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CHAPTER 1

Introduction






1.1 General introduction

The discovery of new materials and their continuous development are making a great
impact on the evolution of human civilisation since the “Stone Age”. Nowadays, smart
materials are reaching great attention, revolutionising the way humans develop new
technologies. Remotely manipulable smart materials change their behaviour in a
systematic and controllable manner as a response to a certain stimulus. The unlimited
usability and their applicability span from small-scale domestics to high technological

robotics and medicinal devices.

Nature is the origin of most of the phenomena that scientists try to understand and to
mimic for the development of humankind and societal standards. Response to external
stimuli is a widely available natural occurrence. Examples are the Venus flytrap plant,
which closes their leaves under the mechanical stimulation of triggered hairs,! the Pine
cones, which swell or shrink in response to humidity? or the cis-trans isomerism of
retinal in vision, induced by light.® Inspired by nature, scientists are developing smart
materials that respond to stimuli such as light, temperature, pH, enzymes, electric field,

magnetic field and forth on.*!!

Among the above external stimuli, magnetic field responsive materials play an
important role due to their remote controllability, easy adaptability in micro-
technologies, non-invasiveness and biocompatibility. Wireless-based powering and
actuation is the greatest advantage achieved by magneto responsive materials, where
remote handling is possible by remotely connecting the magneto responsive materials
(e.g. particles, beads, robots or composites) to a permanent magnet, electro magnet or
to a programmed magnetic system. The integration of these materials into devices
improves their operability increasing their value. As examples in microfluidics,
magnetic nanoparticles were used to mix liquids due to the torque generation under a
rotating magnetic field.'? Recently, a magnetostaltic pumping method was introduced
by surrounding liquid channels by an immiscible magnetic liquid, and stabilised by a
quadrupolar magnetic field, to generate self-healing, non-clogging, anti-fouling and

near-frictionless liquid-in-liquid fluidic channels.!?

Most commonly, magneto responsive materials (micro/nanoparticles or particles
integrated with a polymer or ceramic matrix) can be applied into microtechnology

based applications by using different phenomena such as magnetic guidance, magnetic



deformation, thermal energy generation, and so on.!* The controlled displacement of
the magneto responsive material to a targeted position is interpreted as magnetic
guidance. This is used for biomedical, microfluidics and environmental applications

1516 or the separation of analytes.!”!° Further,

such as the control of drug delivery,
magnetic guidance is applied in liquid droplet transportation and manipulation in digital
microfluidics.??* In Lab-on-a-Chip (LOC) technology, which is a miniaturised
microfluidics platform with multiple operational units such as liquid handling, chemical
reaction and analysis,?® the integration and manipulation of complex systems are
challenging within the limited space provided by the LOC devices. In this regard,
magnetic field-induced magneto guidance mode with engineered systems are emerging
tools to handle the required chemical or biological samples. Another source of
applications of magneto responsive materials is their deformation capacity under an
applied magnetic field. Engineered soft magnetic materials (mostly magnetic particles
integrated gels and elastomers) follow stretching, contracting and bending type of
deformations under a programmed induction of magnetic field. This phenomenon is

2427 and for

used by artificial cilia, for the creation of pumps in microfluidics devices
the generation of smart surfaces for the manipulation of droplets and bubbles.?
Magnetic particles or composite actuation enables the generation of thermal energy,
which has been applied for bio medical applications such as magnetic hyperthermia. In
addition, magnetic nanoparticles can be concentrated around a tumour and heated, by a
remote applied magnetic field, achieving hyper-thermic temperatures (42 - 45 °C),
removing the tumour.?’° Moreover, heat induction through an applied magnetic field
can be used to change the structure of materials for the controlled release of drugs in
cancer therapy, called magneto-chemotherapy.®! Besides, magnetic particles integrated

into thermo-responsive shape memory polymers have been found to trigger magnetic

actuation and induce thermally driven shapeshifting.*?

In most of the cases discussed above, the magneto response phase is formed by
magnetic micro/nanoparticles integrated, or not, into a non-magnetic polymer matrix,

to achieve the required magneto responsive conditions for the desired applications.

Most of the elements in the periodic table are referred to as “non-magnetic or
paramagnetic while Fe, Co, Ni in the d-block and the Gd from the f-block exhibit
ferromagnetism at room temperatures, exhibiting good response to the magnetic field.

