MNPs and NFC were claimed to be hydrogen bonding between carboxyl/hydroxyl groups of
NFC and surface hydroxyl groups of MNPs (Li et al., 2013). In addition, the produced
cellulose paper also showed strong magnetivity and mechanical strength, and lastly,
cellulose paper was also found feasible to function as conductive paper and proved the
effect of MNPs loading concentration on the paper transparency (Li et al., 2013, Liu et al.,
2015).

Besides being applied as magnetic paper, the magnetic nanocomposites has also
found its application as magnetically retrievable oil recovery absorbent. For instance, Chin

et al., (2013) synthesized magnetic cellulose aerogels and claimed them to be efficient and
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economical absorbent for cleaning oil spillage from the water surface. In this paper, MNPs
was incorporated in-situ into cellulose gel during the solvent exchange process before the
supercritical point drying to obtain magnetic aerogel. Then, titanium dioxide (TiO2) was
coated onto the magnetic aerogel for surface functionalization purposes for oil removal
(Chin et al., 2013). The outcomes revealed a reusable magnetic aerogel with excellent oil
absorption capacity. The aerogels were easily removed from water by a magnet, and the
absorbed oil could be removed by simply soaking the aerogels in ethanol (Chin et al., 2013).
To sum up, the produced magnetic cellulose aerogels have envisaged great potential in oil
recovery fields as it was easily retrievable, and can selectively absorbs oil up to 28 times
of its original weight, as compared to normal cellulose aerogels that could only achieve oil
absorption up to 5 times its original weight (Chin et al., 2013).

The magneto-sensitive cellulosic materials were also employed for drug/gene
delivery applications. One obvious benefits of utilizing the magnetic nanocellulose for drug
delivery is regarded to the feasibility of the nanocomposites for external magnetic-
controllable transportation of the drug-loaded magneto cargo. For example, Anirudhan and
Rejeena (2014) prepared aminated p-cyclodextrin-modified-carboxylated magnetic
cobalt/nanocellulose composite (ACDC-Co/NCC) for efficient transfection of genes into
tumour cells. They claimed that higher DNA transfection efficiency can be achieved by using
the produced magnetic-targeted composite as compared to the transfection using model
transfecting agent poly(ethyleneimine) (PEI) (Anirudhan and Rejeena, 2014). Another
study performed by Supramaniam et al. (2018) also demonstrated the potential of the
magnetic cellulose alginate hydrogel beads for drug delivery. The outcome of the study
revealed the magnetic swelling controllable release of ibuprofen from the magnetic vehicles.
However, drawbacks such as low loading of ibuprofen (only up to 38% maximum) and
obvious initial burst release are recorded in all formulation examined in the study
(Supramaniam et al., 2018). Thus further research is still required to superiorised the
physicochemical properties as well as improvising the encapsulation efficiency of drug in

the magnetic-cellulose hydrogel prior to next-stage in-vitro cell line cytotoxicity evaluation.
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In addition to drug delivery applications, magnetic nanocomposites were also
utilised for catalytic enzyme immobilisation and antibacterial activity. In these studies,
magnetic nanocellulose are usually further incorporated with certain particles that drive the
required processes. As an example, in a study done by Xiong et al. (2013), MNPs/NFC
nanocomposites was further coated with silver (Ag) NPs that is well known for its catalytic
properties and antibacterial activity (Axe, 2015; Borase et al., 2014). Another reason for
the use of Ag NPs for incorporation was mentioned to be the prevention of its aggregation
during catalytic/antibacterial activity as well as its disposal to the environment because the
magnetic attractability of MNPs allowed the Ag NPs to be easily recovered/separated from
the treated medium (Xiong et al., 2013). Besides that, an investigation related to enzyme
immobilization for enhancing the enzyme’s lifetime, enzymatic activity, and stability,
Mahmoud et al. (2013) coated MNP/CNC nanocomposite with gold NPs, and surface
activated with thioctic acid (Thc), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
and N-hydroxysulfosuccinimide (NHS) to provide functional groups for immobilization of
papain. Despite that the interactions between most of the involved chemicals were
discussed, the interaction between MNP and CNC remained unclear. This served as a
research gap in the actual interactions between the two solids and thus leading to the first
stage of this work where facile and rapid synthesis and characterisation of MNP@CNC
(MCNC) nanocomposite will be performed. In addition, to the current knowledge of the
author, there are yet to be any reported studies on the preparation of Pickering-emulsion
using MCNC nanocomposites. Furthermore, the potential of MCNC-stabilized Pickering
emulson (MCNC-PE) as drug carrier has yet to be explored too. Hence this work is proposed,
aiming to develop a new magnetic Pickering emulsion stabilized by MCNC for drug delivery

purposes.

2.6 Pickering Emulsion: Application as Drug Delivery System
Before increasing attentions were given to the Pickering emulsion-based drug delivery
carrier, various drug delivery system such as surfactant-stabilized emulsion and

nanosuspension have been the commonly employed system for drug delivery applications
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due to their ability to improve the efficiency of drug delivery. For example, Anuchapreeda
et al. (2012) developed the lipid nanoemulsions loaded with curcumin and showed its
effective cytotoxicity on leukemic cell lines. In another study, Wang et al. (2007) also
showed the enhanced anti-inflammation activity of curcumin when it was encapsulated in
surfactant stabilized nanoemulsions. As for the nanosuspension approach, Yallapu and his
co-workers (2012) demonstrated the increased cellular uptake and cell cytotoxicity of
curcumin in prostate cancer cell line PC-3 by loading the curcumin onto cellulose
nanosuspensions. Besides the nanoemulsion and nanosuspension methods, Pickering
emulsions constitute a promising strategy for encapsulation and transport of drugs in the
pharmaceutical formulation. The utilization of solid particles as stabilizer promoted
enhanced stability due to the irreversible attachment of solid particles onto the interface of
oil and water (Frelichowska et al., 2009a). In addition, encapsulation of drugs within the
emulsion aid in preserving and protecting drugs from enzymatic degradation and
gastrointestinal hydrolysis (Marti-Mestres and Nielloud, 2002). Besides that, its surfactant
free nature also made possible for the Pickering emulsions to avoid irritations that are
sometimes caused by surfactant (Tang et al., 2015; Welss et al., 2004). It has been proven
that Pickering emulsion can alter (by either increase or decrease) the levels of transdermal
transport across skin compared to traditional emulsions (Frelichowska et al., 2009b). Other
than that, due to the enhanced resistivity to de-stabilization, Pickering emulsion have been
extensively used for drug delivery. For example, studies on oral delivery of curcumin
showed that the encapsulation of curcumin in the emulsion for drugs delivery enhanced its
poor oral bioavailability. Such findings were provided in Huang and colleagues’ study that
discovered the capability of curcumin emulsions for inhibiting inflammation when compared
to curcumin solution (Huang, Yu and Ru, 2010).

Besides the enhanced stability, application of emulsion on drug delivery nowadays
often require them to be stimuli-responsive so that the encapsulated drugs can be released
when it is triggered. Such triggering release effect can simply be introduced via
incorporation of stimuli-responsive substances into the Pickering emulsion formulation. In

current study where nanocellulose-based Pickering emulsion is to be employed, there exist
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several examined responses by researchers recently including pH, magnetism, US,
temperature, and so on. In this project, the focus will be targeted on pH and magnetism.

These responses will be described in the next section.

2.6.1 Stimuli-Responsiveness for Magnetic-cellulosic-based Pickering Emulsion
Stimuli-responsive drug release system refers to an attractive approach for targeted drug
delivery, which uses certain devices to release drugs in response to external stimulus. The
stimulus includes pH (Lan et al., 2007), magnetism (Sander et al., 2012), US (Fabiilli et
al., 2010), temperature (Lee, Blumenthal and Ivkov, 2014), and others (Fabiilli, 2010). The
purpose of introducing such delivery system is the attempt to enables the manipulation of
drug release instead of the dependent on drugs or active agents coated (Fabiilli, 2010).
Specifically for this study, only pH, and magnetism triggered effect will be investigated
because pH is claimed to be able to precisely control the phase inversion of magnetic
emulsions while the magnetic properties can be utilized for magneto-guidable transport of
the Pickering emulsion-based drug carrier (Lan et al., 2007). In fact, Lan et al. (2007)
worked on pH-responsive magnetic Pickering emulsion and found that pH changes could
dramatically inverse the emulsion types. They demonstrated that w/o emulsions were
preferred from acidic to neutral pH, and from pH 12 onwards, while o/w emulsions were
formed around pH 8 to 11. This demonstrated the occurrence of phase inversion that could
result in drugs release (Lan et al., 2007).

Utilization of magnetism for triggering the discharge of drug polymer capsules are
often introduced by magnetic fields induced hyperthermia effect that causes the
temperature to rise and resulted in carrier decomposition (Lee, Blumenthal and Ivkov,
2014; Oliveira et al., 2013). In emulsion system, the disruption mechanisms are much
simpler by magnetically induced coalescence under strong magnetic field since MNPs are
only adsorbed on the interface between oil and water. This phenomenon was examined by
Sander and colleagues, where emulsion de-stabilization happened when the attractive
magnetic dipole forces were strong enough to reduce the droplet equilibrium separation

distance to a critical value (Sander et al., 2012). In summary, the effect of utilizing these
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external stimuli for drug releasing will be examined and compared to that released from

normal shaking to evaluate improvement made under external stimuli responses.
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CHAPTER THREE
MNPS@CNC NANOCOMPOSITE: RAPID PREPARATION AND

REACTION MECHANISM

Overview

In this chapter we proposed a rapid sonochemical in-situ co-precipitation approach to
prepare Fe3z0s@cellulose nanocrystal (MCNC) nanocomposites. Differed from conventionaly
method, the proposed in-situ co-precipitation reaction was performed under atmospheric
condition without N> purging to yield the MCNC. The chemical interaction between the Fe304
nanoparticles (MNP) and the CNC has been characterized by FTIR, Raman and XRD analysis.
The obtained results from Raman and XRD suggested no occurrence of oxidation of MNP to
undesired maghemite due to the presence of CNC as the antioxidant. The proposed method
showed higher magnetivity (due to higher MNP loading on the MCNC nanocomposites) as
compared to those produced under typical N; protection. Our study revealed that the use
of ultrasound (US) horn in place of conventional mechanical stirrer accelerated the
nucleation, growth and dispersibility of MNPs on CNC fibres, which thus shortened the
reaction times. The findings suggest that the proposed sonochemical synthesis without inert
N> purging could be an alternative facile and efficient approach to fabricate well-dispersed

MCNC nanocomposites that hold great potential for biomedical applications.
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3.1 Introduction

Iron oxide, or Fe304 nanoparticle (MNP) is an excellent superparamagnetic material that
have recently attracted increasing attentions in various biomedical applications such as
magnetic resonance imaging (Kim et al., 2001), drug targeting (Zhang and Misra, 2007),
hyperthermia (Silva et al., 2011), and ferrofluid (Zubarev and Iskakova, 2004) due to its
low cost, negligible toxicity, and good biocompatibility properties (Lattuada and Hatton,
2007; Szpak et al., 2013). More importantly, magnetite-based adsorbent were generally
known to be reusable and easily separable as a result of its magnetic responsive properties.
The in-situ co-precipitation appears to be the most popular fabrication approach in the
preparation of MNP due to its simplicity and mild reaction condition (Wu He, and Jiang,
2008). The conventional chemical co-precipitation process typically involves two stages: (i)
nucleation and growth as primary processes for formation of magnetite (Fes04), and (ii)
secondary processes such as agglomeration, and subsequent oxidation to produce Fe;Os
nanoparticles. However, the current synthesis method often associated with the problems
of particle aggregation and undesired oxidation of MNPs to maghemite (Fe»0s3), resulting in
the reduced saturation magnetization (Ms) of MNPs due to the fact that Fe,Os; have a very
low magnetic susceptibility at room temperature (Mascolo, Pei and Ring, 2013; Wu, He,
and Jiang, 2008).

To prevent magnetite from further oxidation and to avoid particle aggregation,
coating the surface of MNP with organic polymers such as starch, dextran, chitosan, and
nanocellulose have been proposed (Carmen Bautista et al., 2005; Kim et al., 2003; Peng
et al., 2002; Wu He, and Jiang, 2008; Zhu, Yuan, and Liao, 2008). This led not only to the
effective preparation of non-agglomerated MNPs in nanoscale, but also successfully
extended the uses of the resultant polymer coated MNPs nanocomposites in various
applications such as magnetic paper, hyperthermia, oil recovery, recoverable catalyst,
drugs delivery, and antibacterial activity (Anirudhan and Rejeena, 2014; Chin, Binti
Romainor and Pang, 2014; Li et al., 2013; Nypeld et al., 2014; Xiong et al., 2013). Because
of high potential of the resultant magnetic nhanocomposites in many applications, a facile

and efficient coating method will be beneficial for its future development. Due to the
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simplicity nature and non-extreme reaction requirement, the in-situ co-precipitation
method was still the most favourite approach for most researchers. Based on the practices
by most researchers, the chemical co-precipitation of MNPs generally took place under
oxygen-free/inert N, gas condition to prevent the undesired oxidation of the MNPs. Under
N> gas environment, the co-precipitation reaction in highly alkaline media is represented

by the following equations (Dang et al, 2007; Roonasi and Holmgren, 2009):

Fe?*(aqg) + OH © Fe(OH)2 (solid) (1)
Fe(OH); (solid) < [Fe(OH)]*(aq) + OH" (2)
2[Fe(OH)1*@q) + 202 + H20 = [Fez(OH)3]**(aq) + OH" (3)
[Fe2(OH)3]%*(aq) + [FE(OH)1*(aq) + 20H™ = [Fe3O(0OH)4]?*(aq) + H20 (4)
[Fe30(0H)4]?*(aq) + 20H" = Fe30ua(soiiqy + 3H20 (5)

In the presence of ammonia hydroxide as alkali media, iron (II) chloride rapidly
precipitates into Fe(OH),. As depicted in Equation (1-3), Fe(OH); then dissociates and
undergoes oxidation by the dissolved O in water to form intermediates [Fe>(OH)s]3>*. The
intermediates then combine with the dissolved [Fe(OH)]" to form Fe304 via dehydroxylation
reaction. During the intermediate reaction steps, the presence of O, was utmost important
to increase the yield of magnetite nucleation (primary process) despite the fact that O
could lead to the oxidation (secondary process) of FesO4 to Fe;0O3 at later MNP formation
stage. In this regard, Dang et al. (2007) reported that the absence of O, decreased the
nucleation rate of iron oxide during the co-precipitation reaction, leading to a lower yield of
MNPs.

In this work, we investigated a new one-pot sonochemical co-precipitation approach
for preparation of Fe304@CNC (MCNC) nanocomposite under atmospheric gas environment.
The as-synthesized MCNC nanocomposites were characterized using FTIR, Raman, electron
microscopy, TGA and VSM for its reaction mechanism, surface morphology, chemical
composition, and magnetic strength. Several studies demonstrated that CNCs have a strong
anti-oxidant effect and synthesis of MNPs within CNC matrix has led to preparation of well-

dispersed magnetic nanocellulose structures (Liu et al., 2015; Nypeld et al., 2014; Olsson
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et al.,, 2010; Tam, 2012). However, to the best of our knowledge, there is no report
concerning the non-inert protected in-situ synthesis and the resultant properties of
magnetic cellulosic nanocomposites. This study was, therefore, undertaken to investigate
the effect of atmospheric gas (natural air) and US on the preparation of MCNC
nanocomposites, aiming ultimately to provide an alternative facile approach with shorter

reaction time and increased MNP yield for magnetic-cellulose nanocomposites preparation.

3.2 Materials and Methodology

3.2.1 Materials

Iron (II) chloride tetrahydrate (FeCl,.4H,O, =99%), iron (III) chloride hexahydrate
(FeCls.6H20, 99%), and ammonium hydroxide (28% NHs in H>0), were purchased from
Sigma-Aldrich. CNC (Freeze dried, 0.96 wt% sulphur content) was procured from University
of Maine. All water used in this experiment are ultrapure water (18.2 MQ cm™) obtained
from Milli-Q® Plus apparatus (Millipore, Billerica, USA). Ethanol (AR standard) acquired
from R & M Chemical (Syarikat Saintifik Jaya, Malaysia). All experiments involving US were
conducted using an ultrasound probe sonicator (20 kHz, Lab750, Sinaptec) under pulse
mode (15 s pulse on, 10 s pulse off). All chemicals in this study were of analytical grade

and employed without further purification.

3.2.2 Synthesis of MCNC Nanocomposite

MCNC nanocomposites were prepared by US assisted in-situ co-precipitation method. In
particular, CNC was first dispersed (0.05 wt%) in water under US cavitation for 2 minutes.
Next, fixed amount of iron (III) and iron (II) chloride (1.5/1 Fe3*/Fe?* mol ratio) were added
into the CNC dispersion. Consequently, the mixtures were stirred and heated to 45 °C.
Then, the mixtures were sonicated in the presence of ammonium hydroxide (2.2 ml) for 5
minutes. For control sample prepared under anaerobic condition, the CNC dispersion was

first bubbled with nitrogen gas for 30 minutes prior to addition of iron precursors. Then,
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the later syntheses steps were all carried out under N; stream. Scheme 3.1 illustrated the
conventional and proposed sonochemical co-precipitation methodology.

After that, the MCNC nanocomposite were precipitated and the residual obtained
were magnetically separated and washes 3 times with ethanol to remove ammonium
hydroxide. Lastly, the remained MCNCs were centrifuged at 4500 rpm for 20 minutes, and

dried in an oven overnight. The dried samples were stored for characterisation.

Step 1 Step 2 Step 3
.. ® ® Fe2+
N; flow e3*. . ® Ad]ust pH to 11 + Ultrasound
(30 min)
E
CNC Dispersion CNC Dispersion CNC Dispersion + Fe3*/Fe2+ MCNC Dispersion
(a)
Step 1l Step 2
.-.C ® ® Fe2+
o¥e o¢_9O Adjust pH to 11 + Ultrasound
Fe3+'.'l | ® Justp

CNC Dispersion CNC Dispersion + Fe3+/Fe2* MCNC Dispersion
(b)
Scheme 3.1. (a) Conventional and (b) proposed sonochemical co-precipitation method for

MCNC preparation.

3.2.3 Characterisation of MCNCs
Particle size and surface morphology of the sonochemically prepared MCNCs were analysed
using field emission scanning electron microscope (FE-SEM) (SU8010, Hitachi, Japan) at 15

kV. Elemental analysis were performed through Energy-dispersive X-ray spectroscopy
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(EDX) using the same FE-SEM. Functional groups available were examined through Fourier
transform infrared spectroscopy (FTIR) over a range of 550 - 4000 cm on a FTIR
spectrophotometer (Nicolet iS10, Thermo Scientific, USA) equipped with diamond probe.
Raman spectroscopy was recorded under an excitation wavelength of 514 nm employing a
raman spectrophotometer (LabRAM-HR-PL, Horiba Scientific, UK). X-Ray diffraction (XRD)
was carried out in the range of 20 to 80 degrees on X-Ray diffractometer (Bruker Discover
D8, Bruker, USA) using CuKa radiation (A = 1.5406 A) at 40 kV and 40 mA. Magnetization
of MCNCs was measured via vibrating sample magnetometry (VSM) (Lakeshore 7400
Series, Lakeshore Cryotonics, USA). Chemical composition and thermal stability was
evaluated by thermogravimetric analysis (TGA) in the temperature range of 25 to 900 °C

at 10 °C/min using a thermogravimetric analyser (Q50 TGA, TA instrument, USA).

3.2.4 Statistical Analysis
Analysis of variance (ANOVA) were performed using Prism software and p<0.05 was
considered as statistically significant. FE-SEM images were analysed with Image] to

determine the size of MNPs on CNC.

3.3 Results and Discussion

3.3.1 Facile Preparation of MCNCs under Open Atmosphere

In the present study, we prepared the MCNC nanocomposites by employing one-step US-
aided in-situ co-precipitation method. To determine the components of MCNC
nanocomposite. FTIR, Raman, and XRD analysis were carried out. From FTIR analysis, the
spectra of MCNC samples prepared under both air-flow and N, conditions showed no distinct
differences (Figure 3.1a). The Fe-0 bonding peak at 561 cm™! shows the presence of MNPs
(Mahmoud et al., 2013). CNC characteristics functional groups were presences at 610 (C—
C—O0 bonding), 664 (C—OH bonding), 1011 (C—0 bonding), 2896 (CH; bonding), and 3334

cm™? (—OH hydrogen bonding) (Mahmoud et al., 2013). The reaction between Fe ions of
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MNPs and surface hydroxyl groups of CNC was evidenced by the absence of the
characteristic peak of C—OH group at around 664 cm™ (Figure 3.1a).

Typical Raman spectra had been obtained for pure magnetite nanoparticles (MNPs),
CNC and MCNC nanocomposites and the results were presented in Figure 3.2a to d. Pure
crystalline CNC contained four characteristic peaks at 380 cm™ (C—C—O0 or C—0) (Agarwal
et al., 2012), 898 cm™ (C—OH bonding), and 1098 and 1120 cm™ (C—O—C stretching and
bending)) (Agarwal et al., 2012; Dhar, Kumar and Katiyar, 2016; Schenzel and Fischer,
2001; Zhang, Feldner and Fischer, 2011) whereas MNPs displayed the characteristic peak
of magnetite (Fes04) at around 670 cm™ (Adar, 2014). The Raman spectral patterns of
MCNC nanocomposites synthesized under atmospheric and N, conditions were found to be
highly similar. As can be seen from Figure 3.2c and d, the signal at 898 cm™ assigned to
the C—OH of CNC was absent in Raman spectra of the MCNC, indicating the complete
reaction between the Fe ions and the hydroxyl groups of CNCs. The observed Raman peak
at 670 cm™ in both MCNC samples confirmed the formation of magnetite on CNC matrix,
implying that no Fe;Os; was generated during the reaction. This was also confirmed from
the absent of the characteristic dual peak of maghemite at around 665 and 730 cm™
(Hanesch, 2009). It is noted that the peak at around 380 cm™ was also observed in the
nanocomposite spectrum. This indicated that the Fe;Os were mainly deposited on the
surfaces of CNCs (Agarwal et al., 2012; Dhar, Kumar and Katiyar, 2016; Zhang, Feldner
and Fischer, 2011). To support that, literature investigation by Zhang, Feldner and Fischer,
(2011) on the changes in Raman spectroscopy of CNC upon various acetylation degree,
have proven that the peak at 380 cm™* declined significantly when the degree of acetylation
was no longer limited to the surface. The enhanced effect of oxidative resistance of Fez04
was mainly attributed to the potential antioxidant utilization activity of CNC fibre (Tam,
2012). Based on analytical studies by FTIR and Raman, one could perceive that the use of
CNC as template for iron oxide synthesis not only led to the efficient immobilization of
magnetite nanoparticles on the surface of CNC, but also give rise to an enhanced shielding

to oxidation of MNPs after the magnetite was formed.

45



Low Liang Ee Monash University — Chemical Engineering

As shown in Figure 3.3c and d, the XRD spectrum of MCNC produced at ambient
condition are similar to those prepared under N; gas protection. The XRD patterns of both
samples showed the peaks that can be indexed to (220), (311), (400), (422), (511), (440),
(533) planes of a cubic cell of Fez04 according to ICCD database (ICCD 00-019-0629),
indicating the high degree of crystallinity and structural homogeneity of MNPs. The
characteristics peaks of (110), (200), and (004) represents the typical signatures of
cellulose crystalline structure (JCPDS 00-050-2241). The disappearance of cellulose peak
at (200) was possibly due to the occurrence of co-precipitation reaction in the presence of
ammonia, which in turn reduce the crystallinity of CNCs, resulting in a lower diffraction
intensities in the obtained cellulosic nanocomposites (Dhar, Kumar and Katiyar, 2016). The
crystallite size of MNPs deposited on the CNC surfaces was estimated to be approximately
9.8 and 10.4 nm in diameter, respectively for MCNC prepared under atmospheric and N3
environment.