In addition, emerging attention is taken to soft magnetic materials, which show low
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coercivity and easy demagnetisation, for most of the previously presented applications.
In particular, metallic Fe, Co, Ni mico/nanoparticles and their oxides are vastly
investigated and applied in magnetic guidance, material deformation, and thermal
generation because of their considerable high magnetisation, as mentioned above.
Among them, magnetite (Fe3O4) and maghemite (y-Fe2O3) nanoparticles, which
compress over 16 distinct species of iron oxides, play a vital role as magneto active
materials for health and environmental applications due to their low toxicity, surface

reactiveness and high saturation magnetisation.

The main objective of this thesis is to introduce novel types of magneto-driven smart
materials systems for biosensing and actuation purposes, their characterisation and
applicability on microtechnology. The findings of this thesis add fundamental
knowledge to the magnetism and smart material fields, while show direct applications

of magnetic materials in the sensor and the microfluidics fields.

1.2 Flow of the thesis
This thesis focus on the investigation of remote stimuli, magneto-driven advanced
materials for biosensing and actuation. In this regard, two research lines or working

packages (WP) were investigated.

e WP-1: universal magneto-driven hydrogel scaffolds for efficient biosensing and
actuation, divided in three experimental Chapters.
e WP-2: low surface energy magneto particle systems as actuators in LOC

microtechnology, divided in two experimental Chapters.

1.3 State of art and the objectives of the thesis

The objective of this work is to investigate on magneto-based remote stimuli materials
and on smart magnetic platforms based on those materials for applications in
microfluidics (biosensing and actuation). Several scientific sub-objectives have been

planned for the two WPs of this thesis.

WP-1 introduces a novel type of magneto-driven universal hydrogel-based sensor

scaffold for rapid sensing of biomarkers in body fluids, sweat and blood.



Sub-objective 1: Stability of ex-situ and in-situ magnetic alginate matrixes. When
integrating magnetic properties to a hydrogel (alginate) miniaturised scaffold for
magnetic-driven applications, it is essential to understand the stability of the scaffold in
an aqueous medium. In literature, both the ex-situ and in-situ magnetic phase
fabrication and integration into alginate matrixes were reported, and presented in
Chapter 2 and 3, but scarce knowledge is available on comparative understanding of
the properties and the stability between those fabrication processes. In this regard, the
properties and the stability of ex- and in-sifu synthesised magnetic alginate hydrogels

were investigated, and the results presented in Chapter 3.

Sub-objective 2: Sensing scaffolds based on alginate materials. In biosensing based
microfluidics devices, sensing scaffolds are essential, acting as the brain of the device;
in particular, for devices that require an enzyme-catalysed optical sensing signal. In this
regard, different types of platforms were reported in the last decade, as discussed in
Chapter 2. However, the improvement of the loading capacity of sensing assays into
the scaffolds and fast colorimetric sensing is still challenging. Therefore, hydrogel
based materials were investigated in Chapter 4 in order to achieve, better optical signals

and response times by improving the loading capacity of the scaffolds.

Sub-objective 3: Sensing and actuation scaffolds based on magnetic alginate
materials. The possibility to remotely handling, programming, and manipulating
sensor scaffolds in microfluidics devices improves the functionality of the devices by
adding-up extra value to the scaffold. However, the integration of the magnetic phase
to the sensor scaffold, as mentioned in Chapter 3, is not possible due to the intrinsic
dark colour of the magnetic phase, since it hinders the colorimetric response of the
sensor. Therefore, in Chapter 5, the objective is to fabricate a colorimetric sensing
system based on a polymeric scaffold with magnetic properties to be applied to the

direct detection of biomarkers in blood samples.

WP-2 introduces superhydrophobic magnetic particles as novel magnetic manipulation

systems in water medium.

Sub-objective 4: Low surface energy magnetic particles in micro-technologies.
Magnetic particles with a reduced surface energy are able to repel water while showing

magnetic properties. Recently, superhydrophobic magnetic particles systems (only
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particles), which can be actuated by a magnetic field have been utilised significantly in
microfluidics, biomedical and environmental applications, as presented in Chapter 2.
With the objective of introducing new types of particles systems, capable of addressing
the drawbacks faced by current systems such as the low stability of the magnetic liquid
marble while magnetic transporting of liquid droplets and the study of novel

microfluidics and environmental applications are presented in Chapter 6.

Sub-objective 5: Removal air bubbles in microfluidics channel by low surface
energy magnetic particles. The deposition of air bubbles is one of the biggest
problems in microfluidics channels and underwater systems. Moreover, air bubble
evacuation in these types of systems is still a challenging task. Chemically modified
magnetic particles have potential to address this problem, due to their remote
controllability and superaerophilicity properties. In Chapter 7, the applicability of
superhydrophobic magnetic particles (SMPs) was investigated with the purpose of

introducing a cheap and simple protocol to remove air bubbles in microfluidic channels.

1.4 Introduction to the Chapters
Chapter 2:

The general principles and the properties of the main functional materials that will be
utilised in the experimental Chapters 3-7 are presented in this Chapter. Moreover, an
updated literature survey of the different sweat sensor material platforms and the

progresses done on magnetic superhydrophobic particle systems are also included.
Chapter 3

Alginates are colloidal polysaccharides that readily cross-link with multivalent metal
ions, which keeps the polymer as a three-dimensional hydrogel material. The material
can show magnetic properties upon ex-sifu or in-situ integration of magnetic phase
(superparamagnetic Fe3O4 nanoparticles), Figure 1.1 (left). However, the ex-situ and
in-situ magnetic hydrogels exhibit different behaviours in the aqueous medium.
Therefore, a comparative comprehension of their properties is essential prior their
implementation. In this Chapter, the hydrogels were synthesised following two

fabrication processes and subsequently, fully characterised. It was found out that, they
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exhibited particular stabilities to different pH and ionic strengths conditions in aqueous
solutions. These are essential properties to be controlled when used for magneto-driven
applications such as targeted drug delivery and water purification. This study will direct
the path for the selection of the best magnetic bead synthesis protocol, according to the

defined magneto-driven application.
Chapter 4

Versatile sensing matrices are essential for the development of enzyme immobilised
optical biosensors. In this regard, this Chapter presents improved colorimetric sensing
behaviour of a biosensor scaffold, by using a novel three-dimensional titanium dioxide
nanotubes/alginate hydrogel. The scaffold was applied for the detection of sweat
biomarkers, lactate and glucose, in artificial sweat. The superhydrophilicity and the
capillarity of the synthesised titanium dioxide nanotubes, when incorporated into the
alginate matrix, facilitate the rapid transfer of the artificial sweat components
throughout the sensor scaffold, considerably decreasing detection times. Moreover, the
scaffold was integrated on a cellulose paper to demonstrate the adaptability of the
material to other type of matrixes, which could have important implications in the

microfluidics field.
Chapter 5

In this Chapter, the magnetic properties investigated in Chapter 3 were integrated into
the titanium dioxide nanotubes/alginate hydrogel scaffold from Chapter 4. A novel
Janus bead was fabricated by coupling ferromagnetic Fe microparticles to the TiO:
nanotubes/alginate biosensing hydrogel under an applied magnetic field, avoiding the
inherent magnetic phase dark coloration in the colorimetric sensing side of the bead,
Figure 1.1 (right). This Janus bead was applied for the colorimetric detection of blood
biomarkers, showing an accurate optical signal response avoiding colour artefacts from
the red blood cells. Therefore, the multiple functionalities of this magnetic TiO>
nanotubes/alginate Janus bead facilitate to actuate (magnetically), sense (blood or body
fluid biomarkers) and filter (red blood cells) with the same material, introducing a novel

Lab-on-a Bead concept.



Sweat/Blood Biomarkers

000

Magnetic Hydrogel bead Janus bead with magnetic and sensing properties

Figure 1.1. Schematic and a real image of the magneto driven alginate based hydrogels bead
(left). Schematic illustration of the fabrication of the magneto driven alginate hydrogel
platform, Janus bead, and colour variation for sweat and blood biomarker detection (right).

(Based on Chapter 3-5).