In summary, based on FTIR, Raman, and XRD, the reaction mechanism works as
follow: As the iron precursors were added into CNC dispersion, positively charged ferrous
and ferric ion were attracted to negatively charged hydroxyl groups on CNC, forming Fe—
O~CNC. At basic pH environment, a competition between of Fe3*—0O", Fe?*—0" bonds with
the formation of OH—Fe?* and OH—Fe?* bonds resulted in formation of intermediates such
as Fez(OH)3 or Fe(OH),, and finally MNPs formed spontaneously after the dehydroxylation
reaction between the intermediates. To support this, similar reaction pathway were
reported by Cai et al. (2010) on preparation of soya bean sprouts (containing celluloses)
mediated superparamagnetic MNPs, and Awwad and Salem, (2012) on role of hydroxyl
groups during MNPs formation. On the same hand, the distribution of these reactions onto
CNC were speeded up by mean of effects of microjets and shockwaves resulted from
ultrasonic cavitation from simultaneous US treatment. Lastly, the magnetic attract ability
of the resultant MCNC nanocomposite has been evidenced in Figure 3.4. The MCNC (black
powder) was found to stay at rest without external magnetic field (EMF), and get drawn

towards the origin of magnetic field as a magnet was brought near to them.
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Figure 3.1. FTIR spectra of (a) pure MNP, (b) pure CNC, as well as MCNC prepared under

(c) atmosphere condition, and (d) N2 condition.
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Figure 3.2. Raman spectroscopy spectra of (a) pure MNP, (b) pure CNC, as well as MCNC

prepared under (c) atmosphere condition, and (d) N condition.
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Figure 3.3. XRD pattern for (a) pure MNP, (b) pure CNC, as well as MCNC prepared under

(c) atmosphere condition, (d) N> condition, and the standard XRD peaks for (e) Fe304, and

(f) FeZO3.

(@) (b)

Figure 3.4. Image of MCNC (a) without EMF, and (b) being attracted under EMF.

From STEM images (Figure 3.5a and b), the freshly prepared pure MNP exhibited

severe particle agglomeration while pristine CNC, on the other hand, showed a web-like

linked network from its rod-like structure. As illustrated in Figure 3.5c and d, the use of

CNC as dispersant caused the MNPs to be distributed uniformly on the surface of the CNC

fibre. Based on the histogram data (Figure 3.5e and f), no significant differences were

detected for both nanocomposite samples prepared under aerobic (11.92 £ 5.32 nm) and

N, atmosphere (11.43 + 5.81 nm). The elemental analysis by EDX demonstrated the
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existence of ferrous, carbon, oxygen, and sulphur in our samples prepared under both

aerobic and inert conditions (Figure 3.6).
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Figure 3.5. FE-SEM images of (a) Pure MNP, (b) Pure CNC, as well as MCNC prepared under

(c) atmosphere condition, and (d) N2 condition. MNPs feret diameter distribution histogram

for STEM images. (e) Atmosphere condition, and (f) N> condition.
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Figure 3.6. EDX data representing (a) MNP, (b) CNC, as well as MCNC prepared under (c)

atmosphere condition, and (d) N> condition.

To estimate the surface coverage of hydroxyl and sulphate groups on CNC surfaces,
an estimation calculation was performed as prescribed by Lin and Dufresne, (2014), Gu et
al. (2013), and Lin, Huang, and Dufresne, (2012). First the sulphate groups content were
obtained from supplier to be 1.5 x 10™* mol/g (equivalent to 0.96 wt% of sulphur content).

The total hydroxyl groups content, on the other hand, was estimated using Equation (3.1)

120

Noga = m [Equation 3.1]
Ai19 = c(B110) [Equation 3.1-1]
A0 = c(B110) [Equation 3.1-2]

From Equation (3.1), it was mentioned by Gu et al. (2013) that 36 glucan chains are
presence along the surface of a crystal. This resulted in total 120 hydroxyls group available
on 36 cellobiose units (Lin and Dufresne, 2014; Gu et al., 2013; Lin, Huang, and Dufresne,
2012). The value of d11o and dio was extracted from information reported by Ju et al. (2015)

based on CNC from wood pulp. In addition, it was shown in literature that the elementary
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crystallite region for CNC demonstrated a square section of 10 x 10 glucose units based on
the d-spacing of (110), (1 10), and (200) planes (Lin and Dufresne, 2014; Gu et al., 2013;
Lin, Huang, and Dufresne, 2012). This thus gives Bi11o and Biip values of 5.31 and 5.93 nm
respectively. Next, studies done by Habibi, Lucia, and Rojas, (2010) showed that the crystal
and molecular structure of cellulose IB exists in monoclinic P2; crystal had dimensions of
(a=7.784 A, b=28.201 4, c =10.38 &, and y = 96.5°). Therefore, this gives,

A110 = 5.31 x 1.038 nm?, Asip = 5.93 x 1.038 nm?, and Na. (Avogadro’s number) = 6.02 x
1023, Substituting these information into Equation (3.1) subsequently gives the total
number of hydroxyl groups per unit surface area (Nona) of 8.5426 x 10® mol m™2.
Consequently, the total number of hydroxyl groups per unit mass CNC (Nonwm) can be
calculated using Equation (3.2). Here the total specific surface area (Atwtaicnc) Can be

calculated from Equation (3.2-1) (Ju et al., 2015).

Noum = NOHA% [Equation 3.2]
Seotalone — 12 [Equation 3.2-1]
Mcenc Pcne W

Where W, Mec and penc are width (5 nm), mass (1 g), and density of CNC (1.5 g cm™),
respectively. The data calculated were tabulated in Table 3.1

Based on the calculations, Nonm was found to be 1.7523 x 1073 mol/g. The surface coverage
of sulphate groups on CNC surfaces under every sample is around 8.5 %. This suggested

that the sulphate groups existed as minor functional groups on CNC surfaces.

Table 3.1. Total amount of sulphate group (—SO03) and surface hydroxyl group (—OH), and

percentage of sulphate groups coverage on CNC surface.

Functional Group Surface Content (mol/g) Surface Coverage (%)
Sulphate (-03S) 1.5000 x 10™* 8.56
Hydroxyl (—OH) 1.7523 x 1073 91.44
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TGA experimental results of MNP samples show no significant loss of weight over a
temperature range of 0 to 900 °C (Figure 3.7a). On the other hand, CNC experienced a
drastic weight reduction at temperature of about 280 °C, with a pronounced plateau
corresponding to 2 % ash residues remained at 600 °C (Figure 3.7b). The abrupt reduction
in the weight loss of CNC was primarily caused by the typical thermal degradation of
cellulose fibre following by the breakdown of CNC core region (Criado et al., 2016; Moon et
al., 2011; Petersson, Kvien, and Oksman, 2007; Tang et al., 2014; Zoppe et al., 2010).
The TGA curves of both as-prepared MCNC displayed similar trend and shows two steps of
thermal weight loss. During the first step cellulose fibre was pyrolyzed at around 200 °C as
the result of thermal decomposition of CNC. The second weight reduction at around 780 °C
can be considered as removal of the oxygen atoms which symmetrically bonded to Fe304
NPs. From Figure 3.7c, it was found that there was nearly 55 % residue left in MCNC
sample before the second weight losses. This shows that MCNC contained 55 % of FesO..
After the second step drop, the weight drops to 39 %. This information correlate well with
the theoretical relative molecular weights calculations of Fes04. Fes04 with 3 Fe and 4 O
have relative molecular weights of 232 g/mol. Relative atomic mass of Fe and O are 56 and
16 g/mol respectively. Hence, the total Fe and O content are 72.4 and 27.6 % respectively.
One could envision that there were 71 % of Fe and 29 % of O in the sample by comparing
the TGA information. Thus we could confirmed that the degradation at 780 °C were
representing the removal of O content from Fez0a.

The as-prepared MCNC, however, possessed lower thermal stability as the second
weight loss at around 780 °C was not observed in pristine MNPs. When Fe304 obtained the
oxygen content from the surface functional groups of CNC, its structure was more
dependent on the availability of surface functional groups. Hence, a more polycrystalline
structure Fes04 will be produced. The less dense structure thus caused the deposited MNPs
to have slightly lower thermal stability as compared to the pure MNPs. To support that,
Kalska-Szostko et al., (2015) have reported the supreme thermal stability of
monocrystalline magnetite nanoparticles over the polycrystalline one. In fact, our selective

area electron diffraction data also verified the hypothesis mentioned above (see Figure 3.8).
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It is noted that the weight loss of atmospheric pressure-induced MCNC was relatively lower
(= 6 wt% lesser) than its counterpart prepared under N; stream, suggesting the presence
of higher content of magnetite NPs. One possible explanation was that the abundance of
O»-rich air as oxidant increase the rate of Fe?* oxidation, and subsequently enhance the
nucleation and growth rate of Fesz04 particle, thereby giving rise to a higher magnetite
content. The same phenomena was also observed and recorded by other author (Dang et
al., 2007).

To investigate the magnetic properties of the MCNC nanocomposites, magnetization
measurements have been performed using VSM and the magnetization hysteresis loops of
MNP and MCNC samples were presented in Figure 3.9. The magnetization plot revealed that
the saturation magnetization (Ms) of the pure MNPs was found to be 38.967 emu/g, while
MCNCs prepared under atmospheric and N, conditions exerted lower value of 27.974 and
22.909 emu/g respectively. The decrease in Ms was mainly due to the existence of non-
magnetic responsive CNCs in the MCNC samples. Besides that, Figure 3.8 also showed that
the Ms of MCNC nanocomposites prepared under N, gas bubbling was relatively lower (=
23 emu/g) in comparison to those prepared in aerobic mode (& 27 emu/g). The observed
lower magnetivity was mainly attribute to the lower content of MNPs present in MCNC
sample obtained under N, environment, as mentioned previously in TGA analysis. The VSM
results demonstrated that the magnetivity of all samples diminished upon removal of the
EMF (superparamagnetic behaviour). This was also highly similar to the phenomena in
Figure 3.4, where the MCNC remain at rest without an EMF, and get attracted in the

presence of a magnet.
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Figure 3.7. TGA data representing weight loss % at different temperature for (a) MNP, (b)

CNC, as well as MCNC prepared under (c) atmosphere condition, and (d) N> condition.

Figure 3.8. SAED image of sonochemically prepared MCNC under atmosphere condition.
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Figure 3.9. Magnetization curve for (a) MNP, MCNC prepared under (b) atmosphere

condition, and (c) Nz condition.

3.3.2 The Mechanism of MCNCs

For control purposes, MCNC nanocomposite under different controlled conditions was
prepared for comparison. The samples E1, E2, E3, and E4 represented samples prepared
in-situ with US, in-situ without US, without in-situ with US, and without in-situ without US
respectively (Figure 3.10). From FTIR analysis, it was obvious that sample E4 presented
spectra similar to pure MNP, indicating that there was no interaction between MNP and
CNC. The FTIR spectra of E3, on the other hand, was similar to pristine CNC. This was most
likely due to low MNPs content in the sample. The MNPs that were deposited onto CNC was
only due to the US-induced physical deposition, where the MNPs were forcefully anchored
in CNC matrix due to the US. In contrast to E3 and E4, the FTIR spectra of E1 and E2 were
highly identical. This correlated well with our FTIR analysis in section 3.3.1, where the Fe
(II) and (III) ions electrostatically interacted with surface hydroxyl and sulphate ester
groups of CNC, and this ultimately led to the growth of MNPs on the anchored surface

functional group’s sites.
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Figure 3.10. FTIR spectra of (a) Sample E1, in-situ with US, (b) Sample E2, in-situ with
mechanical stirring, (c) Sample E3, without in-situ with US, and (d) Sample E4, without in-

situ with mechanical stirring.

STEM analysis was next performed. From STEM analysis, sample E4 (Figure 3.11d)
showed that the MNPs were still highly aggregated, and the deposition of MNPs on CNC was
negligible. This suggested that there were no interactions between MNPs and CNC in sample
E4. Sample E3, on the other hand, provided a less aggregated MNPs with slightly higher
deposition (Figure 3.11c). This was due to ultrasonic cavitation effects that help in
dispersing the MNPs during the coating process. However, the MNPs loading remained low.
In addition, because MNPs have been formed prior to its deposition on CNC surfaces, the
resultant MNPs showed an average MNPs diameter of 66.86 £ 32.17 nm (Figure 3.12c).
The presence of CNC as the dispersant (in-situ preparation conditions) led to uniform MNPs
dispersion (Samples E1 and E2) (Figure 3.11a and b). By comparing the MNPs diameter for
both E1 and E2, one can easily observe that E1 gives a much smaller MNPs diameter of
12.31 £ 3.07 nm as compared to E2 with MNPs diameter of 29.03 £ 14.55 nm (Figure
3.12a and b). It is likely that the US aided in dispersing the MNPs during its preparation.
This ultimately led to a shorter time requirement for better dispersibility and lower diameter

of MNP on CNC surface. In overall, the findings supported our previous claims on all
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samples. In addition, this also proved the feasibility and efficiency of ultrasonic cavitation

in the preparation of MCNC hybrid nanocomposite.

~~~~~~~

v
In-situ,
US-MCNC
e

(a) (b)

Non-In-situ,
US-MCNC

(c) (d)
Figure 3.11. STEM images of (a) Sample E1, in-situ with US, (b) Sample E2, in-situ with
mechanical stirring, (c) Sample E3, without in-situ with US, and (d) Sample E4, without in-

situ with mechanical stirring. All scale bar are representing 300 nm.
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Figure 3.12 Histogram of MNPs diameter on the STEM images for (a) E1: US assisted in-
situ prepared MCNC, (b) E2: mechanically stirred in-situ prepared MCNC, and (c) E3: US

assisted non-in-situ prepared MCNC.
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TGA analysis was again carried out to check the composition of MNP and CNC in all
samples (Figure 3.13). Interestingly, there were distinct differences in the elemental
composition of all samples. While MCNC E1, E2, and E3 are similar to the previous MCNC
samples, there was only one small step loss for MCNC E4. This showed that there was no
direct interaction between MNP and CNC. It is likely that the presence of small amount of
CNC (resulted from the small weight loss at typical degradation temperature for CNC) was
due to the inefficiency in separating the MNPs from CNC dispersion after the reaction. A
tiny amount of CNC may have stuck around with MNPs and get drawn together from
magnetic separation. On the other hand, sample E3 was found to have the least amount of
MNPs. This is in agreement with the STEM images in Figure 3.11 since it was obvious that
the deposition of MNPs in E3 was much lesser as compared to both E1 and E2. Moving on
to E1 and E2 samples, The E1 sample showed higher MNPs content as compared to E2. This
is attributed to the acceleration of MNPs formation due to ultrasonic irradiation; under
mechanical stirring (E2 sample), the Fe?* was oxidized mainly by the dissolved oxygen in
the aqueous medium (Dang et al., 2007). Otherwise during US treatment, the Fe?*
undergoes oxidation by the sonication-induced radical (¢OH and eH) and H.0O; (Dang et al.,
2007; Vijayakumar et al., 2000). This thus led to the acceleration on oxidation of Fe?*,
thereby speeding up the nucleation and growth rate of MNPs on cellulose fibre. In literature,
the similar trend has been observed by Dang et al. (2007) in the preparation of MNPs via
both mechanical stirring and US routes.

Magnetization plot for all samples was shown in Figure 3.14. It was noticed that the
Ms was highest for E4 (29 emu/qg), followed by E1 (=27 emu/g), then E2 (26 emu/q),
while E3 has the lowest magnetic strength (=8 emu/g). This demonstrated a relation
between the magnetivity and the MNPs content of the corresponding sample. Since VSM
method allowed one to measure the magnetivity of solid samples per unit mass of magnetic
particles, by hypothesizing that all magnetic particles presence were Fe304, the Ms of the
resultant sample will drop if lower MNPs content was detected. The investigation suggested

that US assisted in-situ co-precipitation method give rise to MCNC nanocomposite with
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highest magnetic strength and finest MNPs dispersion as compared to other methods

investigated in this section.
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Figure 3.13. TGA data representing weight loss % at different temperature for (a) E1, US

assisted in-situ prepared MCNC, (b) E2, mechanically stirred in-situ prepared MCNC, (c)

E3, US assisted non-in-situ prepared MCNC, and (d) E4, mechanically stirred non-in-situ

prepared MCNC.
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Figure 3.14 Magnetization plot of MCNC samples of (a) E1, US assisted in-situ prepared

MCNC, (b) E2, mechanically stirred in-situ prepared MCNC, (c) E3, US assisted non-in-situ

prepared MCNC, and (d) E4, mechanically stirred non-in-situ prepared MCNC. The inset

shows the negligible coercivity in all samples.
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3.4 Conclusions

CNC coated with superparamagnetic MNPs were successfully synthesized in-situ via
ultrasonic-assisted co-precipitation method. The reaction between iron precursors and
surface hydroxyl groups of CNC was confirmed through FTIR analysis. The absent of dual
peaks at around 665 and 730 cm™ in Raman spectrum confirmed no occurrence of oxidation
of Fesz04 to Fe;03. The CNC's surface functional groups directly interacts with the Fe ions,
suggesting that surface functional groups act as anchoring sites for Fe ions via electrostatic
attraction during in-situ formation of MCNC to prevent MNPs from agglomerating. The
presence of CNC as antioxidant minimized unwanted oxidation of MNPs. EDX studies
confirmed the presence of all necessary elements in the MCNC samples. The XRD and FE-
SEM results confirmed that MNPs diameter falls around 11 £ 5 nm. VSM results proved the
superparamagnetic properties of all MCNC samples. The TGA data of both sonochemically
prepared MCNCs revealed that there was higher MNPs content in MCNC nanocomposite
prepared under atmospheric condition (55 wt% in nhanocomposite) as compared to those
prepared under N protection (49 wt% in nanocomposite). The higher MNPs content then
leads to higher magnetic strength in atmospheric-induced MCNC nanocomposite. The
current study also showed that there were no chemical interactions between the MNP and
CNC if the preparation were carried out without in-situ situation. The MCNC nanocomposite
prepared via in-situ US assisted method shows supreme dispersibility of MNPs and desired
magnetivity as compared to others controlled samples that either without US or without in-
situ conditions. The in-situ sonochemical co-precipitation method under atmospheric

conditions will be employed for all MCNC preparation in this project.
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CHAPTER FOUR
PHYSICOCHEMICAL AND WETTING CHARACTERISTICS OF MCNC

NANOCOMPOSITES

Overview

In this chapter we performed a detailed parametric study on the preparation of MCNC
nanocomposites. Parameters including the ratio of MNP and CNC, pre-heated temperature,
ultrasound (US) power and sonication time were investigated based on the morphology,
magnetivity and colloidal stability of the resultant MCNC have been carried out. Results
showed that increasing CNC/MNP ratio from 0.2 to 1 improved the dispersion of MNPs on
CNC fibres. This, however, led to the decrement in the amount of deposited MNPs on CNC,
which thus resulted in the reduction of the magnetic strength of the resultant MCNC
nanocomposites. The pre-heated temperature was found to affects the saturation
magnetization strength of the nanocomposites but not the MNPs dispersion on the CNC rod.
The best pre-heated temperature for the Fe?*/Fe3*@CNC mixture prior to Fes04 preparation
was 45 °C. Increasing US irradiation time allowed a noticeable reduction of mean MNP size
from 46 to 12 nm with reduced particle aggregation. However, increasing the sonication
time above 5 min leads to the oxidation of Fe304 to Fe;03. Based on our findings, only the
CNC/MNP ratio influenced the colloidal stability of the nanocomposites. The MCNC obtained
were colloidally stable at CNC/MNP ratio = 1 as regarded by the considerably high surface
zeta potential values. Further, we evaluated the Pickering stabilizing performance of the
MCNC nanocomposites by determining the effects of CNC/MNP ratio and pH on the surface
wettability of the nanocomposites. The results suggested that the MCNC suspensions
(CNC/MNP ratio = 1) at pH 3 to 7 are more likely to provide a stable Pickering emulsions
system due to the obtained surface wetting contact angle that is close to 90 °. This
estimation will be verified in the next chapter during the preparation of MCNC-stabilized

Pickering emulsions.
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4.1 Introduction

Iron oxide or Fesz04 nanoparticles (MNPs) are excellent superparamagnetic material that
has been drawing increasing attention in various biomedical applications since decades ago
due to its low cost, negligible toxicity, good biocompatibility properties as well as its
reusable tendencies (Lattuada and Hatton, 2007; Szpak et al., 2013).In the previous stage,
cellulose nanocrystals (CNCs) have been proven to be able to bind firmly with the MNPs via
covalent bonding in the sonochemical in-situ co-precipitation process. The deposition of
MNP on the CNC not only improve the dispersion of MNPs in aqueous suspensions but also
successfully extended its usage as a cellulosed-based magnetic hanocomposites in various
applications including magnetic hyperthermia, drugs delivery, and antibacterial activity
(Anirudhan and Rejeena, 2014; Nypelo et al., 2014; Xiong et al., 2013).

Although extensive researches have been performed on determining the
performance of the MNP@CNC (MCNC) nanocomposites in many applications, the
fundamental knowledge relating the factors affecting the properties of the resultant MCNC
nanocomposites as well as its feasibility to work as an effective Pickering stabilizer for
emulsions remained undetermined. To tackle this problem, we performed detailed
parametric studies to determine a desirable reaction condition for the preparation of MCNC
nanocomposites basing on its morphology, dispersibility, and magnetivity. Further, since
the surface wettability of a particle stabilizer is the most vital factors that affect the
Pickering emulsion formation performance (Binks and Lumsdon, 2000c, 2001), the wetting
behaviour of MCNC was measured and evaluated thoroughly in this work to examine the
practicality of the as-prepared MCNC nanocomposites as the particle stabilizer for Pickering
emulsions production. In brief, parameters including CNC/MNP ratio, pre-heated
temperature as well as US power and sonication time were investigated to determine their
influences on the MCNC preparation. On the other hand, since MNP is a pH-responsive
material (Tremaine and Leblanc, 1980; Vepsaldinen and Saario, 2010), The effects of pH
on the surface wettability of the resultant MCNC is also studied to verify the feasibility of

the MCNC nanocomposites as a particle stabilizer for the emulsion.
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4.2 Materials and Methodology

4.2.1 Materials

Iron (II) chloride tetrahydrate (FeCl..4H,O, =99%), iron (III) chloride hexahydrate
(FeCls.6H20, 99%) and ammonium hydroxide (28% NH3 in H,O) were purchased from
Sigma-Aldrich. CNC (Freeze dried, 0.96 wt%) purchased from University of Maine. All water
used in this experiment are ultrapure water (18.2 MQ cm™) obtained from Milli-Q® Plus
apparatus (Millipore, Billerica, USA), ethanol (AR standard), 1M hydrochloric acid (HCl), and
sodium hydroxide (NaOH) purchased from R & M Chemical (Syarikat Saintifik Jaya,
Malaysia). All experiments involving US were conducted on an ultrasound probe sonicator
(20 kHz, Lab750, Sinaptec) under pulse mode (15 s pulse on, 10 s pulse off). All chemicals

in this study were of analytical grade and employed without further purification.

4.2.2 Synthesis and Characterisation of MCNC Nanocomposite

4.2.2.1 MCNCs Prepared with Different CNC/MNP ratio

CNC was first dispersed in water at various concentrations (0.01, 0.05, 0.1, 0.5, and 1
wt%). Next, fixed amount of iron (III) and iron (II) chloride (1.5/1 Fe3*/Fe?* mol ratio)
were added into the CNC dispersion. The mixtures were stirred and the temperature were
fixed at 45 °C. Subsequently, the CNC + Fe?*/3* mixtures were and sonicated at 60 w US
power using ultrasonic horn in the presence of ammonium hydroxide (2.2 ml) for 5 minutes.
The resulted MCNC were magnetically separated and washes 3 times with water to remove
all ammonium hydroxide. Lastly, the leftover were centrifuged at 4500 rpm for 20 minutes,
and dried in an oven overnight. The dried sample were stocked and utilized for
characterisation. The CNC/MNP ratio represented by each CNC concentrations will be 0.2,

1, 2, 10 and 20 respectively.

4.2.2.2 MCNCs Prepared with Different Pre-heating temperature
CNC was first dispersed in water at 0.05 wt%. Next, fixed amount of iron (III) and iron (II)

chloride (1.5/1 Fe3*/Fe?* mol ratio) were added into the CNC dispersion. The mixtures were
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stirred and the temperature were adjusted to (25, 45, 65, and 85 °C). Subsequently, the
CNC + Fe?*/3* mixtures were and sonicated at 60 w US power using ultrasonic horn in the
presence of ammonium hydroxide (2.2 ml) for 5 minutes. The resulted MCNC were
magnetically separated and washes 3 times with water to remove all ammonium hydroxide.
Lastly, the leftover were centrifuged at 4500 rpm for 20 minutes, and dried in an oven

overnight. The dried sample were stocked and utilized for characterisation.

4.2.2.3 MCNCs Prepared with Different Ultrasound Power

CNC was first dispersed in water at 0.05 wt%. Next, fixed amount of iron (III) and iron (II)
chloride (1.5/1 Fe3*/Fe?* mol ratio) were added into the CNC dispersion. The mixtures were
stirred and the temperature were fixed at 45 °C. Subsequently, the CNC + Fe?*/3* mixtures
were and sonicated under different US power (40, 60, and 80 w) using ultrasonic horn in
the presence of ammonium hydroxide (2.2 ml) for 5 minutes. The resulted MCNC were
magnetically separated and washes 3 times with water to remove all ammonium hydroxide.
Lastly, the leftover were centrifuged at 4500 rpm for 20 minutes, and dried in an oven

overnight. The dried sample were stocked and utilized for characterisation.

4.2.2.4 MCNCs Prepared with Different Sonication Time

CNC was first dispersed in water at 0.05 wt%. Next, fixed amount of iron (III) and iron (II)
chloride (1.5/1 Fe3*/Fe?* mol ratio) were added into the CNC dispersion. The mixtures were
stirred and the temperature were fixed at 45 °C. Subsequently, the CNC + Fe?*/3* mixtures
were and sonicated under 60 w US power using ultrasonic horn in the presence of
ammonium hydroxide (2.2 ml) for 1, 3, 5, 7, and 10 minutes. The resulted MCNC were
magnetically separated and washes 3 times with water to remove all ammonium hydroxide.
Lastly, the leftover were centrifuged at 4500 rpm for 20 minutes, and dried in an oven

overnight. The dried sample were stocked and utilized for characterisation.
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4.2.3 Characterisation of MCNCs

The size and surface morphology of the sonochemically prepared MCNCs were analysed
using field emission scanning electron microscope (FE-SEM) (SU8010, Hitachi, Japan) at 15
kV. Elemental mapping were performed through Energy-dispersive X-ray spectroscopy
(EDX) using the same FE-SEM. Functional groups available were examined through Fourier
transform infrared spectroscopy (FTIR) over a range of 550 - 4000 cm™ on a FTIR
spectrophotometer (Nicolet iS10, Thermo Scientific, USA) equipped with diamond probe.
Magnetic strength of MCNCs was measured via vibrating sample magnetometry (VSM)
(Lakeshore 7400 Series, Lakeshore Cryotonics, USA). Surface wettability of MCNCs was
analysed using a contact-angle goniometer (Ramé-hart, USA). Chemical composition and
thermal stability was evaluated by thermogravimetric analysis (TGA) in the temperature
range of 25 to 900 °C at 10 °C/min using a thermogravimetric analyzer (Q50 TGA, TA
instrument, USA). X-ray photoelectron spectroscopy (XPS) spectra were obtained using a

scanning X-ray microprobe PHI Quantera II (Ulvac-PHI, USA) with a monochromatic Al Ka

X-ray source (hv = 1486.6 eV).

4.2.4 Conductometric Titration.

The sulphate groups content of CNC were determined with a method done by Jiang, Esker
and Roman (Jiang, Esker and Roman, 2010) with slight modification. Briefly, 50g of CNC
suspensions at different concentration, with the presence of 1mM sodium chloride, was
placed in a 50 mL beaker, and a conductivity electrode was inserted to the dispersion. The
dispersion was titrated against 0.02 M NaOH solution and all conductivity values were
measured using a Eutech Instrument PC700 conductometer (Eutech Instruments, USA), at
the temperature of 24.5 £ 0.1 °C. The amount of sulphate group was then calculated as

described in the standard procedure (SCAN-CM 65:02).
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4.2.5 Statistical Analysis

Experiment is repeated for obtaining triplicate measurements. Analysis of variance
(ANOVA) would be conducted utilizing Prism software and p<0.05 is considered as
statistically significant. Images obtained from microscopic analysis would be evaluated

using Imagel] software.

4.3 Results and Discussion

4.3.1 MCNCs Preparation: Impact of Reaction Conditions

4.3.1.1 CNC/MNP ratio

The CNC/MNP ratio was one of the most important factor to be evaluated for MCNC
preparation. The FTIR analysis revealed that the surface hydroxyl groups became in excess
with increasing CNC content. As observed in Figure 4.1, the characteristic C—OH peak at
664 cm™ make it's pronounce existence in MCNC10 and MCNC20 samples. This showed

that the MNPs formed were too little as compared to the dispersant concentration.
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Figure 4.1. FTIR spectra of MCNC samples prepared with different CNC/MNP ratio, (a) 0.2,

(b) 1, (c) 2, (d) 10, and (e) 20.
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STEM analysis was performed to evaluate the dispersion of MNPs on CNC template
with varying the ratio. From Figure 4.2, the highest MNPs coverage were spotted on
MCNCO0.2 sample (Figure 4.2b). However, the inset of MCNCO0.2 showed that there was
severe aggregation of MNPs (Figure 4.2b inset) as compared to the other sample (Figure
4.2c - f insets). Despite of slightly lowered surface coverage, a much improved dispersion
of MNPs was observed at MCNC1 (Figure 4.2c inset). Besides that, Figure 4.2c - f showed
that the dispersivity of MNPs gradually improved when CNC/MNP ratio increased from 1 to
20. This STEM analysis confirmed the role of CNC as an effective dispersant for MNPs.

The microscopic images (Figure 4.2) illustrated that MNPs diameter decreased with
increasing CNC/MNP ratio. Based on Image] analysis, the average particle size of MNPs
reduced significantly (P < 0.05) from 16 nm to 12 nm when CNC/MNP ratio increased from
0.2 to 1 (Figure 4.3a). Interestingly, negligible changes was observed in MNPs diameter
when the ratio was more than 1 (Figure 4.3a). The main reason for this size reduction was
due to the insufficient amount of CNC for stabilizing all MNPs at CNC/MNP ratio of 1. In this
study, CNC1 led to a good dispersion for MNPs with smallest MNPs diameter around 12 nm.
It was noticeable that the counts of MNPs on MCNC samples reduces when CNC
concentration increases. Thus the sample MCNCO.2 results in slight aggregation of MNPs,
while MCNC20 shows most scattered MNPs loading. The microscopic images implies that

lower CNC concentration will resulted in higher MNPs loading and vice versa.
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(e)
Figure 4.2. STEM images of (a) MCNCO0.2, (b) MCNC1, (c) MCNC2, (d) MCNC10, and (e)

MCNC20. The inset shows the images at higher magnification. All scale bar are representing

100 nm.
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Figure 4.3. (a) MNPs feret diameter in different MCNC samples, Standard error of mean of

triplicate readings were represented by the error bars in each graph, different alphabetic

letters was significantly different at P < 0.05 by Bonferroni's Multiple Comparison Test. (b)

Histogram generated from the STEM images for the feret diameter of MNPs deposited on

CNC. Samples (i) MCNCO.2, (ii) MCNC1, (iii) MCNC2, (iv) MCNC10, (v) MCNC20.
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The sign and magnitude of the surface charge is an important parameter in
determining the stability of a dispersion and zeta potential is commonly used to predict and
control dispersion stability. Figure 4.4a shows the zeta potential values of MCNC samples.
The result shows that CNC possess very high surface charge (-70.3 £ 2.0 mV) as a result
of ester sulphate groups introduced during acid-hydrolysis process in native CNC
production. MNPs, on the other hand, have much lower surface charge (-14.6 £ 0.7 mV)
and thus it has great tendency to particle agglomeration. At fixed concentration of MNP,
one can observe that the surface charges of MCNC reduce significantly from -22.2 £ 0.2 to
-59.7 £ 2.5 mV with increasing CNC/MNP ratio. It was found that the MCNC samples
exhibited stable surface charged starting from CNC1 (see Figure 4.4a) (Nanocomposix,
2016). This trend is mainly due to the presence of more and more anionic surface functional
groups when more and more CNC is used. These results were in good agreement with our
STEM results. At increasing CNC/MNP ratio, the ratio of Fe ions to CNC functional groups
reduced greatly, rendering more and more un-reacted surface functional groups remained
after the synthesis. This study implies that higher ratio of CNC to MNP enhances the
electrostatic stability of MCNC, thereby improves its dispersion stability. To visualize the
data, photograph of suspension of pure MNPs, pure CNCs, and all MCNC samples were
presented in Figure 4.4b. It was obvious that the pure MNPs settled down quickly (Figure
4.4b (i)), while the pure CNC remain dispersed in water medium (Figure 4.4b (vii)). For the
MCNC samples, the nanocomposites settled down when the CNC concentration was at the
ratio of 0.2 (Figure 4.4b (ii)). The suspensions with CNC/MNP ratio of 1 or above, on the
other hand, were stable towards sedimentation (Figure 4.4b (iii) to (vi)). This correlate well
with our zeta potential results where stable zeta potential were observed starting from

CNC/MNP ratio of 1.
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Figure 4.4. (a) Surface charge, and (b) photograph of water dispersion of (i) pure MNP, (ii)

MCNCO.2, (iii) MCNC1, (iv) MCNC2, (v) MCNC10, (vi) MCNC20, and (vii) pure CNC. Images

captured 10 min after preparation.

TGA demonstrated that the final weight of MCNC samples reduced with increasing
CNC concentration. This was mainly because the MNP/CNC ratio decreased as the CNC
content increased. Apart from that, the TGA curves revealed that MCNC10 and MCNC20
(Figure 4.5d and e) involved only 1 step losses that was attributed to the chemical
degradation of CNC at approximately 280 °C. The absent of the second step losses, which
occurred in MCNCO0.2 to MCNC2 (Figure 4.5a to c) was most likely because of the presence
of polycrystalline MNPs. As per described in Chapter 3, the anchoring of MNPs onto CNC

was highly dependent on the availability of surface functional groups of CNC around it. In
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MCNC10 and MCNC20 (with both samples having very high CNC/MNP ratio), the amounts
of surface functional groups on CNC have outnumbered the iron precursors. Thus the iron
ions have plenty of oxygen containing hydroxyl groups for nucleation and growth. So, single
crystal MNPs were favoured. This was also observed in STEM images for MCNC10 and
MCNC20 (Figure 4.2d and e), where almost all MNPs deposited were single particles. On
the other hand, when the iron precursor’'s concentration increased, the availability of
hydroxyl groups reduced. This thus results in limited nucleation sites for MNPs. Therefore,
less compact structures MNPs were obtained. Interestingly, TGA curve suggested that small
amounts of polycrystalline MNPs were found in MCNC2 sample even though most of the
MNPs were scattered apart (Figure 4.2c). This was most likely attributed to the aggregating
nature of pristine MNPs, where they tend to get attracted to each other and nucleated
nearby.

Besides that, it was noted that both MCNC2 and MCNCO0.2 encountered much smaller
weight losses as compared to MCNC1 (Figure 4.5a to c). The incident in MCNC2 was most
likely because the total MNPs content was much lower as compared to MCNC1. In MCNCO.2,
however, was most probably because there exists a large amount of MNPs that was not
having any reaction with CNC. When the surface hydroxyl groups on CNC was insufficient
for all MNPs to nucleate, some of the MNPs undergo nucleation in CNC-free environment.
These free MNPs then agglomerated onto the MNPs that were already anchored with the
CNC, and thus leading to high degree of aggregation as observed in STEM image (Figure
4.2a). The thermal stability of those MNPs will be similar to those pristine MNPs where no
significant step losses was observed (see Figure 3.8). Therefore, the small step losses
observed was most likely attributed to the limited MNPs that have anchored with the CNC.
The high weight losses in MCNC1 sample, on the other hand revealed that most of the MNPs
were reacted with the surface functional groups of CNC (as previously described in Chapter

3).
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Figure 4.5. TGA data representing weight loss % at different temperature for (a) MCNCO.2,

(b) MCNC1, (c) MCNC2, (d) MCNC10, and (e) MCNC20.

Figure 4.6 presented the magnetization curve of MCNC with varying CNC/MNP ratio.
It had been observed that all MCNC samples showed superparamagnetic properties, with
negligible coercivity, as manifested by the inset. An evident decrease in the saturation
magnetization (Ms) of the MCNC nanocomposite was observed as CNC/MNP ratio increases
(Figure 4.6). This might due to the fact that at fixed concentration of MNPs, the elevated
amount of CNC in the dispersion gradually reduce the magnitude of Ms of the MCNC. In
literature, studies showed that the Ms of MNPs at single domain (<30 nm) reduced gradually
as its particles size decreased due to spin canting effect at the surface (Linderoth et al.,
1994; Roca et al., 2006). In present study, one can, however, notice that the measured
MNPs size remained unchanged despite a marked reduction in Ms from CNC/MNP ratio of 2
to 20. One possible explanation for this observation was likely because MNPs were
immobilized firmly in the CNC network, thus reducing the surface energy of the MNPs and
prevented them from particle aggregation. The firm bonding between MNPs and CNC has
been observed in the FTIR analysis. The reduction in Ms of MCNCs was mainly due to excess

quantity of CNC in aqueous solution.
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Figure 4.6. Magnetization plot of MCNC samples with CNC/MNP ratio of (a) 0.2, (b) 1, (c)

2, (d) 10, and (e) 20. The inset shows the negligible coercivity in all samples.

4.3.1.2 Pre-heated Temperature

The FTIR analysis revealed that no distinct differences were observed in the samples
prepared with the four studied pre-heated temperature. This was likely to indicate that the
pre-heated temperature have minimal effects on the preparation of MCNC nanocomposites.

Further characterisation was carried out to ensure the claim.
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Figure 4.7. FTIR spectra of MCNC samples prepared at different pre-heated temperature,

with (a) 25, (b) 45, (c) 65 and (d) 85 °C.
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Results from STEM analysis showed that the MNP’s diameter and loading amount