Chapter 6

A novel remote stimulus, magneto responsive superhydrophobic nanoparticle (Cs-
Fe;04) system is introduced (exclusively by the particles), called magneto twister,
Figure 1.2 (left). A floating layer of superhydrophobic magnetic particles bends
downwards, forming a stable water-solid-air interface under an applied gradient
magnetic field, presenting a twister like structure with a flipped conical shape under
controlled water levels. When the tip of the twister structure touched the bottom of the
water container, provides a stable magneto movable system in water. Three possible
applications, as a proof of principle, of this structure were introduced: the cargo and
transport of water droplets in aqueous media, the generation of magneto controllable
plugs in open surface channels, and the removal of floating microplastics from the air-

water interface.
Chapter 7

In this Chapter, superhydrophobic magnetic particles (SMPs, Cs-Fe) were applied to
address one of the fundamental problems in microfluidics, the deposition of air bubbles
in the surface of the aqueous channels, Figure 1.2 (right). These low surface energy Cs-
Fe particles attract underwater air bubbles due to their underwater superaerophilicity
while the high magnetisation of the SMPs facilitates the manipulation of the Cs-Fe -
bubble system by using an external magnetic field, induced by a simple permanent

magnet. The properties of the Cs-Fe -bubble system were characterised to understand
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the behaviour of the proposed system in different bubble deposited surfaces. This highly
efficient, cheap and simple targeted air bubble removal system brings a new solution to

solve one of the biggest problems faced by microfluidics technology.

Magneto Twister Magneto De-bubbler

Figure 1.2. Magneto Twister: Magneto deformation of water-air interface by a
superhydrophobic magnetic nanoparticle layer (left). Magneto de-bubbler: Trap, transport and
evacuation of underwater free and surface deposited air bubbles by superhydrophobic magnetic

particles (right). (SMNPs: superhydrophobic magnetic nanoparticles). (Based on Chapter 7-8).

Chapter 8

The overall conclusion of the work is presented in this Chapter. The generated key
knowledge from the experimental, characterisation, and result of this work is briefly
summarised. The importance and future challenges of these novel material platforms

and systems are elaborated under the final concluding remarks.
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2.1 Magnetite (Fe3O4) nanoparticles

Magnetite crystals, Fe3O4 or formally FeO-Fe>O3, exhibit a black or dark brown colour
with a density of 5.18 g cm™ and a molar ratio of ferrous (Fe?") to ferric (Fe**) ions
1:2.! In magnetite, Fe** ions have five lone pair electrons at 3d orbitals ([Ar]3d®) and
Fe?* ions have four lone pair electrons at 3d orbitals ([Ar]3d®), showing magnetic
properties. Moreover, it possesses an inverse spinal structure, occupying Fe*' in
tetrahedral sites and both Fe’" and Fe?" in octahedral sites. Furthermore, the Fe’* in
tetrahedral sites and Fe’'/Fe’" in octahedral sites exhibit a ferromagnetic and
antiferromagnetic alignment of the magnetic moments, respectively, by obtaining an

overall ferrimagnetic behaviour for the magnetite crystals.

2.1.1 Synthesis of magnetite nanoparticles by the co-precipitation technique

Among the diverse methods of magnetite nanoparticles synthesis, such as hydrothermal
and high temperature reactions, sol-gel reactions, polyol processes, electrochemical
protocols, acrosol/vapour method, microemulsions and sonochemical reactions, the co-
precipitation technique attract great attention since its efficiency, cost-effectiveness and

simplicity are well demonstrated.?

During the co-precipitation chemical process, aqueous salts of Fe**:Fe?" with 2:1 ratio
react with a highly basic solution under a non-oxygen environment at room or raised
(40-90 °C) temperatures according to the stoichiometric ratios mentioned in reaction-
1.3 Complete precipitation of black or dark brown coloured Fe;O4 nanoparticles are

expected at pHs between 10 to 14.

2Fe3t + Fe?t + 80OH™ - Fe;0, (NP) + 4H,0 reaction-1

The nucleation, growth and phase transition of the magnetite nanoparticles at the
reaction pathways in the co-precipitation of magnetite depend on the pH of the system,
as depicted in the Figure 2.1. Akaganeite phase is nucleated and transformed through
goethite to the magnetite while the slow addition of the base (low pH system) and
ferrous hydroxide phase is nucleated and transformed through lepidocrocite to
magnetite during the fast addition of the base (high pH system) to the Fe**/Fe?" salt

solution, respectively.*
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Figure 2.1. Formation pathways of magnetite nanoparticles by the co-precipitation method.
(Adapted and reproduced from the ref.* with the permission from ©2012 American Chemical
Society.)

However, bare magnetite nanoparticles are not highly stable, since they are sensitive to
the oxidation to maghemite (yFe2O3). The oxidation of the ferrous ion causes the

formation of a cation vacancy in the octahedral site. As well, the desorption of the Fe?*

ion as a hexa-aqua complex is also possible under acidic and anaerobic conditions.?
However, the lack of proper crystallinity and the broad particle size distribution are the

main drawbacks of this co-precipitation method.