remains unaffected under different temperature, suggesting that temperature does not
affect the overall surface morphology and the particles diameter of the deposited MNPs (see
Figure 4.8). These diverse results to the pure MNPs preparation as reported by Mahdavi et
al. (2013), was likely to due to the presence of CNC in the preparation formulation. From
literature, the particles diameter of the MNPs was claimed that will increased as reaction
temperature increased (Mahdavi et al., 2013). This was owing to the increase in energy
within the solution that led to higher mobility of the particles, which then results in greater
number of collisions between the particles. In the present study, pertaining to the ability of
CNC to firmly immobilise the MNPs on its surface during its nucleation and growth, the
MNPs aggregation due to the collisions effect has been minimized. Thus the temperature

showed no effects on the dispersibility of MNPs on CNC.
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(c) (d)
Figure 4.8. STEM images with the respective histogram for MNPs deposited on MCNC
samples prepared at different pre-heated temperature. (a) 25, (b) 45, (c) 65 and (d) 85

°C. All scale bar are representing 100 nm.
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TGA was performed to evaluate the composition of MNPs as a result of varying initial
reaction temperature. From Figure 4.9, it was observed that the final ash content of the
MCNC samples increased slight from 40 to 41 wt% when temperature increased from 25 to
45 (Figure 4.9 insets). However, the insets clearly showed that further increasing the initial
reaction temperature only resulted in reducing MNPs weight content. This was most likely
pertaining to the oxidation of Fe?* to Fe3* in the initial CNC-Fe?*3* mixture before co-
precipitation. Generally, the oxidation of Fe?* was due to the dissolved oxygen in the
aqueous medium. When temperature increased, the water molecule in the medium gained
energy and starts moving vigorously. This thus increased the collision between the water
molecules, which eventually undergo partial separation, and led to the oxidation of the Fe?*
ions. In current situation, higher temperature simply caused more Fe?* to get oxidized. As
Fes04 requires 2 Fe3* and 1 Fe?* to formed, if too much Fe?* was oxidized from the mixture,
the final content of Fe304 will definitely dropped. To verify that, the concentration of Fe3*,
estimated using UV-vis spectrometry in all investigated temperature was depicted in Table
4.1. It was observed that the concentration Fe3* increased linearly from 4.4212 + 0.2578
to 5.8748 + 0.2077 as temperature increased from 25 to 85 °C. This verified the above
hypothesis on the effect of preheated temperature on MNPs formation.

VSM analysis revealed a similar trend as that in TGA analysis. The saturation
magnetization, Ms of MCNC samples rose slightly from 26 to 27 emu/g when pre-heated
temperature increases from 25 to 45 °C. It was then followed by slow reduction as
temperature was further increased (Figure 4.10). This is similar to the phenomena
discussed in Chapter three, as a result of the reduction in Fes04 in the resultant MCNC

sample.

76



Low Liang Ee Monash University — Chemical Engineering

Table 4.1. Concentration of Fe3' representing samples at different temperature. UV
absorbance was recorded at UV-vis wavelength of 300 nm. Different alphabetic letters

indicated significant differences at P < 0.05 by Bonferroni's Multiple Comparison Test.

Temperature (°C) Concentration (pmol/dm?3)
Room =~ 22 + 1 4.1395 + 0.2578°
25 4.1797 + 0.2505°
45 4.4518 + 0.2693¢
65 4.9927 + 0.2106¢
85 5.6334 £ 0.2077¢
100

% \_\ (a)— 25 °C

20 \ (b) — 45 °C
70 (c) —65-°C

§ " \d) 85 °C
_Eﬁ 50 s \e.
2 w0 |, . )
30 | 55 |
20 | ¢ L
10 895 897
0
0 200 400 600 800 1000

Temperature (°C)
Figure 4.9. TGA data representing weight loss % for MCNC samples prepared at different

pre-heated temperature. (a) 25, (b) 45, (c) 65 and (d) 85 °C.
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Figure 4.10. Magnetization plot of MCNC samples prepared under different pre-heated
temperature. (a) 25, (b) 45, (c) 65 and (d) 85 °C. The inset shows the negligible coercivity

in all samples.

4.3.1.3 Ultrasound Power
No distinct differences were spotted in the FTIR spectral of MCNC nanocomposites prepared
under all investigated US power. Further characterisation was performed to evaluate the

effects of US power on the nanocomposites preparation.
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Figure 4.11. FTIR spectra of MCNC samples prepared at different US power, with (a) 40,

(b) 60 and (c) 80 w.
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STEM analysis showed that the MNP’s diameter were highly similar under all US
power. Suggesting that differs in US power does not affect the overall surface morphology
and the particles diameter of the deposited MNPs (see Figure 4.12a to c). This outcome was
most likely due to the extreme conditions induced by typical US cavitation. The existence
of US alone was most likely sufficient enough to ensure a uniform distribution MNPs on
CNC. To support this, investigation done by Dang et al., (2007) on sonochemical

preparation of Fez04 has reported a similar finding.
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(c)
Figure 4.12. STEM images with the respective histogram for MNPs deposited on MCNC
samples prepared at (a) 40, (b) 60 and (c) 80 w US power. All scale bar are representing

100 nm.

TGA has been carried out to determine the elemental composition of MNPs as a
result of varying US power. From Figure 4.13, no distinct difference in chemical composition
was observed among all US power-induced samples. As observed from the insets, the final
ash content for all samples was at around 34 wt%. However, VSM plot revealed that the
respective magnetic strength of MCNC increased from 25.256 to 27.116 emu/g with
increasing US power from 40 to 60 w (Figure 4.14). The magnetivity then increased in

minor magnitude from 27.116 to 27.691 under stronger US power at 80 w. This phenomena
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was most likely because the desired nucleation and growth rate acceleration was achieved

at US power of 60 w. A similar trend was reported in literature study on pristine MNPs by

Dang et al., (2007).
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Figure 4.13. TGA data representing weight loss % at different temperature with US power

of (a) 40, (b) 60 and (c) 80 w.
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Figure 4.14. Magnetization plot of MCNC samples prepared under different US power. (a)

40, (b) 60 and (c) 80 w. The inset shows the negligible coercivity in all samples.
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4.3.1.4 Sonication Time
The FTIR analysis revealed that sonication time have no effects towards the preparation of
MCNC nanocomposites. To confirm this, various characterisation was later done to evaluate

the effects of US cavitation time on the MNPs diameter.

3334
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(c) USW
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(e) US10min

% Transmitten

500 1000 1500 2000 2500 3000 3500 4000
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Figure 4.15. FTIR spectra of MCNC samples prepared at different sonication time, with (a)

1, (b) 3, (c) 5, (d) 7 and (e) 10 min.

Based on STEM analysis. Figure 4.16a illustrated that US1min nanocomposite
sample exhibited a pronounce MNPs agglomeration with average cluster diameter of 45.92
+ 53.60 nm. Increasing the sonication time, on the other hand, improves the homogeneous
dispersion of the MNPs, as evidenced by Figure 4.16. The measured average MNP diameter
reduced to around 12 nm when US irradiation time was 5 min or above. The severe particle
agglomeration obtained at 1 and 3 min of sonication time was believed to be caused by the

insufficient cavitation energy applied to the system due to short US irradiation time.
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Figure 4.16. STEM images with the respective histogram for MNPs deposited on MCNC
samples prepared under (a) 1, (b) 3 (c) 5, (d) 7 and (e) 10 min ultrasonication. All scale

bar are representing 100 nm.

TGA has been carried out to determine the elemental composition of US-induced
MCNC samples (Figure 4.17). The ashes content increased as US irradiation increased,
recorded maximum values of around 41 wt% at 5 min sonication time. The trend then
reversed with further sonication at 7 and 10 min. As expected, a similar trend was noticed
from the VSM result. The Ms of US-induced MCNC samples increased accordingly from
17.510 to 27.856 emu/g when US irradiation time increased from 1 to 5 min (Figure 4.18).
However, the Ms value then dropped substantially to 23,760 and 18.824 emu/g at extended
sonication time at 7 and 10 min respectively. The observed lower ash content and Ms for
US1min was simply attributed to the uncompleted co-precipitation reaction as result of

shorter sonication time that is not sufficient for all MNPs in the medium to reach its growth
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saturation (Gnanaprakash et al., 2007). This was supported by the presence of rod-like
structures of unreacted Fe(OH); as shown in Figure 4.16a. The Ms reduction in US7min and
US10min was mainly due to the secondary oxidation process from the crystal structure of
MNPs (Dang et al., 2007). Since the magnetic strength of MNPs were mainly pertained from
the Fe?* ion, the oxidation of Fe?* on the MNPs structure as resulted from long US irradiation
will lead to reduced Ms (Dang et al., 2007). XPS study was also carried out to further
elucidate the composition of MCNC samples. From the wide scan image of XPS (Figure
4.19a), the presence of CNC and magnetic nanoparticles was confirmed through the typical
band spectra for carbon (= 287 eV), oxygen (= 25 & 533 eV) and ferrum (= 711 eV)
respectively (Xiong et al., 2014; Zhang et al., 2013). To examine the presence of magnetite
rather than maghemite, narrow XPS scanning was performed. The characteristic binding
energy of Fe 2ps/, of Fes04 falls around 709 and 711 eV for Fe?* and Fe3* respectively (Li,
Jiang and Bai, 2011). Our narrow scanning across the Fe 2p region in Figure 4.19b
demonstrated that the formation of Fe304 existed in all the measured samples. Another
extra peak situated at about 719 eV was observed in the MCNC samples prepared upon
sonication for 1 and 10 min. This characteristics peak of Fe3* in Fe,Os (Wu et al., 2012),
suggested that the MNPs on 1 and 10 min samples were partly oxidized, which thus
validated the claims on the VSM analysis. The valence band spectra showed slight
differences between the 5 min samples and the others, with 5 min MCNC sample having
the typical fingerprint of magnetite (Figure 4.19c) (Moulder et al., 1995). This also
suggested the oxidation inhibition of MNPs in the MCNC sample prepared at 5 min US

irradiation.
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Figure 4.17. TGA data representing weight loss % at different temperature with sonication

time of (a) 1, (b) 3, (c) 5, (d) 7 and (e) 10 min.
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Figure 4.18. Magnetization plot of MCNC samples prepared under different sonication time.

(a) 1, (b) 3, (c) 5, (d) 7 and (e) 10 min. The inset shows the negligible coercivity in all

samples.
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Figure 4.19. XPS spectra for (a) wide scan, (b) narrow scan Fe 2p and (c) narrow scan O

2p & valence band of MCNC nanocomposites prepared at (i) 1, (ii) 5 and (iii) 10 min

ultrasonication time.

4.3.2 Surface Wettability of MCNCs

4.3.2.1 Surface Hydrophilic Group Content of CNC

As mentioned in Chapter 3, the surface of CNC consists of minor but significant amount of
sulphate groups (8.5 %). Here the sulphate group content was employed to symbolize all
surface functional groups on CNC to estimate the total functional groups changes as CNC

concentration increased. Conductometry was performed on pure CNC at different
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concentration to determine the total sulphate group content. The conductometry results
were shown in Figure 4.20. As expected, the results demonstrated that CNC20 possessed
highest sulphate group content compared to the samples containing lower CNC/MNP ratio.
The functional groups content showed considerable decrease (P < 0.05) as CNC/MNP ratio
gradually reduced to 0.2. The results are reasonable since at higher CNC concentration,
there should be higher sulphate groups in the medium. This also proved that the total
functional groups in the medium, readily available for dispersing MNPs increased as CNC

concentration increased.

CNC20 76.606°
CNC10
CNC20

CNC1

CNCO.2 6.522°

1
0 20 40 60 80 100
Sulfate Group Content (pmol)

Figure 4.20. Sulphate group content in medium containing various CNC/MNP ratio
estimated by conductometric titration. Standard error of mean of triplicate readings were
represented by the error bars in each graph, different alphabetic letters was significantly

different at P £ 0.05 by Bonferroni's Multiple Comparison Test.

The conductometry results were well supported by EDX study on MCNC samples
(Figure 4.21a and b). In the current study, because hydrogen and oxygen does not only
appeared in the surface functional groups but also the entire core of CNC, thus sulphur
content was utilized as representative to illustrate all the available surface functional groups
on the samples. Meanwhile, pure MNPs (Figure 4.21a (i) and b (i)) and CNCs (Figure 4.21a
(vii) and b (vii)) were produced for comparison of the sulphur content (cyan dots), and iron

content (orange red dots) with MCNC samples. Results presented in Figure 4.21a (ii) to (vi)
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showed that the amount of cyan dots dramatically increased when CNC/MNP ratio inclined.
This suggested that the free surface functional groups become excess in amount with an
increase in CNC/MNP ratio. Besides that, an inverse behaviour was noticed on the iron
content (Figure 4.21b (ii) - (vi)). It can be clearly seen that the orange red dots population
decreased as CNC/MNP ratio increased from 1 to 20 (Figure 4.21b (ii) — (v)), with maximum
coverage achieved on CNC/MNP ratio of 1 and 0.2. This indicates that iron oxides content
on MCNC samples increases as CNC amount decreases. This phenomenon continued until
the maximum surface coverage was achieved at MCNCL1. In overall, the conductometry and
EDX studies showed that there was a direct relationship between the MNPs loading and CNC

concentration.

(i)

(iv)

MCNC10

(vi)

n i o

(ii) (iii) (iv)

MCNC10 MCNC20 -

(vi) (vii)

(b)
Figure 4.21. EDX mapping for (a) sulphur content and (b) iron content in (i) pure CNC, (ii)
MCNC20, (iii) MCNC10, (iv) MCNC2, (v) MCNC1, (vi) MCNCO.2, and (vii) pure MNP. MCNC

samples were obtained under different CNC/MNP ratio.
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The surface wettability of the as-prepared MCNC samples were presented in Table
4.2. It was generally reported that pristine CNCs are amphiphilic cellulose fibres that easily
disperse in water medium (Kalashnikova, Bizot and Cathala, 2012), while pure MNPs are
typically hydrophilic particles (Zhou et al., 2011). From Table 4.2, it has been observed
that all MCNC samples were more hydrophobic as compared to the two control samples
(pristine CNC and MNPs), as evidenced with their higher contact angle. The results revealed
that the contact angle of the samples increased while decreasing CNC/MNP ratio from 20
to 1. However, the contact angle decline considerably from 51.87 £ 0.17to 44.98 + 0.23°
as the ratio was further reduced from 1 to 0.2. This noticeable trend was most likely due
to the decrease in amount of hydrophilic groups introduced as a result of reduction in
CNC/MNP ratio. When decreasing the CNC/MNP ratio progressively from 20 to 1, the water-
wettability of MCNC is directed by the limited amount of amphiphilic CNC particles. During

the in-situ sonochemical reaction, the CNC surface hydrophilic hydroxyl groups (—OH™)

react with Fe ions to form MCNC nanocomposites. As illustrated in Scheme 4.1, it is
proposed that three Fe ion would require four oxygen ions in order to form a single MNP

coated on CNCs. One —OH™ group of CNC possesses, however, only one oxygen ions.
Thus, four —OH™ groups are necessary to allow the deposition of a single MNP on CNC

surface. A stepwise formation of MNP was also reported by Awwad and Salem (2012) on
the preparation of MNPs stabilized by carob leaf extract. In the present study, the trend
reverses at CNC/MNP ratio < 1. Further decrease in CNC/MNP ratio to 0.2 results in excess
amount MNPs deposited on the CNC surface. With more deposited MNPs, a more hydrophilic
behaviour of MCNC nanocomposite was observed, as witnessed by lower contact angle. To
support this, our STEM images showed a considerable increase in MNP content from
samples CNC20 to CNC1 (Figure 4.2a to e), with the largest amount of aggregated MNPs
observed in MCNCO0.2 (Figure 4.2a). Furthermore, EDX presented progressive decline in
sulphur population and gradual increment in amount of MNPs content with increasing

MNP/CNC ratio (Figure 4.21a and b).

88



Low Liang Ee Monash University — Chemical Engineering

Using the information from the wettability, the interfacial contact angle of all
examined samples were estimated using an Equation derived by Zhou et al. (2011) using

Washburn method.

_ Yaw

cosB,,, = y—cos@aw — Yao 0656, [Equation 4.1]

ow Yow

where 6,,, , 0, , and 6,, are the interfacial, air-water, and air-oil contact angle
respectively, while y,, is the interfacial tension between oil and water phase, and Y, & V40

are surface tension of oil and water respectively. The estimated 6, for all samples were

then depicted in Table 4.2. As observed, as similar trend was observed as compared to the
surface wettability data. However, all the recorded contact angle values were relatively low,
with the highest only at around 47 °. This requires improvement since the most of the stable
Pickering emulsion were produced using solid particles with an interfacial contact angle near
90 °. In the next sub-section, the effects of pH on the MCNC nanocomposites will be

evaluated.

Table 4.2. Water-air and interfacial contact angle of CNC, MNP, and MCNCs samples.
Different alphabetic letters was significantly different at P < 0.05 by Bonferroni's Multiple

Comparison Test.

Sample Water-air contact angle (°) Interfacial contact angle (°)
CNC 36.723 £ 0.25° 15.708

MCNC20 43.421 + 0.36° 15.690

MCNC10 44.836 = 0.17¢ 17.343

MCNC2 49.102 + 0.15¢ 37.644

MCNC1 51.869 + 0.17¢ 47.015

MCNCO.2 44,983 + 0.23¢ 26.421
MNP 21.170 + 0.35f 0.000
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(After reaction) CNC
Dispersed Fe;0. Composites

Scheme 4.1. Schematic illustration of the hydrophilic groups on the surface of CNC and

MCNC.

4.3.2.2 pH Conditions

pH is another important factor to be examined since the pure MNPs are pH-responsive
(Tremaine and Leblanc, 1980). The surface wettability of the MCNC nanocomposites across
pH 1.5 to 13.0 has been examined. Results from Table 4.3 demonstrated that the surface
wettability of MCNC reduced linearly from 87.993 + 3.030 to 18.739 £+ 3.059 ° as pH
increased from 1.5 to 11. The surface wettability of MCNC nanocomposites at pH 12 and
13, however was unable to be measured accurately due to the presence of extremely high
salt content as a result of pH tuning. Nevertheless, the results showed that MCNC possessed
hydrophobic surface properties under low pH, but turned hydrophilic as pH increased. Since
native CNC was not pH responsive under the examined pH ranges (Figure 4.22a), MNP is
the material that contributes to the changes. The changes of water wetting ability, or
solubility of MNP upon pH variation was previously observed in literature reports by
Tremaine and Leblanc (1980). They have demonstrated that MNP was poorly soluble in
water (hydrophobic) at acidic pH. The solubility slowly increased and reached maximum at
around pH 11 (hydrophilic), and drastically reduced as pH was further increased (Tremaine
and Leblanc, 1980; Vepsaldainen and Saario, 2010). In fact, the solubility of MCNC

nanocomposites in water has shown a similar trend as that of pure MNPs, even at pH 12
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and 13 (Fig. 4.22b). Using Equation (4.1), the interfacial contact angle for MCNC
nanocomposites varying pH was estimated and tabulated in Table 4.3. The outcomes
revealed that the interfacial contact angles reduced from 159.522 to eventually 0.000 °
when pH increased from 1.5 to 11. Based on the previous claims by Kaptay et al. (2006)
where the optimum interfacial contact angles for Pickering stabilization falls around 70 to
110 °, we suspect that the suitable pH ranges for Pickering emulsion preparation were most
likely falls in between 4 to 7. To verify that, the pH effects on Pickering emulsion formation

will be evaluated in the next Chapter.

Table 4.3. Water-air and interfacial contact angle of MCNCs samples varying pH. Different
alphabetic letters was significantly different at P < 0.05 by Bonferroni’s Multiple Comparison

Test.

Sample pH Water-air contact angle (°) Interfacial contact angle (°)

1.5 87.993 £ 3.030° 159.522
2.0 79.577 + 4.222° 143.497
3.0 73.761 £ 4.906¢ 117.660
4.0 71.359 + 2.239¢ 110.020
5.0 67.797 £ 0.867¢ 97.208
6.0 63.419 + 1.169f 84.295
7.0 58.265 £ 3.189¢ 70.366
8.0 53.468 + 0.853" 53.551
9.0 48.918 + 1.762 37.736
10.0 30.810 + 1.709 0.000
11.0 18.739 + 3.059 0.000
12.0 N/A N/A
13.0 N/A N/A

91



Low Liang Ee Monash University — Chemical Engineering

(b)

Figure 4.22. Photographs of (a) CNC suspensions and (b) MCNC suspensions prepared

under pH ranging from 1.5 to 13.0.
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4.4 Conclusions

Effects of CNC/MNP ratio, temperature, and US power and US irradiation time on
physicochemical properties of the sonochemically prepared MCNC nanocomposites were
examined. Excess surface hydroxyl groups were spotted from FTIR results when high
dispersant content was employed as compared to the iron oxides amount. The increase in
dispersant concentration gives rise to direct improvement on the MNPs dispersibility on CNC
fibre while having an inverse relationship with the magnetic strength of the resultant MCNC
nanocomposites (30.798 to 1.625 emu/g with increasing ratio from 0.2 to 20). The pre-
heated temperature of the CNC + Fe?*/Fe3* dispersion showed no significant effects on the
dispersion of MNPs on CNC. However, it leads to reduced Ms as an outcome of excessive
oxidation of Fe?* to Fe3* prior to co-precipitation reaction, which thus resulted in reduced
MNPs content. Besides that, the current investigation also revealed that the corresponding
dispersivity of MNPs improved as sonication time increased from 1 to 5 min, and then
remained similar upon further sonication to 10 min. Despite the fact that utilization of US
accelerated the overall nucleation and growth of MNPs, an overduely long US irradiation
time caused unwanted oxidation of Fe?* on the surface structures of the already-formed
MNPs to Fe3*. This was confirmed from our XPS analysis. The effects of CNC concentration
and pH of the MCNC dispersion towards the surface wettability of the respective MCNC
nanocomposites were then evaluated by estimating the interfacial contact angles of the
MCNC. The CNC concentration analysis revealed that the interfacial contact angle increases
from 15.690 to 47.015° as CNC/MNP ratio reduced from 20 to 1 as regarded by the reducing
amount of hydrophilic groups on the composites surfaces. In the present study, the trend
reverses after the ratio of 1. Further decreasing the ratio to 0.2 resulted in excess amount
MNPs deposited on the CNC surface. With more deposited MNPs, a more hydrophilic
behaviour of MCNC nanocomposite was observed. pH examination, on the other hand,
showed that interfacial contact angles reduced from 159.522 to eventually 0.000 ° when
pH increased from 1.5 to 11, suggesting that the suitable pH ranges for Pickering emulsion
preparation were most likely falls in between 4 to 7. The pH effects on Pickering emulsion

formation will be addressed in the next Chapter.
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CHAPTER FIVE
PHYSICAL PROPERTIES AND COLLOIDAL STABILITY OF MCNC-

STABILIZED PICKERING EMULSION (MCNC-PE)

Overview

The formation of palm olein-in-water (O/W) Pickering emulsion stabilized by
Fes04@Cellulose nanocrystals (MCNC) nanocomposites is investigated in this chapter. The
synthesized MCNC nanocomposites successfully stabilized Pickering emulsion with dual
responses. The magnetic tests revealed a direct-relation between attractability of MCNC-
stabilized Pickering emulsions (MCNC-PE) and the emulsion droplet diameter. The MCNC-
PE showed stable monodisperse emulsion droplets under acidic pH. The physical stability
substantially reduced as the MCNC-PE falls around mild alkali pH, and regained slowly when
approaching pH 13. In the parametric studies, it has been noticed the changes in MCNC
particles concentration, Gy, and oil volume ratio, ¢,; lead to the changes in the mean
emulsion sizes and the surface coverage (Sy,cnc) Of emulsions by MCNC particles. Increasing
ultrasound (US) power and time are found to favour MCNC-PE with smaller sizes and higher
monodispersity. The desired ultrasonic conditions in this work that provides MCNC-PE with
smallest possible sizes were 60 W US power and 3 min sonication time. Lastly, the results
demonstrated that the ionic strength does not affect the mean droplet size, creaming

stability and magnetic strength of the MCNC-PE.
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5.1 Introduction

Emulsion is a system of two immiscible liquids in which one of the liquid is dispersed in the
other. Generally, conventional emulsions were stabilized by surfactants. However, the cost
of surfactant is normally high, and their recovery is not practical (Binks, 2002; Tang et al.,
2015). Furthermore, some surfactants may also induce tissue irritation and cell damage
(Tang et al., 2015). Therefore, the use of solid particles as emulsifier is getting more
attentions recently due to their low cost, low toxicity, and their remarkable resistance
against coalescence compared to the conventional emulsions stabilized by surfactant
(Frelichowska et al., 2009; Pickering, 1907; Ramsden, 1903). The solid-stabilized
emulsions system, termed as Pickering emulsion were pioneered by Ramsden, (1903) and
Pickering, (1907) back in the 19 century. Their findings allowed the generation of
surfactant-free emulsions. This is vitally useful especially in various health and cosmetics
applications where the use of lethal surfactants are undesirable. By definition, the advanced
resistances to de-stabilization of Pickering emulsions were due to the irreversible adsorption
of colloidal solid particles onto the interfaces of two immiscible liquids (Binks and Lumsdon,
2001; Cunhaetal., 2014; Tambe and Sharma, 1993). The strong shielding effects imparted
by the solid particles, however, have restricted the employment of the Pickering emulsion
in various applications that requires temporal stabilization and subsequent demulsification.
This includes oil recovery (Sharma et al., 2015; Tang et al., 2015), drug delivery
(Frelichowska et al., 2009; Marku et al., 2012; Tang et al., 2015), and emulsion
polymerization (Chen et al., 2008; Tang et al., 2015; Zhang et al., 2009).

The stabilization of Pickering emulsion is normally affected by the surface wettability
of particles (Binks and Lumsdon, 2000). Hence, nanoparticles with switchable partial
surface wetting properties are desirable. This can be done by designing Pickering stabilizer
that responds to external stimuli. Generally, this requires particle that undergo some
physical or chemical transformation under responses to external triggers that, in turn,
changing its wetting ability. This can ultimately result in generating remote controllable
Pickering emulsion. To date, various responses such as thermosensitive (Tang et al., 2014;

Zoppe et al., 2012), pH responsive (Lan et al., 2007; Tang et al., 2014), and magnetic
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responses (Lan et al., 2007; Zhou et al., 2011), have been attempted for Pickering
emulsions preparation. In fact, Pickering emulsions with multiple stimuli responses were
also demonstrated (Tang et al., 2014). One of the popular material that has gained
attentions for its stimuli responsive properties is the Fes04 nanoparticles (MNPs). Besides
being known for its superparamagnetic properties, recent study by Lan et al. (2007)
demonstrated that oleic acid stabilized MNPs experienced several phase transition when the
pH was adjusted from acidic to alkali condition. However, study by Zhou et al. (2011)
showed that pure MNPs were only able to stabilize certain non-polar oil based Pickering
emulsion. This highly constrained the uses of MNPs for the as-mentioned applications.

In search for approaches to improve the feasibility of MNPs to stabilize more types
of oil-based Pickering emulsion, cellulose nanocrystal (CNC), was one of the most widely
investigated Pickering stabilizer due to its biocompatibility, biodegradability, non-toxicity,
and sustainability (Capron and Cathala, 2013; Kalashnikova et al., 2011; Zoppe et al.,
2012). In literature, CNC had been reported to exhibit remarkable performance as Pickering
stabilizer for emulsion. Furthermore, it was reported that CNC can undertake variety of
responses when incorporated with fillers with respective responses (Wu et al., 2011). In
fact, literature evidence have proven that the incorporation of MNPs into CNC matrix give
rise to magnetic cellulosic materials with great dispersion stability (Liu et al., 2015). Despite
the wide documentation of CNC-based stimuli responsive Pickering emulsions, magneto-
responsive Pickering emulsions based on Fes:04@CNC (MCNC) nanocomposites has,
however, not been adequately explored.

This leads to the objective of this paper where preparation of magneto-responsive
Pickering emulsions stabilized by MCNC nanocomposite is studied. In addition, several
important parameters, including the pH, CNC/MNP ratio, MCNC particle concentrations, oil
volume fraction ¢,;;, US power, sonication time and ionic strength on the preparation of
MCNC-stabilized Pickering emulsion were also studied in the current work to prepare the
magnetic- and pH-responsive Pickering emulsions using MCNC nanocomposites as Pickering
stabilizer. Additionally, since the MCNC-PE aimed ultimately to be a drug delivery carrier,

the oil phase in our formulation was chosen as the red palm olein. Red palm olein is an
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edible oil that is rich in natural phytonutrients such as tocotrienols and carotenoids that
exhibit nutritional properties and oxidative stability (Bonnie and Choo, 2000). Besides, it is
also proven to have potent cardioprotective, antioxidant, anti-inflammatory and anti-

diabetic activities (Loganathan et al., 2017).

5.2 Materials and Methodology

5.2.1 Materials

All chemicals in this study were employed without further purification. Iron (II) chloride
tetrahydrate (FeCl;.4H,0, =99%), iron (III) chloride hexahydrate (FeCls.6H.0, 99%),
ammonium hydroxide (28% NH3 in H,O) and sodium chloride (NaCl) were purchased from
Sigma-Aldrich. CNC (Freeze dried) purchased from University of Maine. Red palm superolein
(melting point 19 °C) was purchased from Sime Darby Jomalina Sdn Bhd (Malaysia). All
water used in this experiment are ultrapure water (18.2 MQ cm™) obtained from Milli-Q®
Plus apparatus (Millipore, Billerica, USA), ethanol (AR standard), 1M hydrochloric acid (HCI),
and sodium hydroxide (NaOH) purchased from R & M Chemical (Syarikat Saintifik Jaya,
Malaysia). All experiments involving US were conducted on an ultrasound probe sonicator

(20 kHz, Lab750, Sinaptec) under pulse mode (15 s pulse on, 10 s pulse off).

5.2.2 Synthesis and Characterisation of MCNC Nanocomposite
MCNC nanocomposites were prepared by sonochemical co-precipitation methods as
mentioned in previous section. Briefly, CNC was first dispersed in water and later mixed
with iron (III) and iron (II) chloride (1.5/1 Fe3*/Fe?* mol ratio). Subsequently, the mixtures
were stirred and heated to 45 °C., and sonicated using ultrasonic horn at 60 w in the
presence of ammonium hydroxide for 5 minutes.

After that, the MCNCs were precipitated, and magnetically separated and washes 3
times with ethanol to remove all ammonium hydroxide. Lastly, the leftover were centrifuged
at 4500 rpm for 20 minutes, and dried in an oven overnight. The dried sample were stocked

and utilized for characterisation as discussed in Chapter 3.

97



Low Liang Ee Monash University — Chemical Engineering

5.2.3 Preparation of MCNC-PE

Pickering emulsions were prepared by using the as-synthesized MCNC nanocomposites as
solid particle stabilizers and B-carotene rich red palm olein as oil phase. A brief preparation
procedure of MCNC-stabilized Pickering emulsions was as shown in Figure 5.1, and

discussed in details as follow:

Step 1 Step 2 Step 3
Adding Oil Ultrasound
_ w — w — ‘ : : ;r.
MCNC Dispersion Pickering Emulsion

Figure 5.1. Schematic representation for preparation of MCNC-PE.

5.2.3.1 Pickering Emulsions at Different pH

Emulsions with fixed oil content were prepared by mixing 30 vol% palm olein (¢,; = 0.3)
with aqueous suspension of fixed MCNC particle concentrations (0.050 wt%) at various pH
(1.5 to 13.0), adjusted using HCl and NaOH of analytical grade. Subsequently, the mixture
was emulsified for 3 minutes using an ultrasonic horn at 60 w. The resultant emulsion was

transferred to glass vials and stored at room temperature for further characterisation.

5.2.3.2 Pickering Emulsions with Different MCNC Particle Concentrations

Emulsions with fixed oil content were prepared by mixing 30 vol% palm olein (¢,; = 0.3)
with aqueous suspension of different MCNC particle concentrations (0.025, 0.050, 0.100,
0.200, and 0.300 wt%) at pH 6.5. Subsequently, the mixture was emulsified for 3 minutes
using an ultrasonic horn at 60 w. The resultant emulsion was transferred to glass vials and

stored at room temperature for further characterisation.

98



Low Liang Ee Monash University — Chemical Engineering

5.2.3.3 Pickering Emulsions with Different Oil Volume Fraction

Emulsions with different oil contents were prepared by taking 0.1 wt% MCNC particles
dispersion at pH 6.5, with different MCNC oil volume fractions (¢,; = 0.1, 0.2, 0.3, 0.4,
and 0.5). The mixture was then emulsified for 3 minutes using an ultrasonic horn at 60 w.
The resultant emulsion was transferred to glass vials and stored at room temperature for

further studies.

5.2.3.4 Pickering Emulsions with Different Ultrasound Power

Emulsions with fixed oil content were prepared by mixing 30 vol% palm olein (¢,; = 0.3)
with aqueous suspension of fixed MCNC particle concentrations (0.050 wt%) at pH 6.5,
adjusted using HCl and NaOH of analytical grade. Subsequently, the mixture was emulsified
for 3 minutes using an ultrasonic horn operated at various US power (40, 60, 80 w). The
resultant emulsion was transferred to glass vials and stored at room temperature for further

characterisation.

5.2.3.5 Pickering Emulsions with Different Sonication Time

Emulsions with fixed oil content were prepared by mixing 30 vol% palm olein (¢,; = 0.3)
with aqueous suspension of fixed MCNC particle concentrations (0.050 wt%) at pH 6.5,
adjusted using HCl and NaOH of analytical grade. Subsequently, the mixture was emulsified
for 1, 3, 5, 7, and 10 minutes using an ultrasonic horn operated at 60 w US power. The
resultant emulsion was transferred to glass vials and stored at room temperature for further

characterisation.

5.2.3.6 Pickering Emulsions with Different NaCl Concentrations

To examine the effects of salt on the MCNC-stabilized Pickering emulsion properties,
emulsions with different ionic strengths were prepared by adding different amount of NaCl
(0, 100, 200, 300, 400, and 500 mM) into the freshly made Pickering emulsions containing

a fixed oil volume fractions (¢,; = 0.3) stabilized by 0.1 wt% MCNC particles. The emulsion
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samples were then gently stirred for 5 min and transferred to glass vials and stored at room

temperature for 14 days for analysis.

5.2.4 Characterisation of MCNC-PE

MCNC stabilized Pickering emulsion droplets diameter was measured using a Mastersizer
(Mastersizer 3000, Malvern Instruments, UK) equipped with a Hydro EV wet dispersion unit.
The emulsions were analysed periodically up to 14" days of preparation to determine the
storage stability of the emulsions. Stability of Pickering emulsions were checked via traces
of phase separation or coalescence of the emulsions. Visualization of Pickering emulsion
droplets were performed using an inverted optical microscope (Nikon Eclipse TS100, Nikon
Instruments Inc., USA) at 10x magnification. Localization of MCNC at the oil/water interface
were checked using inverted fluorescent microscope (Nikon Eclipse Ti-E, Nikon Instruments
Inc., USA) at 10x magnification. The emulsions sample for fluorescent microscopy were
prepared at pH 6 with double staining. Red palm oil were stained with nile red prior to
emulsions preparation. After preparation, the Pickering emulsions were diluted 30 times
with water. The MCNC were then stained with calcofluor white. The motion of MCNC-PE
under an external magnetic field (EMF) was evaluated based on a method similar to that
by Lin, Yang, Petit, and Lee, (2015) on examination of motion of MRGO-Pickering emulsion
under an EMF. For instance, 50 ul of the MCNC-PE was dropped in petri dishes. Then, a

magnet was located near to it to attract them.

5.2.5 Statistical Analysis
Experiment was repeated for obtaining triplicate measurements. Analysis of variance
(ANOVA) was conducted utilizing Prism software and p<0.05 was considered as statistically

significant.
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5.3 Results and Discussion

5.3.1 Physical Properties of MCNC-PE

To compare the effectiveness of MCNC in stabilizing Pickering emulsions, pristine MNPs and
CNC stabilized emulsions were prepared as control samples to be compared to the
emulsions emulsified by the MCNC. The result showed that pure MNPs could not produce
stable palm oil-based Pickering emulsion (Figure 5.2a). The reason for poor stability in
MNPs may be simply because MNPs possessed low surface charges after they aggregated.
This thus caused the MNPs to settle down easily and led to destabilization of the freshly
formed emulsions. The Pickering emulsion produced by pristine CNC was not stable as well,
as shown in Figure 5.2b. This could be explained where CNC have an extremely high surface
charges up to a point where the repulsion forces hold as barrier to retard the emulsion
stability. In fact, certain amount of electrolyte were often added to CNC dispersion for
charge screening before utilizing it as Pickering emulsifier to favour stable Pickering
emulsions (Kalashnikova et al., 2012). Thus it is reasonable that stable Pickering emulsions
could not formed in the current situation since no electrolyte were added prior to Pickering
emulsions preparation. In contrast, stable Pickering emulsions were obtained when MCNC
was used as stabilizer (Figure 5.2c). This is mainly because the deposition of MNPs onto
CNC matrix providentially acted as charge screening function as that of electrolyte. Thus,
we could confirm that MCNC contributes well in stabilizing Pickering emulsion.

To prove the above explanation, surface charges of the materials are examined by
measuring the zeta potential of pristine MNPs, CNC, and MCNC nanocomposite. As shown
in Figure 5.3, MNPs exert low zeta potential of -18.8 £ 1.4 mV that falls within a range that
favours de-stabilization (Nanocomposix, 2016). CNC, on the other hand, have high zeta
potential of -69.6 £ 2.6 mV. As compared to both pure solids, the surface charges of MCNC
were lower than that of CNC. The reduction (P < 0.05) in zeta potential for MCNC stabilized
Pickering emulsions was due to the incorporation of weakly charged MNPs onto CNC matrix.
Furthermore, even with such reduction, the zeta potential of MCNC nanocomposites still

falls within the safe range (ranges < -25 mV or > 25 mV) against coalescence
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(Nanocomposix, 2016), with recorded value of -35.6 = 4.0 mV. This thus led to stable

Pickering emulsion formation.

Figure 5.2. Fresh Pickering emulsion produced with (a) 0.1 wt% pure MNP, (b) 0.1 wt%

pure CNC, and (c) 0.1 wt% MCNC nanocomposite.

MCNC A

CNC 1 -69.6°

MNP -18.89

-80 -60 -40 -20 0
Zeta Potential (mV)

Figure 5.3. Surface charge of Pickering emulsion stabilized by (black) pure MNP, (green)
pure CNC, and (purple) MCNC nanocomposite. Standard error of mean of triplicate readings
were represented by the error bars in each graph, different alphabetic letters was

significantly different at P < 0.05 by Bonferroni's Multiple Comparison Test.

The localization of MCNC at O/W interface was checked by fluorescent microscopy.
Calcofluor was used to stain the cellulosic material, while nile red was contributed to oil
phase staining. This double staining allows one to clearly distinguish the inner oil phase and
the surface covered by MCNC nanocomposites. Figure 5.4a and b showed the presence and

location of MCNC and red palm oil respectively. On the same hand, Figure 5.4c revealed
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that the micrograph produced by combining both image in Figure 5.4a and b. It was obvious
that the red palm oil was surrounded by the MCNC. This thus confirmed the existence of

both MCNC and red palm oil in the O/W Pickering emulsion prepared.

Figure 5.4. Fluorescent micrographs of MCNC-PE at pH 6 with double staining. Images (a)
showing MCNC nanocomposites, (b) showing red palm oil phase, and (c) Combined image.

(Red palm oil phase stained with nile red, MCNC stained with calcofluor).

Magnetic properties of MCNC-PE were evidenced from the motion of droplets under
an EMF (see Figure 5.5). For comparing the magnetic attract ability, stable Pickering
emulsion droplets at two different diameter was evaluated. Emulsion at pH 3 with diameter
of 109.00 um was representing big emulsion, while emulsion at pH 6 (diameter of 25.64
Mm) was chosen to represent small emulsion (note*, the effect of pH on MCNC stabilized
Pickering emulsion will be discussed in the next section). It was obvious that both emulsions
responded to EMF. However, the motion of emulsions with smaller droplet diameter towards
the household magnet was much faster as compared to the bigger emulsions. This is due
to the drag force acted on the droplets. From the famous drag equation (Equation 5.1)
(Yamaguchi, 2008).

Fp, = CppAu?/2 [Equation 5.1]
Where Fp is the drag force, Cpis the drag coefficient, p is the density of fluid, A is the cross
sectional area of droplet, and u is the velocity of the object. The drag coefficient for very
small droplet with small Reynolds number (Re < 1) is considered to be as Equation (5.2):
Cp, = 24/Re [Equation 5.2]

Re = pud/u [Equation 5.3]
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Where Re is Reynolds number, d is droplet diameter, u is viscosity of fluid. Using these
equations, one can notice that the corresponding drag force for small and big droplets are
2.053 nN and 25.309 nN respectively. The drag force experienced by the big droplet are
approximately 12 times larger than that by small droplet. Hence, smaller emulsion will get
much easily drawn as compared to the big emulsion. In overall, the findings showed the
feasibility of producing magnetically controlled Pickering emulsion employing the as-

synthesized MCNC nanocomposite.

(D (ii) (iii) (iv)

Figure 5.5. Magnetic attractability of the as-formulated MCNC-PE at pH 6 (left, small) and

pH 3 (right, big) from point (A) to (B), (i) without EMF, (ii — vii) with EMF.
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5.3.2 Factors Affecting the Colloidal Characteristics of MCNC-PE
5.3.2.1 Effect of pH
MCNC stabilized Pickering emulsion at different pH conditions can be seen in Figure 5.6.
The Pickering emulsions were found to be stable from pH 1.5 to 7. The stability decreased
progressively at alkali condition (pH 8 to 11), and then recovered at pH 12 and 13 (see
Figure 5.6). It is well known that CNCs are normally amphiphilic yet dispersed easily in
water (Kalashnikova et al., 2012), so the reduction in hydrophilicity of MNPs alter the MCNC
nanocomposites overall surface wettability to a level that favour the formation of stable
emulsions. This was further confirmed when pH of the environment were tuned to moderate
alkali condition (pH 8 to 11) where non-stable emulsions were produced. The observed
phenomenon is mainly because MNP were hydrophilic dominance (highly soluble in water)
under these pH. Thus, the hydrophobic properties of the hybrid nanocomposites were
essentially imparted only by CNC. This, in turn, causing the wettability of MCNC
nanocomposite to be hydrophilic dominance, thereby resulting in decreased Pickering
emulsion stability. From Figure 5.6i, one can clearly see that emulsions at pH 11
experienced phase separation.

On the other hand, emulsion droplets at pH 12 showed a better stability as compared
to the emulsions at pH 11 (Figure 5.6i and j). In addition, further adjustment of pH to 13
also provided Pickering emulsions with much improved stability (Figure 5.6k). This was
resulted from the reduced MNP solubility in water after pH 11. This phenomenon was
supported by research report done by Vepsalainen and Saario, (2010) where the solubility

of MNP in water will experience a drastic fall after pH 11.
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H 12 |pH 13
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Figure 5.6. Photograph of O/W Pickering emulsion stabilized by MCNC at (a) pH 1.5, (b) pH

2, (¢) pH 3, (d) pH 4, (e) pH 5, (f) pH 6, (g9) pPH 7, (h) pH 8, (i) pH 9, (J) pH 10, (k) pH 11,

(1) pH 12, and (m) pH 13. Image captured 10 minutes after preparation.

The mastersizer and optical microscope analysis were shown in Figure 5.7 and Figure
5.8. The size distribution curve (Figure 5.7a) of Pickering emulsion under different pH
conditions revealed that monomodal distributions were obtained at pH 1.5, 2, 3,4, 5,6, 7
and 13, showing that emulsions prepared were monodispersed. In contrast, bimodal
distributions were observed in MCNC-stabilized Pickering emulsion formed under pH 8, 9,
10, 11, and 12, indicating that the prepared emulsions were polydispersed. Using the data
from Figure 5.8a, the average emulsion droplet diameter at different pH was plotted in
Figure 5.7b. Figure 5.7b clearly shows that the Pickering emulsions size first increased when
pH increased from 1.5 to 3, and then reduced substantially (p < 0.05) as pH is further
increased. The droplets diameter increased from 22.2 to 109 from pH 1.5 to 3, and reduced
from 109.00 pm to 11.90 ym as pH increased from 3 to 7. However, it then sharply
increased with further pH increment to 11 (66.30 ym), and dropped significantly as pH
approaches 13 (1.40 ym). As per discussed in previous chapter, the contact angle of MCNC
at pH 1.5 to 3 falls outside the safe ranges for effective Pickering stabilization. Under such
circumstance, the adsorption of MCNC particles onto the liquid-liquid interface will be harder
as compared to those that fall within the safe ranges. In this study, the increment of mean
oil globule sizes across pH 1.5 to 3 is most likely regarded to the electronegative behaviour
of the MCNC. As pH increased from 1.5 to 3, the positive surface charge of MCNC not only

reversed but also showed a higher magnitude (see Figure 5.9). This is most likely due to
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the dissociation of functional groups on the surfaces of MCNC particles. As a result, strong
repulsion force arose between MCNC particles adsorbing at the liquid-liquid interface. This,
in conjunction with the high hydrophobicity (high contact angle) eventually leads to the
retardation of the effective stabilization of Pickering emulsion. On the other hand, the
reduction of average emulsions size from pH 3 to pH 7 could be explained not only on the
reduction in 3-phase contact angle of the MCNC particles into the preferable ranges for
Pickering stabilization, but also due to the zeta potential increment. This allowed emulsion

droplets to ward off with each other to remain in smaller size.
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Figure 5.7. (a) Raw size distribution data and (b) mean droplet diameters of MCNC-PE
ranging from pH 1.5 to pH 13. Standard error of mean of triplicate readings were
represented by the error bars in each graph, different alphabetic letters was significantly

different at P < 0.05 by Bonferroni's Multiple Comparison Test.

107



Low Liang Ee Monash University — Chemical Engineering

H3

OUOOU"#,? ?

T
o]
Qo

(o]
o0
-]
P
§0os °

»e Yot
Nt e

.

Figure 5.8. Microscopic images of O/W MCNC-PE at (a) pH 1.5, (b) pH 2, (c) pH 3, (d) pH
4, (e) pH 5, (f) pH 6, (9) PH 7, (h) PH 8, (i) pPH 9, (j) PH 10, (k) pH 11, (1) pH 12, and (m)

pH 13.
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The emulsion diameter rise at alkali pH ranges (8 to 11) were most probably because
MCNC can no longer stabilized Pickering emulsion due to their hydrophilic dominance at
moderate alkali pH. However, due to the increase in zeta potential with increasing pH,
smaller sized Pickering emulsions with temporal stability were produced. These Pickering
emulsions, nevertheless, have no resistance to coalescence due to the high hydrophilicity
of MCNC under pH 8 to 11. Thus, larger emulsions were observed as a result from the
coalescence (see Figure 5.8h to k). The emulsion droplets diameter decreased substantially
as pH was further adjusted to 13. This is likely that at pH 13, the surface wettability of
MCNC reduced, thus results in increasing hydrophobicity as compared to MCNC
nanocomposite at pH 8 to 11. Additionally the zeta potential also reduced to a ranges that
favours stable Pickering emulsions at elevated pH, which thus resulting in the reduction of

the overall mean emulsion droplets diameter (Figure 5.8m).
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Figure 5.9. Zeta potential of MCNC particles as function of pH.

The storage stability of MCNC stabilized Pickering emulsion were analysed using the
Pickering emulsion prepared at pH 6 and pH 8, as representative for stable and non-stable
emulsions respectively. The photograph of Pickering emulsions at both pH during day O,
day 7, and day 14 of formulation was shown in Figure 5.10. The stable emulsion fraction

was, therefore, measured and analysed.
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Figure 5.10. Storage stability for MCNC-PE with 0.05 wt% MCNC, produced under (a) pH 6,
and (b) pH 8. Image captured in (i) day O, (ii) day 7, and (iii) day 14 of formulation. Line

(x) indicating the point where emulsion samples were extracted for mastersizer analysis.

From Figure 5.11a, the creaming index of Pickering emulsion at pH 6 was higher
than those at pH 8. This is merely because the emulsions at pH 6 are micro-sized, where
the effects of gravity were still noticeable. Thus the oil droplets that are lighter will tends
to float. In fact, literature findings have proven that emulsions at nanoscale have good
stability towards gravitational separation (Komaiko and McClements, 2016; Ostertag,
Weiss, and McClements, 2012). On the other hand, Pickering emulsion prepared at pH 8
did not shows clear water separation. This is due to the presence of nano-sized emulsions
with temporal stability in the medium. However, creaming was noticed at the top sections
of the pH 8 emulsion. The volume of creaming increased slowly from day O to day 14,
indicating that there were emulsions coalescence. This is in agreement with our mastersizer
analysis (Figure 5.7a) where bimodal distribution was observed in size distribution curve

for Pickering emulsion prepared at pH 8.
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Figure 5.11. (a) Change in the volume fraction of the stable emulsion vs storage time for
MCNC-PE at pH 6 and 8. (b) Change in emulsion droplets diameter of MCNC-PE at pH 6 and
8 up to 14 days of storage. (c) Microscopic images of MCNC-PE at pH 6 (Left), and pH 8

(Right), for (i) day O, (ii) day 7, and (iii) day 14.
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The mean droplets diameter of Pickering emulsion at pH 8 increases significantly
after 1, 7, and 14 days of production, as shown in Figure 5.11b. It was clear that the
emulsion droplets diameter at pH 8 were 18.80 um in day O, it increased to 58.16 ym in
day 7 of production, and ultimately growth to 84.00 um at day 14. In contrast, the droplets
diameter at pH 6 remained unchanged throughout 14 days of storage. This have proven
that emulsions prepared at pH 6 were stable up to 14 days of production. Emulsion droplets
at pH 8, however, started coalescence even at first day of production, indicating that the
emulsions are not stable. To support this, microscopic images of the Pickering emulsions at
both pH were captured for day 0, day 7, and day 14 (see Figure 5.11c). The microscopic
analysis strongly strengthen the statement on the stability of emulsion droplets at pH 6 and

pH 8.

5.3.2.2 Effect of Solid Concentration

The sonochemically-induced MCNC nanocomposites were used to form Pickering emulsion
with fixed oil phase volume fraction, ¢,; = 0.3. The oil loading content was determined to
prevent the possible particle bridging effects as resulted from the high MCNC particle
concentration. The details information is included in the next subsection in the investigation
of the effect of oil loading. Results from fluorescent microscopy showed that calcofluor