2.1.2 Superparamagnetic behaviour of the magnetite nanoparticles

In ferromagnetic or ferrimagnetic nanoparticles if the diameter of the particles reduces
to a certain size, called the critical size (D.), then the particles become a single domain.
The estimated D, for Fe3O4 is ~ 64 nm. In these particles, the Neel's relaxation time,
the time between random two flips of magnetisation, is lower than the time to take the
measure of the magnetisation in the nanoparticles without the magnetic field. Thus,
their magnetisation appeared to be zero. Therefore, this state is set to be
superparamagnetic in which no hysteresis loop can be observed as depicted in Figure
2.2. These superparamagnetic particles show zero or no remanence and coercivity. In
the superparamagnetic state, the magnetic particles can be magnetised with an external
magnetic field and going back to the non-magnetic state, when removing the magnetic
field, without keeping residual magnetisation as paramagnets, but with a much larger

magnetic susceptibility.’> Therefore, this property is utilised in biomedical, ferrofluids
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and actuators applications due to their low remanence and the high magnetisation.
Saturation magnetisation of co-precipitately synthesised Fe3Os nanoparticles are

usually from 50 to 80 Am? kg™
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Figure 2.2. Superconducting quantum interference device (SQUID) magnetisation loop of co-
precipitately synthesised ~ 9 nm magnetite nanoparticles. (Own laboratory synthesised

nanoparticles).

2.2 Fe (carbonyl iron) microparticles

Fe microparticles are ferromagnetic soft magnetic material synthesised by treating Fe
with the carbon monoxide under heat and pressure, followed by the decomposition of
the resulting pentacarbonyl iron Fe(CO)s under controlled conditions.® Usually, these
particles show grey colour with a spherical shape and 1-10 pm average size. They show
high saturation magnetisation ~240 Am?* kg'!, 4 times higher than Fe3;O4 nanoparticles,
due to their ferromagnetic behaviour. They are widely used magnetorheological
suspensions, in which the rheological properties can be reversibly changed by a
magnetic field. They assemble to a chain-like structure along the direction of the field,

under an external magnetic field, behaving as viscoplastic solids.’

2.3 Magnetic alginate hydrogels
Hydrogels are water-swollen polymeric hydrophilic materials with a three-dimensional

network structure, which form by chemical or physical crosslinking. They are made of
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natural or synthetic polymers, homo or copolymeric fractions and blends. The water
absorption capability of the hydrogels mainly arises from the hydrophilic functional
groups attached to the polymeric backbone, while their resistance to the degradation or

dissolution comes from the strength of the crosslinks between network chains.®

In particular, alginates are colloidal polysaccharides isolated from brown algae, which
are abundant in coastal waters. They are linear copolymers containing D-mannuronic
acid and L-guluronic acid residues covalently linked together in different
configurations.’ Alginates cross-link with multivalent metal ions (e.g. Ca**, Ba*")!?
following the “egg-box” model, which keeps the polymer as a three dimensional gelling

material.!!

Magnetic alginate nanocomposites are attracting attention because of their excellent
biocompatibility and the possibility of remote manipulation.'>!* These magneto-driven
alginate nanocomposites have been used in biomedical applications like targeted drug
delivery, magnetic triggering drug release, enzyme immobilisation and magnetic
hyperthermia.!*"!® Moreover, they have been employed for environmental applications
like the magnetic removal of heavy metals, organic contaminants and dyes from water.
19221 Interestingly, magnetic alginate nanocomposites microstructures have been
fabricated and applied as magnetic actuators and micro-helical capsule robots.?? There
are several methods to fabricate magnetic alginate materials by physical cross-linking
such as, ex-situ blending of Fe3O4 nanoparticles with the alginate matrix or in-situ
synthesis of Fe3;O4 nanoparticles in the alginate matrix.?*** In the second method, a
cross-linking process with ferrous and ferric cations forms the alginate hydrogel. Then,
the alginate is subjected to a highly alkaline solution where the Fe;Os4 NPs are
synthesised inside.”* A comparative fundamental understanding of the properties and
the behaviour of the ex-sifu and in-situ magnetic phase derived hydrogels, particularly
their stabilities in aqueous medium is essential, and generates the background

knowledge while implementing in applications as mentioned in the sub-objective 1.