white-stained MCNCs (blue fluorescent) were absorbed on the surface of oil droplets as
illustrated in Figure 5.12c(iii). Based on Figure 5.12a, all Pickering emulsion samples
displayed monomodal size distribution regardless of MCNC particle concentration used. This
laser diffraction particle size measurement was in good agreement with our optical
microscope results where emulsion droplets formed by MCNCs were of uniform spherical
shape and size, particularly in the presence of higher particle concentration of 0.100 to
0.300 wt% (Figure 5.12c). It has been observed that the mean droplet diameter of emulsion
gradually decreased from 17.34 to 3.58 ym as MCNC particle concentration increased from
0.025 to 0.300 wt% (Figure 5.12b). This may be attributed to the increased

coverage of particles network around the emulsion droplets as a result of an increase in
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MCNC particle concentration. In the present study, the surface coverage of the emulsion

droplets by MCNC particles was calculated using Equation (5.4) (Kalashnikova et al., 2011).

__ mpD3; .
Smene = Ty [Equation 5.4]

where Smenc is the coverage by MCNC, m, is the mass of MCNC, h is the thickness of MCNC,

p is the density of MCNC, and Vi is the volume of oil in the emulsion. The calculated surface

coverage of Pickering emulsions prepared at different MCNC particle concentrations were
presented in Table 5.1. As the particle concentration rise from 0.025 to 0.300 wt%, one
could observe that the surface coverage of emulsions by MCNCs increased markedly from
8.496 to 21.025 %. This suggests that higher MCNC particle loading would lead to
more surface coverage of the oil globules, leading to the formation of smaller emulsion

droplet size with enhanced stability against coalescence.

Table 5.1. Surface coverage of MCNC-PE prepared under different MCNC concentration,

Cmene:
MCNC Concentration, Cincnc (Wt%) Surface Coverage, Smcnc (%)
0.025 8.496
0.050 11.896
0.100 15.028
0.200 19.410

0.300 21.025
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Figure 5.12. (a) Raw droplet size distribution data and (b) Mean droplet diameters of MCNC-
PE as a function of MCNC concentration (wt%). All formulations contain fixed ¢,; of 0.3.
Standard error of mean of triplicate readings were represented by the error bars in each
graph, different alphabetic letters was significantly different at P < 0.05 by Bonferroni’s
Multiple Comparison Test. (c) Microscopic images of Pickering emulsion prepared at the
MCNC particle concentration, C,,.,. of (i) 0.025, (ii) 0.050, (iii) 0.100, (iv) 0.200, and (v)

0.300 wt%.

The droplet size stability of the MCNC-stabilized Pickering emulsions was studied

upon a storage duration of 14 days. As shown in Figure 5.13, it was noted that all the
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emulsions showed no significant changes in the mean droplet diameter throughout the
storage period at room temperature. At day 1, a slight increment in droplet size diameter
(17 to 20 um) had been observed in the emulsion prepared using 0.025 wt% MCNC. This
could probably be due to low MCNC particle loading that is insufficient to provide a complete
surface coverage at oil-water interface, leading to the occurrence of droplet coalescence. It
had been reported that coalescence of the dispersed droplets could reduce the effective
interfacial area between the oil and water phase, thus increase the free energy of the
emulsion, rendering a lower colloidal stability (Caenn, Darley and Gray, 2011; Kokal and
Wingrove, 2000). The results of this study showed that the stability of emulsion against

coalescence was achieved when the MCNC particle concentration > 0.05 wt%.
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Figure 5.13. Changes in emulsion droplets diameter for MCNC-PE stabilized by MCNC

nanocomposites at 0.025 to 0.300 wt% up to 14 days of storage.

Figure 5.14a and b showed the photographs of stability of MCNC-stabilized Pickering
emulsions prepared using different MCNC particle concentrations over a storage period of
14 days. The extent of creaming of oil droplets was measured by the change in height of
the bottom serum phase with storage time. The creaming index (CI) was determined

according to Equation (5.5).

cl = Motar=hemut o 1900y [Equation 5.5]

total
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where gy, is the height of emulsion, and h;,4; is the total height of all solution. The

creaming rate of Pickering emulsions was also computed using Stoke’s equation (Equation

5.6) (Yamaguchi, 2008).

v = 9d*(pcont —Pdisp)

Equation 5.6
18N cont [ q ]

where v is the gravitational separation rate, g is the gravitational acceleration, d is the

emulsion droplet diameter, Pcone and pPgisp are density of continuous (water) and

dispersed (oil) phases, and 1oy is the viscosity of the continuous phase. Based on Figure

5.14b and c, one could observe that the extent of emulsion creaming gradually decreased
with increasing MCNC particle concentrations. The rate of creaming decreased progressively
from 0.66 to 0.03 cm/hr as MCNC concentration increased from 0.025 to 0.300 wt% (Figure
5.14d). It is well-known that creaming occurs as a result of density difference between the
dispersed oil and continuous phases. The larger sizes of emulsion droplets simply led to
bigger effect of density difference between the continuous medium (water) and the droplets
(oil), which thus caused the emulsions to have greater tendency to float (Mwangi et al.,
2016) as prescribed in Equation 4. Hence enhanced creaming and storage stability of
emulsion samples was obtained when the emulsions sizes reduced as ascribed to increasing

MCNC concentration.
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Figure 5.14. (a) Day 0 and (b) day 14 of photograph of O/W Pickering emulsion stabilized

[
L]
o

by MCNC at (i) 0.025, (ii) 0.050, (iii) 0.100, (iv) 0.200, and (v) 0.300 wt%. (c) creaming

index, and (d) creaming rate of the respective Pickering emulsion.

5.3.2.3 Effect of Oil Loading

The influence of oil content on the surface properties and stability of MCNC-stabilized
Pickering emulsion was also investigated. As shown in Table 5.2, at fixed MCNC particle
concentration of 0.100 wt%, increasing the oil loading, ¢,; from 0.1 to 0.3 decreases the
surface coverage of interfacial area by MCNC particles. The effective surface coverage
values initially dropped from 16.556 to 12.070 % with increasing oil content, ¢,; from 0.1
to 0.2, and then rose from 12.070 to 19.872 % when the volume fraction of oil phase was

further increased to 0.5. To further examine the relationship between the emulsion surface

D

properties and oil loading, surface coverage were expressed in terms of (the ratio of

oil

117



Low Liang Ee Monash University — Chemical Engineering

droplets surface area mean diameter over the oil loading content in brief) (Equation 5.7)
and the derived terms were calculated for different ¢,; and presented in Table 5.3. As
expected, the calculated values showed similar trend with the surface coverage data,
suggesting that increasing oil content level significantly affected the surface characteristics

and emulsion droplet sizes given the constant amount of MCNC particles used.

D

Cinene = f(a) [Equation 5.7]

Table 5.2. Surface coverage of MCNC-PE prepared under different oil volume fraction ¢,;.

Oil volume fraction, ¢,; Surface Coverage, Smcnc (%)
0.1 16.556
0.2 12.070
0.3 13.088
0.4 15.698
0.5 19.872

Table 5.3. - of MCNC-PE prepared under different oil volume fraction ¢,;.
oi
Oil volume fraction, o,; 33,2 (um/ml)
oil

0.1 0.704
0.2 0.513
0.3 0.557
0.4 0.668

0.5 0.845
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Figure 5.15. (a) Raw droplet size distribution data and (b) Mean droplet diameters of MCNC-
PE prepared at different ¢,; of 0.1 to 0.5. All formulations contain fixed C,,.,. = 0.100 wt%.
Standard error of mean of triplicate readings were represented by the error bars in each
graph, different alphabetic letters was significantly different at P < 0.05 by Bonferroni’s
Multiple Comparison Test.

(c) Microscopic images of MCNC-PE prepared at oil volume

fraction, @,y of (i) 0.1, (ii) 0.2, (ii) 0.3, (iv) 0.4, and (v) 0.5.

Based on Figure 5.15b, the mean droplet diameter of emulsion was found to increase
progressively with increasing ¢,;. This may be attributed to the limiting amount of MCNC
particles available for Pickering stabilization as oil loading increased. At increasing ¢,;, the
oil globule size reached is limited by the MCNC particle concentration used. In this study,
minimum droplet size of 2.82 pym with narrowest monomodal distribution was attained at
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the ¢,; of 0.1, indicating that concentration of MCNC particles used was sufficient enough
to stabilize the emulsion against coalescence at low level of oil loading. The optical
microscopic images showed the MCNC-stabilized emulsion droplets were of spherical shape
and uniformly dispersed in continuous phase regardless of ¢,; concentrations used (Figure
5.15c). This observation was in consistent with our particle size measurement (Figure
5.15a).

Figure 5.16a presented the change of emulsion size as a function of storage time.
It was noted that all the emulsions prepared at varying ¢,; from 0.2 to 0.5 exhibited no
significant change in droplet diameter after 14 days of storage, as shown in Figure 5.15a.
The mild increment in droplet size observed at ¢,; = 0.1 was most likely due to the particles
bridging effects as a result of excessive amount of MCNC particles that renders a saturated
covering of the oil-water interface. In this regard, fluorescent microscopy was carried out
to visualize the particle size and morphology of emulsion droplets prepared at ¢,; = 0.1.
As shown in Figure 5.16b, droplet aggregation was observed as a result of the formation of
highly entangled network by MCNC particles in the continuous phase, rendering a larger

emulsion sizes.
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Figure 5.16. (a) Changes of MCNC-PE droplet diameter as a function of ¢,; throughout 14

days of storage. (b) Fluorescent microscopic image of MCNC-PE prepared at ¢,; = 0.1 (40x

magnification). All formulations contain fixed C,,.,. = 0.100 wt%.
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Figure 5.17. Photographs of MCNC-PE at (a) day 0, and (b) day 14, (c) creaming profile
and, (d) creaming rate of the MCNC-PE prepared using different ¢,;. All formulations

contain fixed Cpyene = 0.100 wt%.

Figure 5.17a-c showed the storage stability of MCNC-stabilized Pickering emulsions
produced at different ¢,;. It was observed that all the emulsion samples showed gradual
creaming up to 14 days of storage with a well-defined separation line between the emulsion
and water phase, and the creaming index decreased as ¢,; was increased from 0.2 to 0.5.
The creaming rate of emulsions was calculated and presented in Figure 5.17d. The rate of
creaming was found to increase sharply from 0.02 to 0.64 cm/hr when the oil volume
fraction was increased from 0.1 to 0.5 (Figure 5.17d). It was apparent that Pickering
emulsion prepared at ¢,; of 0.5 displayed the lowest degree and rate of creaming among
all the emulsion samples. This could be explained by the fact that volume of emulsion

creaming is directly related to the initial oil phase volume when preparing emulsion. Since
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creaming occurred in all samples, and as ¢,; 0.1 emulsions have the lowest oil loading,
despite that sample at ¢,; = 0.1 has the lowest creaming rate, the volume of creaming will
eventually reached to a point as corresponded to its oil loading volume. A similar trend had
been reported by He et al. (2013) in the investigation of stability of emulsion systems

stabilized by graphene oxide.

5.3.2.4 Effect of Ultrasonic Power and Sonication Time

The sonochemically prepared MCNC nanocomposites were utilized as Pickering stabilizer for
preparing Pickering emulsions with fixed MCNC particles concentration (0.1 wt%) and oil
loading (¢,; = 0.3 or 30 vol%). Figure 5.18 shows the effects of three different US power
at various sonication times on the mean droplet diameter of the MCNC-stabilized Pickering
emulsion. Results from mastersizer analysis (Figure 5.18a) showed that the mean droplets
diameter of all Pickering emulsions substantially decreased from around 65 to 6.5 ym when
sonication time increased from 0 (non-sonicated) to 3 min, and then remained relatively
constant at around 6.5 um under prolonged sonication time. This was highly similar to the
generally observed trend in the literature where increasing sonication time led to higher
shear applied to droplets, hence resulting in the production of finer emulsion droplets
(Kentish et al., 2008; Salvia-Trujillo et al., 2014). The phenomena that happened with
sonication time longer than 3 min, on the other hand, was most likely due to the limited
amount of MCNC particles in the medium for emulsion stabilization. Since the MCNC
particles concentration was fixed for all formulations, even with the formation of smaller
emulsion droplets as resulted from long US cavitation, there were insufficient amount of
MCNC particles to effectively adsorb onto the interfaces of newly formed droplets, hence
the freshly formed emulsion droplets collided with each other (limited coalescence), leading
to the constant trend in oil globule diameter as noticed. Besides that, it was clearly seen
that increasing the US power allowed a shorter time requirement to prepare a Pickering
emulsion with smallest achievable mean droplets diameter of around 6.5 pm. The obtained
time requirement for US power of 40, 60 and 80 W are 3, 2 and 1 min respectively. The

Pickering emulsion samples were found to demonstrate a narrower size distribution with
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increasing US power (Figure 5.18b to d). This was in good agreement with their respective
optical microscopic images (Figure 5.19), where the emulsion droplets formed were in
uniform spherical shape and size, except for the samples prepared at low power and
sonication time (i.e. 40 W, 0.5 min). This could be due to the fact that 0.5 min of US
cavitation under 40 W was insufficient to effectively break down all the pre-mixed Pickering
emulsion droplets into smaller sizes. To support that, Mason, Chemat and Ashokkumar
(2014) have showed that a minimum US power is always necessary to emulsify an emulsion
system completely.
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Figure 5.18. (a) Mean droplet diameters of MCNC-PE as a function of US power and time.
Error bars represented the standard error in measurement. Raw droplet size distribution

data of MCNC-PE under different US power at (b) 0.5, (c) 3 and (d) 7 min sonication time.
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Figure 5.19. Optical microscopic images of MCNC-PE prepared using different US power at

(a) 0.5, (b) 3 and (c) 7 min.

The storage stability of MCNC-stabilized Pickering emulsion prepared using different
US power and sonication time was examined over a storage period of 30 days. The extent
of creaming of droplets was measured by the change in the height of the bottom serum
phase with storage time. The CI and gravitational separation rate was determined as shown
in Figure 5.20. It can be observe that the extent of emulsion creaming gradually decreased
with increasing US power. The rate of creaming decreased progressively from 2.4 to 0.1
cm/hr as the power increased from 40 to 80 W (Figure 5.20). A similar trend was observed

when calculating the creaming indices as a function of sonication time. The emulsions
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showed high creaming at the beginning of US cavitation, the creaming then slowly
decreased as sonication time increased, and eventually reached a plateau after the
produced Pickering emulsion achieved the minimum sizes. Creaming was a common
characteristic of Pickering emulsions that occurs as a result of density difference between
the dispersed oil and continuous phases due to the relatively large emulsion droplets
diameter. From equation (5.7), one can envision that larger emulsion droplets give rise to
higher creaming rate. Hence creaming of emulsion samples were reduced when the
emulsions sizes reduced as ascribed to increasing US power and sonication time.
Interestingly, although creaming was observed from all emulsion samples, results from
Figure 5.21a to c demonstrated that the mean droplets diameter of all Pickering emulsion
remained similar throughout 30 days of storage. The observed phenomenon further
indicated that creaming is purely due to gravitational separation and not droplets
coalescence. Hence, the as-prepared MCNC-stabilized Pickering emulsion was considered
physically stable even at low sonication time of 30 s. This is likely to be due to the excellent
partial wettability of MCNC that allows rapid and effective interfacial adsorption even when

the sonication time was extremely short.
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Figure 5.20. The creaming index and creaming rate of MCNC-PE prepared under different
US power and sonication time. The inset shows a clearer view of the creaming rate of

samples with sonication time of 2 min or longer.
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Figure 5.21. Changes in emulsion droplets diameter of MCNC-PE prepared under (a) 40,

(b) 60 and (c) 80 W throughout a storage period of 30 days.

5.3.2.5 Effect of Ionic Strength

The effect of ionic strength on the emulsion stability was also investigated by varying the
NaCl Concentration from 0 to 500 mM. All emulsion samples were stored under room
conditions for 14 days prior to characterisation. Figure 5.22a to c revealed that all emulsion
samples shows no marked change in the means droplet diameter under the influence of
different salt concentrations, with measured droplet size ranging from 7 to 8 pm with
extremely narrow size distribution as NaCl concentration increased. On the other hand, a
mild increment in emulsion creaming (< 10% of CI) had been noticed with increasing the
salt content. Based on the microscopic images (Figure 5.22c), aggregated bound droplets

had been detected at all NaCl concentrations. The observed aggregation behaviour could
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be ascribed to the electrostatic screening effects of the droplet surface charge induced by
the increase in the ionic strength of the continuous phase (Tang et al., 2014). Intriguingly,
the optical micrographs (Figure 5.22c) demonstrated that the MCNC-stabilized Pickering
emulsions were highly stable against coalescence for 2 weeks despite a pronounced
aggregation had been detected upon the addition of NaCl. The stability of the emulsion to
coalescence was further supported by the particle size analysis. One possible explanation
to this phenomenon is that under conditions of high particle charge and weak screening,
the coalescence of vast majority of particles is severely retarded by the presence of fixed

amount of MCNC particles.
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Figure 5.22. (a) Mean droplet diameter and creaming profiles as well as (b) Raw droplet
size distribution data of MCNC-PE as a function of ionic strength (mM NaCl). All formulations
contain fixed ¢,; of 0.3 and C,,. of 0.100 wt%. (c) Microscopic images of MCNC-PE
prepared NaCl concentration of (i) 0, (ii) 100, (iii) 200, (iv) 300, (v) 400, and (vi) 500 mM.
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To test this notion further, we have prepared two diluted dispersion containing 0.100
wt% MCNC particles at the salt concentration of 0 and 500 mM NaCl (Figure 5.23). The
addition of NaCl into the dispersion triggered the partial sedimentation with the MCNC
particles accumulated near the bottom phase of the container. These experiments, thus
confirmed the hypothesis on the correlation between the charge effects and emulsion
aggregation. The results of current study suggests that the stability of MCNC-stabilized
Pickering emulsions against creaming and coalescence was unaffected by ionic strength
(NaCl) from 100 to 500 mM, but was influenced by MCNC particle concentrations and oil

loading.

(a) 0 mM NacCl (b) 500 mM NaCl

Figure 5.23. MCNC dispersions (a) without NaCl, and (b) with 500 mM NacCl.
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5.4 Conclusions

Novel palm olein-in-water Pickering emulsions using MCNC nanocomposites as Pickering
stabilizer were successfully developed. MCNC-stabilized Pickering emulsion (MCNC-PE) was
prepared by first obtaining MCNC dispersion under neutral pH and then mixing with red
palm olein under ultrasonic cavitation. MCNC played a dominant role in stabilizing the
emulsion as compared to the two control samples since only MCNC was able to produce a
stable emulsion system. The coverage of MCNC on the surface of the emulsion droplet was
illustrated via fluorescent microscopy. The magnetic responsiveness of MCNC-PE was
confirmed through evaluating the magnetic attractability with a magnet. The stability of the
resultant Pickering emulsion has been observed to be strongly affected by pH, where very
stable MCNC-PE were achievable in pH ranging from 1.5 to 7, and at 13. While phase
separation was observed when pH was tuned to 8 to 11. The storage stability test
demonstrated that gravitational separation does not affect the colloidal stability. The
morphology and average emulsion sizes at pH 6 remained the same throughout 14 days of
production despite the occurrence of creaming. The mean droplet diameter at pH 8,
however, has increased greatly from 18.80 to 84.00 um after 14 days. Increasing the MCNC
concentration, C,,.,. led to a gradual decrease in mean droplet diameter of emulsions with
improved creaming stability. The surface coverage of MCNC-PE was found to increase when
MCNC particle content rose. As expected, an increase in the oil volume fraction, ¢,; resulted
in an increase in MCNC-PE’s size. Results showed that the surface coverage initially
decreased and then increased progressively when ¢,; increased from 0.3 to 0.5. Increasing
the US power and irradiation time first caused a gradual reduction in the mean droplets
diameter, and then reached a plateau when the sonication time is higher than 2 min for all
investigated US power. Varying the salt concentration showed no significant effects on the
oil globule size and creaming stability as well as the magnetic properties of the particle-
stabilized Pickering emulsions. The results of current study open up new opportunities for
the future research and development of magnetic-responsive palm-olein based Pickering

emulsions with the goal of utilizing them as controlled drug delivery carriers.
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CHAPTER SIX

STIMULI-RESPONSIVENESS OF MCNC-PE

Overview

The pH-responsive characteristic of Fe;04@CNC (MCNC)-stabilized Pickering emulsions
(MCNC-PEs) under the influence of an external magnetic field (EMF) were investigated. The
outcomes demonstrated that the MCNC-PEs exhibited reversible pH-dependent stability
that was affected by the presence of magnetic fields. The MCNC-PE droplets was observed
to be stable in acidic solution (pH 1.5-5.0) but broken down in alkaline medium (pH =7.5).
This phenomenon could be owing to an abrupt change of MCNC wetting properties as
resulted by the combined effects of superparamagnetic hysteresis and high solubility of
MCNCs in alkaline environment. Besides that, our findings showed that the formulated
emulsion can be cycled between stable and unstable 3 times upon a simple pH variation.
This unique pH-dependent stability was, however, diminished in the emulsion systems
prepared with higher content of MCNCs (i.e. 0.5 wt%), which thus suggesting that MCNC-
PE with higher degree of surface coverage by MCNC particles were highly stable against
both pH changes and magnetic field. In overall, the work in this chapter revealed the
reversible inter-droplet stability of MCNC-PEs upon changes in pH with the presence of

magnetic field.
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6.1 Introduction
Pickering emulsion is particle stabilized emulsion developed by Ramsden, (1903) and
Pickering, (1907) in early 19" century. The Pickering stabilization phenomenon happened
through the adsorption of colloidal particles at the interface of the two immiscible liquids,
which in turn reduces the free energy on the interfaces and promotes shielding effects to
prevent the emulsion droplet from coalescence. However, Pickering emulsion did not attract
much attention until recent decades due to the limited choices of available particles to be
employed (Wu and Ma, 2016). With the rapid development of material science that leads
to numerous attractive organic/hybrid particles that are biodegradable, biocompatible and
low in toxicity, significant interests are drawn towards researches on preparing a generation
of emulsions that possess low toxicity and superior stability against coalescence as
compared to the conventional emulsion stabilized by surfactant (Binks, 2002; Frelichowska
et al., 2009; Wu and Ma, 2016). These benefits have prompted the use of Pickering
emulsions as replacement material for the conventional emulsions in the food (Jia et al.,
2015; Song et al., 2015; Timgren, Rayner, Sj66 and Dejmek, 2011), biomedical (Chevalier
and Bolzinger, 2013; Kim et al., 2016; Tang, Quinlan and Lam, 2015; Wu and Ma, 2016),
and pharmaceutical region (Frelichowska et al., 2009a & 2009b; Marku et al., 2012).
Among the particles developed as resulted from the rapid development of material
technology, cellulose nanocrystals (CNC) is considered as one of the most promising
candidates for Pickering stabilization due to its excellent surface partial wettability,
biocompatibility, biodegradability, non-toxicity, and sustainability (Capron and Cathala,
2013; Cunha, et al., 2014; Kalashnikova, Bizot, Cathala and Capron, 2011; Zoppe, Venditti
and Rojas, 2012). In addition, due to the rich availability of reactive hydroxyl groups on
the CNC surfaces, CNC can be incorporated with several stimuli-responsive materials to
form smart CNC-based hybrid nanocomposites that are able to respond to certain external
stimuli. This endorsed CNC-based Pickering emulsion to further outstretched its
employment in applications that require temporal emulsion stabilization with remote-
controllable de-stabilizing ability, including oil recovery (Sharma et al., 2015; Tang, Quinlan

and Lam, 2015), emulsion polymerization (Chen et al., 2008; Tang, Quinlan and Lam,
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2015) and drug delivery (Frelichowska et al., 2009a & 2009b; Marku et al., 2012; Tang,
Quinlan and Lam, 2015). In literature, various stimuli-responsive cellulosic nanomaterials,
such as thermoresponsive (Tang et al., 2014; Wu et al., 2015), pH sensitive (Tang et al.,
2014; Sarker, Tomczak and Lim, 2017) and magnetically attractable materials (Low et al.,
2016), have been successfully attempted for Pickering emulsion formation. For instance,
Tang et al. (2014) successfully demonstrated the preparation of dual-responsive Pickering
emulsions that exhibited both pH and temperature-dependent stability. Besides that,
Fes04@CNC (MCNC) nanocomposites, prepared by dispersing the superparamagnetic Fes04
nanoparticles (MNPs) onto the CNC fibres, has been holding great potential to favour a
green magnetic Pickering emulsion since both materials employed are biocompatible and
non-toxic (Lattuada and Hatton, 2007; Low et al., 2016; Szpak et al., 2013).

MNP is an attractive superparamagnetic material that has been widely used in
medical fields for magnetic resonance imaging (Kim et al., 2001) and hyperthermia (Silva
et al., 2011) due to its low cost, good biocompatibility and negligible toxicity (Lattuada and
Hatton, 2007; Szpak et al., 2013). More importantly, the unique superparamagnetic
properties of MNP that can be specifically magnetized by an applied magnetic field also
outstand other stimuli-responsive behaviours that are passively dependent on the
surrounding conditions. Furthermore, a recent work by Vepsaldinen and Saario (2010)
reported an increase in dissolution of MNP in water with increasing pH. This strongly
suggested the potential of MNP as a material that responds to magnetic and pH stimulus.
Although prior studies exist on magnetic Pickering emulsion stabilized by MCNC (Low et al.,
2016; Low et al., 2017), these works concerned on determining the desired formula for
stable Pickering emulsions formation using the MCNC as stabilizer. Contrarily, the present
study investigated the impact of a magnetic field on the pH-responsive behaviour of the
MCNC-PE and showed a differed stimulation behaviour. Thus the finding from the current
study will be of paramount importance and significance in the development of magnetic
guidable MCNC-PE as a smart carrier for applications such as drug delivery and oil recovery

that relates stimulus-driven event.
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6.2 Materials and Methodology

6.2.1 Materials

Iron (II) chloride tetrahydrate (FeCl..4H.O, =99%), iron (III) chloride hexahydrate
(FeCl;.6H.0, 99%), ammonium hydroxide (28% NHs in H»0), calcofluor white (for
microbiology), Nile red (for microscopy) and potassium hydroxide were purchased from
Sigma-Aldrich Chemicals Company (Malaysia). Cellulose nanocrystals (CNCs) (Freeze dried,
0.96 wt% sulphur content) was procured from the University of Maine. Red palm superolein
(275 ppm B-carotene, melting point 19 °C) was acquired from Sime Darby Jomalina Sdn
Bhd (Malaysia). Ultrapure water (18.2 MQ cm™) was used throughout the course of
experiment in this paper and was generated using a Milli-Q® Plus apparatus (Millipore,
Billerica, USA). Ethanol (AR standard), 1M hydrochloric acid (HCl), and sodium hydroxide
(NaOH) obtained from R & M Chemical (Syarikat Saintifik Jaya, Malaysia). All chemicals
used in this study are of reagent grade. All experiment involving ultrasound (US) treatment
was carried out using an ultrasound probe sonicator (20 kHz, Lab750, Sinaptec) under pulse

mode (15 s pulse on, 10 s pulse off).

6.2.2 Synthesis and Characterisation of MCNC Nanocomposites

MCNC nanocomposites were prepared through the US-assisted in-situ co-precipitation
methods. First, 0.04 g of CNC was dispersed in 80 g of water under ultrasonic waves for 2
minutes to prepare 0.05 wt% CNC dispersion. Next, iron (III) chloride hexahydrate and
iron (II) chloride tetrahydrate (1.5/1 Fe3*/Fe?* mol ratio) were added into the CNC
dispersion, and subsequently stirred and heated to 45 °C. Then, the mixtures were
sonicated in the presence of ammonium hydroxide (to adjust the pH of the mixture to 11)
for 5 minutes. After that, the resultant MCNCs were precipitated, magnetically separated
and washed 3 times with ethanol to remove all residual ammonium hydroxide. The collected
MCNCs were centrifuged at 4500 rpm for 20 minutes, and dried in an oven overnight. The

harvested MCNCs were stored for characterisation according Chapter 3.
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6.2.3 Formation and Characterisation of MCNC-PE

Pickering emulsions were prepared by using the as-synthesized MCNC nanocomposites as
solid particle stabilizers and B-carotene rich red palm olein as the oil phase. The Pickering
emulsions with fixed oil content (30 vol%) and varies MCNC particle concentrations (0.1,
0.2, 0.3, 0.4, 0.5 wt%) at pH 6.5 were prepared with US cavitation at 60 W for 3 min. The
resultant emulsion was transferred to glass vials and stored at room temperature for further

characterisation according to chapter 5.

6.2.4 Effects of External Magnetic Field (EMF), pH and MCNC Particles Concentration on
MCNC-PE Stability

1 ml of freshly prepared MCNC-PEs with designated particle concentration of either 0.3, 0.4
or 0.5 wt% was dispersed in 9 ml of water. The pH values of the diluted emulsions were
then adjusted to 1.5, 3.0, 5.0, 7.5 and 8.5 using either HCL or NaOH. To generate the
oscillating EMF, the emulsion was stirred using a N52 neodymium magnet (magnetic
strength: 7343 Oe) at 200 rpm for 6 days, and consequently left to stand for 1 day at room
temperature. Then, the resultant emulsions photograph were captured and analysed by
mastersizer and optical microscopy to track any changes of the MCNC-PE. The control
samples without magnetic field are stirred mechanically using an overhead stirrer (RW20,

IKA, USA).

6.2.5 Temperature Variation Test

In order to determine if heat was generated during the magnetic application, 10 ml of
MCNC-PEs stabilized by 0.3 wt% particles was poured into a vials. The emulsion was then
stirred under magnetic application at 3000 rpm for 6 min. Next, the EMF was switched off
for 4 min, and the temperature test was repeated for another magnetic on-off cycle. The
temperature of the emulsion medium was measured using a thermometer during the

experiment.
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6.2.6 Reversibility Potential of MCNC-PE Upon pH Changes

2 ml of freshly prepared MCNC-PEs stabilized with 0.3 wt% of MCNC particles was dispersed
in 8 ml of ultrapure water. The pH values of the diluted emulsions were then adjusted to
1.5 and then stirred slowly as per previously mentioned (mechanically/magnetically) at 100
rpm for 1 day. The droplet size and morphology was measured using mastersizer and optical
microscope as per previously mentioned. Subsequently, the pH of the emulsions was
adjusted to 8.5 and gently stirred for another day prior to the size and morphological
analysis. The analysis was then continued by switching the pH of the sample between 1.5
and 8.5 in every consecutive day until a clear change is observed in emulsion droplet

diameter.

6.2.7 Statistical Analysis
Analysis of variance (ANOVA) was conducted using Prism software and p<0.05 was
considered as statistically significant. Image] was used to examine the particle size of MNPs

on CNC.

6.3 Results and Discussion

6.3.1 Physical Stability of MCNC-PE

The MCNC nanocomposites were re-dispersed in water and used to form Pickering emulsion
with fixed oil phase volume (30 vol%). Based on Figure 6.1a, all Pickering emulsion samples
exhibited monomodal size distribution. This was in good agreement with our optical
microscopic images where MCNC-stabilized emulsion droplets were of uniform spherical
shape and micron size (Figure 6.1c). It has been noticed that the mean droplet diameter
of emulsion gradually decreased from about 7 to 4 ym as MCNC particle concentration
increased from 0.1 to 0.3 wt%. Further increasing the particles concentration to 0.5 wt%
showed no significant changes in the mean droplet diameter (Figure 6.1b). This implies that
saturated monolayer particle adsorption takes place at the oil-water interface at 0.3 wt%

MCNC particles concentration. The observed size reduction could be attributed to
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the high degree of droplet surface coverage as a result of increased MCNC content. To
support our hypothesis, the surface coverage (Smenc) of MCNC particles covered on emulsion
droplet was estimated using Equation (6.1) (Kalashnikova, Bizot, Cathala and Capron,

2011).

_ MpDs2 .
Smene = Ty [Equation 6.1]

where my, h and p are the mass, thickness and density for MCNC respectively; while Vi is
the volume of oil in the emulsion. The calculated surface coverage of Pickering emulsions
prepared at different MCNC particles concentration were presented in Table 6.1. Taking the
estimated MCNC thickness of approximately 8.525 nm (From STEM image), the surface
coverage of emulsions by MCNCs increased markedly from 13.503 to 36.912 % as the
particles concentration rose from 0.1 to 0.5 wt%. No significant changes were observed in
the mean droplet diameter throughout the storage period at room temperature (Figure

6.2), indicating that all emulsions were remarkably stable against coalescence.

Table 6.1 Droplet surface coverage by MCNCs at different particle concentrations.

MCNC particles concentration (wt%) Smene (%)
0.1 13.503
0.2 20.127
0.3 22.218
0.4 29.561
0.5 36.912
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Figure 6.1. (a) Raw droplet size distribution data, (b) Mean droplet diameter, and (c) Optical
micrograph of the MCNC-PE prepared at (i) 0.1, (ii) 0.2, (iii) 0.3, (iv) 0.4 and (v) 0.5 wt%.
Error bar represents standard error in measurement. Different alphabetic letters were

significantly different at P < 0.05 by Bonferroni’s Multiple Comparison Test.
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Figure 6.2. Changes in the mean droplet diameter of MCNC-PE upon storage up to 14 days.

Error bar represents standard error in measurement.

Double staining with both calcofluor white and Nile red have been performed to
detect the oil globules and the MCNC particle surface coverage around droplets. The
fluorescent microscopy revealed that the emulsion droplets (red) were densely covered with
MCNC particles (blue), indicating that these nanocomposite particles are irreversibility
adsorbed at the oil-water interface (Figure 6.3a & b). Fig. 6.3c showed the fluorescent

image of MCNC-PE based on the combination of two fluorochromes.

(a) MCNC Composite (b) Oil Globules (c) MCNC-PE Droplets

Figure 6.3. Fluorescent microscopic images of Pickering emulsion stabilized with 0.5 wt%
MCNC nanocomposite, showing the location of (a) MCNC nanocomposite, (b) oil globule and

(c) MCNC-PE droplets.
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6.3.2 pH and Magneto-responsiveness of MCNC-PE

The effect of magnetic field on the pH-responsive properties of the Pickering emulsion was
investigated with MCNC-PE prepared using various particles concentrations (0.3, 0.4 and
0.5 wt%). Freshly prepared emulsions were subjected to environmental changes by pH
variation and with/without EMFs. The droplet size and morphological changes of the
Pickering emulsion were then examined and analysed. The results unveiled that the
emulsion remained stable regardless of pH changes and MCNC particle concentration used
when magnetic field was absent (Figure 6.4a to d and Figure 6.5). Under the influence of
magnetic field, the noticeable changes observed in mean droplet diameter of MCNC-PE was
surprisingly found to be pH-dependent. A slight increment in mean droplet diameter was
observed when the emulsion pH was altered to 1.5 and 3.0 (see Figure 6.6a to d, Figure
6.7a to ¢, (i)-(ii)) owing to the increased hydrophobicity of the MCNC nanocomposites as
pH dropped (Low et al., 2017; Vepsaldinen and Saario, 2010). As pH = 7.5, the emulsions
become unstable due to the limited availability of particle stabilizer in the emulsion system
as more MCNC particles get partitioned in alkali pH medium (Vepsaldinen and Saario, 2010)
(Figure 6.7a to ¢, (iv)-(v)).

Two possible mechanisms have been proposed to explain the magnetic
hyperthermia-induced MCNC-PE destabilization: (i) When exposing to EMFs, the adsorbed
MCNC particles at oil-water interface become magnetized and subjected to an attractive
force along the field direction (Blanco et al., 2013). The particles will then be attracted and
concentrated at the areas of strong magnetic flux fields, thus inducing a dilatational
deformation of the fluid interface associated with the possible leakage of MCNC particles
into the surrounding aqueous phase (Lam et al., 2011). (ii) It is also hypothesized that
when subjected to an alternating magnetic field, the superparamagnetic MCNC particles
undergo dynamic hysteresis losses induced by Neel and Brownian relaxation processes and
induce a local heating effect at the level of the colloidal particle layer near oil-water
interface, causing a thermos-capillary instability of the interfacial film (Guibert, Dupuis,
Peyre and Fresnais, 2015; Liu et al., 2009; Oliveira et al., 2013; Pradhan et al., 2010). The

combined effects of both magnetic field-induced phenomena could not only impart
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catastrophic conformation changes on adsorbed layer composed of MCNC particles but also
lead to the gradual leakage and solubilisation of MNP particles in the aqueous phase and
eventually led to a keen disturbance on the physical stability of the MCNC-PE. The proposed
stabilization-destabilization mechanism of MCNC-stabilized emulsion via magnetic
hyperthermia is illustrated in Scheme 6.1. A temperature rise has been observed in the
emulsion system (Figure 6.8). Intriguingly, the unique pH-responsive characteristic of
MCNC-PE was, in the presence of magnetic field, not observed with emulsion system
prepared respectively using MCNC particle concentration of 0.5 wt%, as evidenced in Figure
6.6 and Figure 6.7c. One possible reason is that the presence of high MCNC particle content
in emulsion system give rise to a superior Pickering droplet stabilizing effect against the
environmental changes with the formation of densely packed particle adsorption monolayer
at the liquid-liquid interface. This study demonstrated that the application of EMF plays an
important synergistic role in the system of a pH-sensitive MCNC-stabilized emulsion with

reversible wetting tuning behaviour.
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Figure 6.4. (a) Mean droplet diameter of MCNC-PE prepared under different MCNC particle

concentration as a function of pH without EMFs, and the respective droplet size distribution

data at (b) 0.3, (c) 0.4 and (d) 0.5 wt% MCNC content. Error bar represents standard error

in measurement.
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Figure 6.5. Optical microscopy and photograph of MCNC-PE stabilized using particles

concentration of (a) 0.3 wt%, (b) 0.4 wt% and (c) 0.5 wt% at (i) pH 1.5, (ii) pH 3.0, (iii)

pH 5.0, (iv) pH 7.5 and (v) pH 8.5 without EMF. The photograph of each emulsion is shown

beside the optical microscope image.
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Figure 6.6. (a) Mean droplet diameter of MCNC-PE prepared under different MCNC particle

concentration as a function of pH with EMFs, and the respective droplet size distribution

data at (b) 0.3, (c) 0.4 and (d) 0.5 wt% MCNC content. Error bar represents standard error

in measurement.
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Figure 6.7. Optical microscopy and photograph of MCNC-PE stabilized using particles

concentration of (a) 0.3 wt%, (b) 0.4 wt% and (c) 0.5 wt% at (i) pH 1.5, (ii) pH 3.0, (iii)

pH 5.0, (iv) pH 7.5 and (v) pH 8.5 with EMF. The photograph of each emulsion is shown

beside the optical microscope image.
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Figure 6.8. Temperature variation of MCNC-PE with and without its exposure to EMF.
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Scheme 6.1. Schematic illustration of the MCNC-PE stabilization-destabilization mechanism.

In a separate experiment, the MCNC nanocomposite particles (using 0.3 wt%
particle concentration) were used to form Pickering emulsion and subjected to
alternating pH changes between 1.5 and 8.5 with/without the influence of magnetic field.
The study showed that the formed MCNC-PE can be cycled between stable and unstable 3
times upon alternating the pH of the emulsion, with no apparent changes in the mean
droplet diameter under the presence of the magnetic field. Presence of tiny amount of oil
was detected on top of the emulsion at alkali condition (pH 8.5) (Figure 6.9 Insets).

Lowering the pH to 1.5 restored the emulsion stability to original state with the
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disappearance of the floating oil layer (Figure 6.9 Insets). Similar observations have been
reported by Sarker et al. (2017) and Tang et al. (2014) in their Pickering emulsions
preparations using protein nanocage and poly[2-(dimethylamino) ethyl methacrylate]
grafted CNC, respectively. The observed emulsion breakdown could be attributed to
increased solubility of MCNC particles at alkaline pH and occurrence of magnetic hysteresis
that weaken the interfacial interactions between solid particles held in oil-water interface

and consequently affecting the degree of bridging in a Pickering emulsion.

144! B 0.3 wt%, without EMF
B 0.3 wt%, with EMF

pH15 pHB5

12

10

Mean Droplet Diameter (um)

Initial Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Figure 6.9. Mean droplet diameter of MCNC-PE after various destabilization and stabilization
cycles with/without the presence of an EMF. The error bar represents the standard error in
measurement. Different alphabetic letters were significantly different at P < 0.05 by

Bonferroni’s Multiple Comparison Test.
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6.4 Conclusions

In the present work, a reversible Pickering emulsion system was developed based on
the dual stimulus-responsive wetting behaviours of MCNC nanocomposites. The MCNC-
based Pickering emulsions (MCNC-PEs) were ultrasonically prepared with 0.3 wt% particles
and then subjected to droplet size stability and morphology characterisations. The study
showed that the environmental conditions (pH and magnetic field) play a major role and
influences the emulsion droplet stability. The pH-tunability of MCNC-PE was intensively
investigated with regard to the pH region under the impact of permanent magnetic field, in
which the emulsion systems become unstable. When a magnetic field is externally applied,
good droplet stability was observed for the emulsions in the acidic medium (pH 1.5 - 5.0),
whereas emulsions become physically unstable under alkaline conditions (pH =7.5). Weak
interfacial interactions between solid particles held in oil-water interface due to both the
magnetic hysteresis effects and high aqueous solubility of MCNCs in alkaline pH may be
responsible for the observed emulsion destabilization. Subsequent preparation of Pickering
emulsions with 0.5 wt% particle contents, showed no changes in colloidal stability with pH
variation and magnetic field application and thus demonstrated such exclusive pH-driven
stabilization and destabilization to be MCNC particle concentration-dependent. We
anticipate that these newly developed multifunctional MCNC-PEs may serve as a useful

controlled delivery candidate for therapeutic drug cargo.
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CHAPTER SEVEN
BIOACTIVE MICROENCAPSULATION AND TRIGGERED RELEASE

BEHAVIOUR OF MCNC-PE

Overview

Stimuli-responsive drug release and controlled delivery play crucial roles in enhancing the
therapeutic efficacy and lowering over-dosage induced side effects. In this chapter, using
curcumin as model drug, we investigated the drug loading, magnetically-triggered drug
release and the in-vitro anti-colon cancer efficacy of palm olein-based MCNC-stabilized
(MCNC-PE). The loading efficiency of curcumin in MCNC-PE template was found to be
99.35%. From the drug release test, it was observed that the release rates of curcumin
from the MCNC-PE can be remarkably enhanced upon the application of external magnetic
field (EMF). The exposure to EMF (0.7 T) stimulated the release of bioactive from particle-
stabilized emulsion achieving 53.30 + 5.08 % of the initial loading over a 4-day period. The
MTT assay demonstrated that the curcumin-loaded MCNC-PE is effective in reducing human
colon cancer cells growth down to 60% in the absence of EMF. A significant further reduction
of ~ 42% in the cell viability was recorded when the magnetic field was applied externally.
The results of our study opens a new avenue in the design and development of smart

colloidal drug delivery systems for stimuli-triggered release of bioactive and therapeutics.
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7.1 Introduction

In recent years much efforts have been devoted to the development of drug delivery carrier
for more efficient cancer therapies, with the aim of reducing side effects while ensuring a
superior outcomes. Part of the development has been focused on emulsion system that are
presented as promising drug delivery systems owing to their unique characteristics such as
colloidal stability, compartmentalization and ease to encapsulate different compound
(Frelichowska et al., 2009; Li et al., 2014; Shah et al., 2016; Wu and Ma, 2016).
Furthermore, the encapsulation of drugs within the emulsion can also aid in preserving and
protecting drugs from enzymatic degradation and gastrointestinal hydrolysis (Marti-Mestres
and Nielloud, 2002). In fact, extensive work has been carried out on their preparation and
characterisation, channeling a big leap into the development of such carrier. Emulsion is a
system composing of two immiscible liquids where one of the liquid is dispersed in the other
in the form of drops. A colloidally stable emulsion generally required the uses of stabilizer
to prevent them from deformation (Sivakumar, Tang and Tan, 2014; Tadros, 2013).
Emulsion can either be stabilized by chemical surfactant or solid particles. In between the
two, solid particles stabilized emulsion (commonly known as Pickering emulsion) is more
preferred by researchers due to its less toxicity and enhanced resistance against droplet
disruption (Binks, 2002; Frelichowska et al., 2009; Wu and Ma, 2016).

By definition, the advanced resistances of Pickering emulsion to destabilization is
recognized by the strong solid film barrier around the surfaces of the emulsion droplets as
resulted from the irreversible adsorption of colloidal solid particles onto the interfaces of
two immiscible liquids (Binks, 2002; Binks and Lumsdon, 2001; Cunha et al., 2014; Tambe
and Sharma, 1993; Wu and Ma, 2016). The superior shielding effects imparted by the solid
particles, however, restricted the Pickering emulsion to be utilized in bio-applications that
needed a temporal stability and subsequent remotely implied destabilization. The key
characteristics of solid particles that affects their performance in stabilizing an emulsion is
the surface wettability (Binks and Lumsdon, 2000). Thus, the abovementioned issue of
Pickering emulsion can be overcome by utilizing stabilizing materials that undergo surface

wettability transformation in respond to internal or external applied triggers. To date, many
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stimulus have been attempted for the preparation of Pickering-based smart carrier. This
includes pH (Lan et al., 2007; Low et al., 2018), temperature (Lee, Blumenthal and Ivkov,
2014), ultrasound (US) (Fabiilli et al., 2010) and EMF (Low et al., 2018; Sander et al.,
2012). Amongst, magneto-responsive Pickering emulsions have received growing attention
due to its ability to precisely transport and disarming the Pickering-based carrier. Besides
that, since drug delivery applications are often related to human body, the pH-responsive
properties remained as another important stimulus to be noticed. In literature, Raju et al.
(2013) has prepared pH-responsive magnetic Pickering Janus emulsion using chitosan and
Fes04 (MNP) as the solid stabilizer. They, however mentioned that to form the Pickering
emulsion, the MNP is needed to be incorporated into one of the oil phase while dispersing
the MNPs solely in the aqueous phase led to failure in the fabrication of the Pickering
emulsion (Raju et al., 2018). In another study, Wang et al. (2013) incorporated MNP
nanoparticles onto reduced graphene oxide and further utilizing it to prepare magnetic-
responsive Pickering emulsion for magnetic resonance imaging (MRI) and drug delivery.
The reported preliminary outcomes suggested an improved MRI performance as well as a
pH-sensitive sustained drug releasing behavior (Wang et al., 2013). Recently, Low et al.
(2017) successfully prepared magnetic Pickering emulsions using FesOs@Cellulose
nanocrystal (MCNC) nanocomposite as the stabilizer. The incorporation of MNP onto the
surfaces of cellulose nanocrystal (CNC) resulted in an increase in the surface hydrophobicity
of the nanocomposite, improving its effectivity in stabilizing Pickering emulsion (Low et al.,
2016). Furthermore, the latter work demonstrated that the MCNC nanocomposite is an
interesting particle that possessed both the magnetic- and pH-responsiveness (Low et al.,
2018). The MCNC-stabilized Pickering emulsion (MCNC-PE) was found to remain physically
stable in acidic pH (1.5 - 6.5) while disrupted in mild alkali conditions (pH 7.5 - 8.5) in the
presence of an oscillating EMF (Low et al., 2018).

Considering the above positive outcomes and advantages in the earlier reports, we
aimed, in this study, to investigate the drug release profile and kinetics as well as the in-
vitro cytotoxicity of MCNC-PE against colorectal cancer cell line HCT116 using curcumin as

a model drug since it has been claimed to be an organic bioactive that can inhibit the growth
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of colon cancer cell line effectively without causing toxicity to normal cells (Shakibael et al.,

2013; Vaiopoulos, Athanasoula and Papavassiliou, 2013). Here, we hypothesized that the

MCNC-PE might be a promising yet biocompatible stimuli-responsive drug delivery platform
which able to elicit a significant increase in cell toxicity associated with enhanced curcumin

release kinetics under exposure of non-invasive oscillating magnetic field.

7.2 Materials and Methodology

7.2.1 Materials

Iron (II) chloride tetrahydrate (FeCl,.4H,O, =99%), iron (III) chloride hexahydrate
(FeCls.6H20, 99%), ammonium hydroxide (28% NHs3 in H20), curcumin (from curcuma
longa (turmeric), 65%), calcofluor white (for microbiology), nile red (for microscopy),
potassium hydroxide, Dimethyl sulfoxide (DMSO), 1M sodium dihydrogen phosphate
(NaH2PO4, 99%), 1M disodium monohydrogen phosphate (NaxHPO4, 99%) were purchased
from Sigma-Aldrich Chemicals Company (Malaysia). Cellulose nanocrystals (CNCs) (Freeze
dried, 0.96 wt% sulphur content) was procured from University of Maine. Red palm
superolein (275 ppm B-carotene, melting point 19 °C) was acquired from Sime Darby
Jomalina Sdn Bhd (Malaysia). Ultrapure water (18.2 MQ cm™!) was used in every experiment
in this paper and was generated using a Milli-Q® Plus apparatus (Millipore, Billerica, USA).
Methanol (AR standard), ethanol (AR standard), 1M hydrochloric acid (HCl), and sodium
hydroxide (NaOH) obtained from R & M Chemical (Syarikat Saintifik Jaya, Malaysia). All
chemicals used in this study were of analytical grade. All experiment involving US treatment
was carried out using an ultrasound probe sonicator (20 kHz, Lab750, Sinaptec) under pulse

mode (15 s pulse on, 10 s pulse off).

7.2.2 Synthesis and Characterisation of MCNC Nanocomposites
The synthesis of the Fe;04@CNC (MCNC) nanocomposites was done through an in-situ co-
precipitation method with the help of US. Firstly, 0.05 wt% of CNC dispersion was prepared

by dispersing 0.04 g of CNC into 80 g of water under ultrasonic waves for 2 minutes. Iron
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(III) chloride along with iron (II) chloride was then added to the dispersion at a 1.5/1 ratio
respectively and stirred. The dispersion was then heated to 45°C and sonicated for 5
minutes under the presence of 2.2 ml of ammonium hydroxide. Ethanol was then used to
precipitate the resultant MCNC. To ensure MCNC is cleaned of residual Ammonium
Hydroxide, the MCNC was washed and magnetically separated 3 times using ethanol. Lastly,
the collected MCNC was centrifuged at 4500 rpm for 20 minutes and left dried overnight in
an oven. The harvested MCNC nanocomposite was then stored for the characterisation as

per mentioned in Chapter 3.

7.2.3 Preparation and Characterisation of MCNC-PE

Pickering emulsions were prepared by using the as-synthesized MCNC nanocomposites as
solid particle stabilizers and B-carotene rich red palm olein as oil phase. The coarse
Pickering emulsions with a fixed oil content (30 vol%) and a fixed MCNC particle
concentration (0.1 wt%) at pH 6.5 were prepared using high-speed homogenizer (Model
Ultra-Turrax T-25, IKA, Germany) at 5000 rpm for 5 min prior to US cavitation. Then, US
was applied at 60 W for 3 min to prepare fine Pickering emulsions. To prepare the curcumin-
encapsulated MCNC-stabilized Pickering emulsion (MCNC-PE), 1 mg/ml of curcumin was
dissolved in red palm olein under heating at 40 °C and stirring for 12 hours prior to Pickering
emulsion preparation to achieve a final curcumin concentration of 0.3 mg/ml emulsion.
Subsequently, the curcumin-loaded MCNC-PE was formulated from procedure as prescribe
earlier. The resultant emulsion was transferred to glass vials and stored at room

temperature for further characterisation as per discussed in Chapter 5.

7.2.4 Curcumin Loading Efficiency in MCNC-PE

The curcumin-loaded Pickering emulsion was mildly centrifuged for 3 minutes at 1000 rpm
to sediment all the undissolved or non-encapsulated curcumin. Subsequently, 1 ml of
Pickering emulsion was extracted and added into 10 ml of methanol and stirred thoroughly
using vortex shaker (IKA vortex 3 model, Germany) at maximum speed for 2 min. The
mixture containing solvent and emulsion was then centrifuged again at 4500 rpm for 5 min
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to separate them into two layers. The supernatant was then extracted and the curcumin
content was measured at 425 nm using a UV-Vis spectrophotometer (Genesys 10s UV,
Thermo Fisher Scientific, USA) against a blank prepared by substituting curcumin-loaded
MCNC-PE to blank MCNC-PE. The percentage of encapsulation efficiency, %EE, of curcumin

in the emulsion was calculated using the following equation:

Amount of curcumin in the oil droplet

Amount of curcumin in the formulation with
respect to the same oil droplet volume

%EE ., = X 100% [Equation 7.1]

7.2.5 Retention of Curcumin in MCNC-PE
The Pickering emulsion sample was stored at room temperature in the dark for 9 days.
Meanwhile, the concentration of curcumin was measured periodically every 24 hour using

the method described above.

7.2.6 Stability of MCNC-PE with/without Exposure to EMFs

2 ml of freshly prepared curcumin-loaded MCNC-PEs was dispersed in 8 ml of buffer solution
(pH 7.5). A N52 neodymium magnet is then used to generate the EMF via stirring the
emulsion for 1 day, and consequently left to stand for 1 day at room temperature prior to
photo capturing. The buffer solution is prepared as follow: 500 mL of 0.1 M buffer solution
at pH 7.5 was prepared by mixing 5.965 g of disodium monohydrogen phosphate and 1.103

g of sodium dihydrogen phosphate in water.

7.2.7 In-vitro Curcumin Release Studies

The in-vitro release profile of curcumin from the MCNC-PE was examined in buffer solution
(pH 7.5) with or without the presence of EMF according to the method described by
Kondaveeti et al. (2018) with slight modification. 10 mL of emulsion was mixed with 1 mL
of the buffer and the mixture was poured into a dialysis tube (MWCO: 3.5 kDa) and
subsequently incubated in the buffer at room temperature for 96 hours using an incubator
shaker operating at 120 rpm. Samples (1 mL) are the pipetted out and replaced with 1 mL

of buffer to complete the initial volume at 24, 48, 72 and 96 hours to measure the
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concentration of released curcumin. The absorbance of curcumin is measured as per
described above using a spectrophotometer. To evaluate the effects of EMF, the emulsion
mixture in dialysis tube is subjected to oscillating magnetic force using a N52 neodymium

magnet (0.7 T), spinning at 120 rpm to replace the stirring by incubator shaker.

7.2.8 Determination of Anticancer Activity Using MTT Assay

The effect of curcumin-loaded MCNC-PE on cell viability of human cancer cell line HCT116
was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay according to the established method with minor modification (Tan et al., 2015).
HCT116 cells were seeded into a sterile flat bottom 96-well plate at a density of 5 x 103
cells/well and allowed to adhere overnight. Then, 20 uL of the Pickering emulsion was added
into each well with the final curcumin concentration of 30 pg/mL. The concentration of
DMSO used as the solvent was maintained at 0.5% (v/v) and also incorporated as negative
control in all the experiments. The cells were further incubated with the Pickering emulsions
before performing MTT assay. 20 pL of 5 mg/mL of MTT was then added to each well and
the plates were incubated at 37 °C in a humid atmosphere with 5 % CO3, 95 % air for 4 h.
The medium was then gently aspirated, and 100 pyL of DMSO was added to dissolve the
formazan crystals. The absorbance of dissolved formazan product was determined
spectrophotometrically at 570 nm (with 650 nm as the reference wavelength) using a
microplate reader. The percentage of cell viability was calculated as follows:

Absorbance of treated cells [Equation 7.2]
Absorbance of untreated cells (control )

%cell viability =

The effect of EMFs was evaluated using a method similar to Oliveira et al. (2013) with slight
modification. Briefly, the incubated cells were exposed to oscillating magnetic force using a
N52 neodymium magnet for 15 min, 3 times every 24 hours (with a 2 hour interval between

exposures) up to 96 hours.
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7.2.9 Apoptotic Hallmark Detection by Hoechst 33342 Nuclear Staining

Hoechst 33342 nuclear staining was used to detect the apoptotic cells by observing the
apoptotic nuclear morphology using fluorescence microscopy. Briefly, HCT116 cells were
plated in 6 well plate at 1 x 10° cells/well and allowed to adhere overnight. Cells were
treated with or without Pickering emulsion with indicated concentration. After treatments,
the cells were harvested in PBS and followed by exposure to 0.05 g/L Hoechst 33342 dye
in PBS for 30 min at room temperature. The samples were observed and analysed under an

inverted fluorescence microscope (Olympus IX81, Olympus Corporation, Japan).

7.2.10 Cellular Uptake of MCNC-PE

To measure the uptake of Pickering emulsions by cells, HCT116 cells were incubated with
Nile red-stained Pickering emulsion samples as described by Tikekar, Pan and Nitin (2013)
with slight modifications. The cells were plated in glass bottom 96 well plate. After
incubation with MCNC-PE, the cells were rinsed with PBS 3 times to remove the emulsion.
The cells were suspended in PBS and imaged using the Olympus IX81 fluorescence

microscope at 40x magnification.

7.2.11 Statistical Analysis
Analysis of variance (ANOVA) were conducted using Prism software and p<0.05 was

considered as statistically significant.

7.3 Results and Discussion

7.3.1 Preparation and Characterisation of Curcumin-loaded MCNC-PE

The drug delivery carrier in this work is prepared by encapsulating curcumin as a model
bioactive ingredient at 1 mg/ml oil in Pickering emulsion. The Pickering emulsion is formed
with fixed oil content (30 vol%) using the MCNC nanocomposites as the stabilizer. Based
on Fig 7.1, both the blank MCNC-PE and curcumin-loaded MCNC-PE displayed monomodal

size distribution with an average sizes around 7.5 pm. This revealed the non-significant
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influences of the curcumin encapsulation on the physical characteristics of the MCNC-PE.
Besides that, it has been noticed that there was no significant changes in the mean droplet
diameter throughout the storage period at room temperature, thus suggesting that the

emulsions prepared in the present study were physically stable for at least 14 days.

8
— —8
~
= i
3
— 6' 14
2 2 12
: &
101
© *? 8
o 4- a
- o 6+
Qo MCNC-PE o 4
= [J]
o —=— Blank g 2]
Q 24 —s—curcumin| 2 °
c > 2 . . . . ,
s -loaded 001 01 1 10 100 1000
= Hydrodynamic Diameter (um)
0 T T T T T T T T T

2 0 2 4 6 8 10 12 14 16
Storage Time (Day)

Figure 7.1. Mean droplet diameter of the curcumin-loaded MCNC-PE. Error bar represents

standard error in measurement. Inset shows the raw droplet size distribution data.

Using Equation (7.1), a high encapsulation efficiency of curcumin in the Pickering
emulsions (= 99.35 %) is obtained. This was reasonable since the curcumin was fully
dissolved into the oil phase prior to emulsification. Additionally, without the presence of
non-emulsified oil, hypothetically all dissolved curcumin should be presence in the Pickering
emulsion droplets. The percent retention of curcumin in the MCNC-PE was then investigated
as a function of storage period in MCNC-PE. As shown in Figure 7.2, approximately 15 % of
curcumin was degraded in the first 24 hours in the present emulsion system. The half-life
of the encapsulated curcumin has been determined to be around 5 storage days (= 120 hr).
This showed a 40-fold improvement when compared to the stability of curcumin in aqueous
buffer medium (Wang et al., 1997). In comparison to other Pickering emulsion system, the
results of the present study were highly similar to those reported by Shah et al. (2016) in
food grade Pickering emulsion stabilized by chitosan-tripolyphosphate nanoparticles. Their
results showed that the half-life of curcumin in chitosan-tripolyphosphate nanoparticles-
stabilized Pickering emulsion (droplet size = 50 um) was approximately 5 days. Accounting
the as-prepared MCNC-PE (droplet size = 7 um) with larger oil/water effective interfacial
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contact area, the curcumin encapsulated in MCNC-PE can be considered to have enhanced

stability.
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Figure 7.2. Percent retention of curcumin in Pickering emulsions stabilized with 0.1 wt%
MCNC particles. Black arrow indicates the loading efficiency of curcumin in the respective

sample. Error bar represents standard error in measurement.

7.3.2 In-vitro Release Profile of Curcumin from MCNC-PE

As a means to assess the influence of the exposure of curcumin-loaded MCNC-PE to EMFs,
curcumin release study was performed in buffer solution (pH 7.5). From Figure 7.3a, the
curcumin content released was observed to be 14.59 + 3.66 and 53.30 + 5.08 % for MCNC-
PE without and with EMFs respectively. The findings revealed an increased CUR released
rate of approximately 39% (or 4.03 pg/ml.min) under EMFs thus evidenced that the EMF
triggered the release of CUR from the MCNC-PE. To understand the drug release
mechanisms further, the curcumin release data were fitted using the Korsmeyer - Peppas
model, a semi-empiric model that is often used to understand the release kinetics of drug

from a carrier to the elapsed time, t:

e = ke [Equation 7.6]
My,

where M: and M, are the amount of drug released at time t and at equilibrium respectively
(levelling off stage), k is a kinetic constant of the drug delivery system and n is the diffusion
exponent that relates the drug transport mechanisms. The n values were calculated from

the slope of the plot of log(M,/M,,) against logt (Figure 7.3b) and tabulated in Table 7.1.
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For the Korsmeyer-Peppas model, if n < 0.45, the drug is released via Fickian diffusion,
0.45 < n < 0.89 indicates non-Fickian or anomalous diffusion while n > 0.89 refers to zero-
order (case II) transport that is normally obtained when a burst release of drug is observed
(Dash et al., 2010; Luo et al., 2017; Shi et al., 2014; Tan et al., 2016). Figure 7.3b reveals
that the release behaviour of curcumin from MCNC-PE can be well fitted with the
Korsmeyer—-Peppas model. The n values calculated (see Table 7.1) indicated that the drug
diffusion exponent, n increased from 0.19 to 0.78 when the MCNC-PE is exposed to the
EMFs. This suggested that the presence of EMFs enhanced the release of curcumin. The
magneto-controllable increases in drug released can be mainly ascribed to the disruption
of MCNC-PE upon the introduction of EMFs. Under magnetic exposure, the adsorbed MCNC
particles at oil-water interface turned magnetized and get attracted towards the field
direction (Blanco et al., 2013). As the particles get attracted and concentrated around the
source of magnetic force, they induced a dilatational deformation of the fluid interface and
thus releasing of the MCNC particles into the aqueous phase (Lam et al., 2011). The escape
of MCNC particles from the interfaces then de-stabilized the MCNC-PE and exposed the
curcumin-loaded oil droplets to the buffer medium and thus resulted in higher release of
curcumin. The disruption of MCNC-PEs under EMFs were observed in our emulsion

photograph and optical microscopic images (Figure 7.4).
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Figure 7.3. (a) Percent curcumin released from different emulsion samples under pH 7.5.

(b) Plots of the release of curcumin from the both MCNC-PEs samples based on Korsmeyer-

Peppas model.
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Table 7.1 Release parameters of curcumin from different emulsion samples based on
Korsmeyer — Peppas model. Different alphabetic letters was significantly different at P <

0.05 by Bonferroni’s Multiple Comparison Test.

n R?

MCNC-PE 0.19° 0.9904
MCNC-PE + EMF 0.78° 0.9946
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Figure 7.4. Optical microscopic image and photograph of MCNC-PE at pH 7.5 (a) without

and (b) with exposure to oscillating EMF.

7.3.3 Anticolon Cancer Efficacy of Curcumin-loaded MCNC-PE

The potential use of curcumin-loaded MCNC-PE as the anti-colon cancer drug delivery
system was examined by evaluating the cytotoxic effect of curcumin-loaded MCNC-PE
against HCT116 colon cancer cell based on MTT assay. In brief, MTT assay is generally used
to measure the mitochondrial activity in viable cells utilizing the activity of mitochondrial
dehydrogenase enzyme, which convert the yellow tetrazolium MTT into purple formazan
crystal. The amount of formazan crystal formed thus indicates the number of metabolically
active viable cells (Twentyman and Luscombe, 1987). The cell viability of HCT116 cell line
is monitored after 24, 48, 72 and 96 hours of treatment with a fixed concentration of the
curcumin-loaded MCNC-PE with or without the presence of oscillating EMFs. For control
study, the results suggested a negligible toxicity of bare MCNC-PE against the HCT116 colon
cancer cell (Figure 7.5, orange bar). Besides that, another treatment using the blank MCNC-

PE with EMFs revealed a 25 £ 2 % reduction in cell viability upon incubated for 96 hours
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(green bar). This is most likely due to the magnetic hyperthermia effects implied by the
MCNC particles that undergo dynamic hysteresis losses induced by Neel and Brownian
relaxation processes, which thus induce a local heating effect that inhibited the growth of
the colon cancer cells (Guibert et al., 2015; Liu et al., 2009; Oliveira et al., 2013; Pradhan
et al., 2010). In fact, gradual cell viability reduction was observed when the HCT116 colon
cancer cells were incubated with MCNC particles in the presence of the EMFs (Figure 7.6).
The MTT assay results obtained using the curcumin-loaded MCNC-PE showed that
only 60 £ 1 % of the cells retained their viability upon 96 hours exposure to the drug loaded
MCNC-PE (Figure 7.5, blue bar), suggesting a gradual release of curcumin across 4 days of
incubation. As expected, the introduction of EMFs abruptly increases the termination of the
living HCT116 cells, giving a total 82 + 2 % cells death (purple bar) after 96 hours of
treatment. These significant growth inhibitory activity not only indicates that the curcumin-
loaded MCNC-PE exhibited certain extent of the cytotoxic effect on the colon cancer cell line
HCT116, but also showed the significant improvement in cell growth inhibition from the
synergistic effects between the triggered released of curcumin and the magnetic

hyperthermia upon introduction of oscillating EMFs.
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Figure 7.5. Cell viability test of curcumin-loaded MCNC-PE on HCT116 colon cancer cell line.
The cell line analysis was performed using MCNC-PE stabilized by 0.1 wt% of MCNC
nanocomposite, with curcumin content of 30 ug/ml of incubation serum (equivalent to 1
mg/ml oil basis). Error bar represents standard error in measurement. Different alphabetic
letters was significantly different at P < 0.05 by Bonferroni’s Multiple Comparison Test.
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Figure 7.6. Cell viability test of MCNC suspensions with or without EMF on HCT116 colon
cancer cell line. The cell line analysis was performed using 0.1 wt% of MCNC nanocomposite.
Error bar represents standard error in measurement. Different alphabetic letters was

significantly different at P < 0.05 by Bonferroni’s Multiple Comparison Test.

Although significant cells toxicity results were obtained in the current investigation,
it should be stressed that the MTT assay is not able to discern between cell growth inhibition
and an increase in cell death. To proclaim the results from MTT assay, the optical image of
the HCT116 cells after each incubation time point is captured. Firstly, obvious reduction in
cell counts was observed 96 hours after incubating the HCT116 cells with the curcumin-
loaded MCNC-PE (Figure 7.7). From the optical microscopy, most of the cells in control and
blank MCNC-PE samples appeared as normal angular and spindle shapes (Figure 7.7a and
b). In contrast, cell shrinkage with lesser cytoplasm mass was observed in cells treated with
curcumin-loaded MCNC-PE as well as those with inclusion of EMFs (Figure 7.7c and d). The
morphological results of HCT116 cells suggested that the cytotoxic effect of the curcumin-

loaded carrier may be mediated through apoptotic cell death (Goh et al., 2014).
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Figure 7.7. Morphological changes of HCT116 cells at different time point for (a) control,
(b) pure curcumin, (c) blank MCNC-PE, (d) curcumin-loaded MCNC-PE and (e) curcumin-

loaded MCNC-PE + EMF treated samples.

To further elucidate whether the HCT116 cell death induced by the carrier occurred
through apoptosis induction, apoptosis detection was performed via Hoechst 33342 nuclear
staining. As shown in Figure 7.8, the cells experienced notable nuclear morphological
changes after treatment with curcumin-loaded MCNC-PE, suggesting cell death mediated
by apoptosis. The non-treated cells were uniformly stained with faint blue fluorescence
(Figure 7.8a). Contrarily, Figure 7.8b displayed an ascent in the intensity of blue
fluorescence after treating the cells with the curcumin-loaded carrier. This specified the
nuclear shrinkage or condensation, which is well known as one of the typical signs of
apoptosis. Moreover, prolonged treatment of the cells resulted in marked increase in the
intensity of blue fluorescence signals, showing the increased number of cells undergoing
apoptosis. Overall the results from MTT assay, in conjunction with the optical micrograph

and nuclear fluorescence images of the cells, have asserted the death of HCT116 cells upon
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exposure to curcumin-loaded MCNC-PE. However, further studies under both in-vitro and
in-vivo environment are still required to validate the effect of curcumin-loaded MCNC-PE on
the viability of colon cancer cell. The Nile red stained MCNC-PE were also used to further
evaluate the uptake interaction between the Pickering emulsion and cells. Figure 7.9 shows
the distribution of the stained Pickering emulsions as well as the loaded CUR within HCT116
cells. The images evidently demonstrate a uniform distribution of Nile red and CUR within
the cytoplasm of individual cells. This vastly suggests the effective uptake of MCNC-PE by

the cells and further validated the toxicity of CUR-loaded MCNC-PE towards HCT116 cells.

(b) Cells Incubated

(a) Control Cells with Curcumin-
loaded MCNC-PE

(1)
Merged
Bright Field
and
Fluorescence

(ii)
Dark Field/
Fluorescence

Figure 7.8. Nuclear morphology changes of HCT116 cells at 24 hour incubation for (a)
control and (b) curcumin-loaded MCNC-PE treated samples.

(b) Cells Incubated with (c) CUR-loaded MCNC-PE
Nile Red Stained MCNC-PE Treated Cells

(a) Control Cells

Figure 7.9. Bright field-fluorescence overlay images of HCT116 cells after 2 hours incubation
(a) without treatment, (b) with Nile red stained MCNC-PE and (c) with CUR-loaded MCNC-
PE.
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7.4 Conclusions

In this work, the drug release profile and kinetics as well as the inhibition of colorectal
cancer cell proliferation colorectal cancer cell proliferation in-vitro of palm-based MCNC-PEs
were investigated and discussed. The results showed that a total of 39 % increase in the
release of CUR from the MCNC-PE carrier was observed upon exposure to EMF. The in-vitro
drug release study revealed that the bioactive diffusion process under magnetic field
stimulus was much faster than that of without the influence of EMF. In order to assess the
effect of EMF on intracellular release of CUR, colon cancer cells were exposed to MCNC-PE
media and then subjected of EMF for consecutive 4 days. Results showed that the magnetic
field was able to stimulate and cause more bioactive to be released from CUR-loaded MCNC-
PE into intracellular compartment and induced a remarkable increase of about 82 % in cell
toxicity compared to that of without EMF exposure (40 %). Conversely, negligibly low or no
cytotoxic effect was observed in both blank MCNC-PE and control respectively. Both the
optical microscopy and fluorescence images suggested that the CUR-induced cell death in
colorectal cancer cells is inhabited by apoptosis process. It is believed that upon exposure
to EMF, the magnetic field not only triggers and further increases the release rate of CUR
from MCNC-PE but also generates a very local heating through dynamic hysteresis loss
induced by Brownian and Néel relaxation process at the micron scale, causing synergistic
CUR and magnetic hyperthermia-induced cell toxicity with enhanced anti-colon cancer
efficacy. Overall, the results of our study provided a road map for rational design of
magnetic Pickering emulsions as bioactive and therapeutic colloidal drug delivery system,
which coupled with external magnetic stimulus, can improve inhibitory effect on the cell

viability and differentiation.
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FUTURE WORKS

Following several investigations as described above, three main research areas arising from
this thesis that need to be explored for future work in conjunction with the design and
development of MCNC-based palm olein Pickering emulsion as novel controlled drug
delivery system:

I. Facile Sonochemical Preparation of Qil Palm Mesocarp Fiber (OPMF)-based

MCNCs as Sustainable Pickering Stabilizer

A facile sonochemical co-precipitation method had been developed to produce well-
dispersed MCNC nanocomposites. This simple yet rapid approach not only inhibited the
oxidation of Fes0s to Fe»Osz but also gave rise to the formation of MCNCs with higher
magnetic strength. However, the preparation of magnetic palm-derived CNCs using
proposed sonochemical technique has not been tested and reported. In Malaysia, oil palm
mesocarp fiber (OPMF) is the biomass residue or waste generated in the palm oil mill after
oil extraction stage. Being rich in lignocellulose, there is potential for the production of
MCNCs based on the nanocellulose isolated from OPMF as particle stabilizers for colloidal

drug delivery purposes.

II. Investigation of Controlled On-demand Drug Release of MCNC-PE under Pulsed

Electromagnetic Fields (PEMF)

The developed MCNC-PE containing curcumin as model drug was subjected to in-vitro
release study under a static EMF. The results demonstrated that the exposure to EMF
significantly enhanced the release of bioactive from the emulsion template. Static magnetic
stimulus changed the drug release kinetics from Fickian diffusion to anomalous transport.
However, the manipulation of drug release from MCNC-PE under pulsed magnetic fields has
not yet been explored. Thus, a proper study and verification of on-demand triggered release

mechanism under PEMF should be considered in the future work.
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III. in vivo Evaluation and Cancer Targeting Potential of Bioactive-loaded MCNC-PE

In vitro findings demonstrated that the curcumin-loaded MCNC-PE was capable of inhibiting
the growth of HCT116 colon cancer cells, particularly in presence of EMF. Nevertheless,
extensive research in the establishment of in vitro biodistribution and toxicity studies is
required in the future. In vivo testing is of paramount importance in translate scientific
findings into practical clinical applications. Besides, the possibility of targeted cancer
therapy can also be explored by functionalizing the MCNC-PE and coupling it to monoclonal
antibodies (mAb), a targeting ligand for colorectal cancer cells (CRC). Targeting CRC
tumours with ligand-functionalized MCN-PE represents a new promising active targeting

approach and can be potentially used to treat advanced colorectal cancer.
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