2.4 Biosensor platforms for colorimetric detection of sweat biomarkers
Miniaturised biosensors have been widely investigated due to their low production cost,
portability and ease of operation.>>° In general, a power-free, simple signal-reading

phenomenon is essential for real time body fluid (particularly sweat) analysis in a
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wearable device format. In this regard, colorimetric sensing provides simple signal
readout capabilities and it provides rapid analysis, by measuring the colour variation of
the analyte by absorbance measurements or analysing colour parameters such as RGB
or HUE by image analysis. Thereby, colorimetric detection of biomarkers becomes a

simple, cheap and easily implementation in wearable devices.

Nevertheless, the performance of the sensing platform also plays a vital role in these
types of wearable devices, where investigations and developments of different sensor
scaffolds will bringing these devices from the lab to society.?® In particular, paper is
one of the most commonly used matrixes for colorimetric analysis in wearable
microfluidics due to its low cost, biodegradability, biocompatibility, flexibility and
reduced weight. A paper-based skin patch pH test paper device, based on an anion
exchanger is introduced for the colorimetric detection of anions, Figure 2.3a.3" In
another example, a wearable advanced microfluidic device for the capture, storage, and
analysis of the sweat components by integrating a paper matrix to immobilise the
colorimetric assays is presented in Figure 2.3b.%! Recently, as shown in the Figure 2.3c,
Promphet et al.>* fabricated a chitosan modified cotton textile platform to detect pH
and lactate from sweat in a wearable format.>> An interesting example was presented
by He et al.*, as a skin mounted superhydrophobic-superhydrophilic, silica coated
polyethylene terephthalate band with microarrays, to be used as a sensor platform for

sweat sensing, Figure 2.3d.
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Figure 2.3. (a) Flexible paper-based skin patch consisting of both anion exchange and pH test
papers to enable the quantitative, colorimetric and on-skin detection of sweat anions. (b)
Colorimetric detection paper based reservoirs that enable determination of lactate, glucose, pH
and chloride levels. (c) Textile-based sensor for the detection of sweat pH and lactate. (d)
Superwettable and flexible band as a platform for sweat sampling and monitoring. (Adapted

30, 31, 32, 33

and reproduced from the refs. with the permission from © The Royal Society of

Chemistry 2015, ©2017 American Association for the Advancement of Science, ©2018
Elsevier B.V, ©2019 American Chemical Society.)

In the context of hydrogels, few hydrogel types were reported as sweat biomarkers
sensing scaffolds. Among those, Tatiya et al** reported a bacterial cellulose/
carboxymethyl cellulose hydrogel as a potential platform for non-invasive sensors for
sweat pH and glucose, obtaining a signal readout after 10 min while Rusell et al.*’
reported a poly(ethylene glycol) based hydrogel with a 10-12 min response time for
glucose respectively. However, long-time efficient and effective immobilisation of
enzymatic biological and/or colorimetric assays, with high loading capacity and rapid

sensing capabilities, are still challenging in sweat sensors, as depicted in the sub-

objective 2.
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2.5 Magneto driven hydrogel colorimetric biosensor scaffolds

In most of the hydrogel based miniaturised sensing systems, programmable
manipulation of sensing scaffold brings an enormous value to the system. In particular,
the non-invasive handling of miniaturised scaffolds for LOC technology allows
automating the operational process of analytes capture, transport and sensing.
Moreover, the molecules of the assay, entrapped in the hydrogel sensing scaffold,
usually diffuse to the surrounding analyte solution over time. This causes ionic densities
imbalances between the hydrogel and the outer solution, leading to the reduction of the
amount of reactants needed for detection inside of the hydrogel scaffold, over time.*¢
In this regard, as problem solving technique, the fast removal of the scaffold from the
solution, using a smart remote controlled manipulation system, could reduce or
eliminate assay leaking from the hydrogel scaffold. However, the manipulation of
miniaturised biosensor scaffolds involves immense difficulties such as damaging the
scaffold due to mechanical handling, contamination and requirement of human power
and tools leading to inefficiency of the biosensor. As a solution, remote manipulation
of the scaffold by using magnetic fields is a promising technique in miniaturised
systems in order to control the scaffold in a non-invasive way. In this regard, magnetic
properties can be added to the hydrogel scaffold by integrating soft magnetic particles
such as magnetite nanoparticles or Fe particles, as discussed in the sections 2.1 and 2.2
with the protocols mentioned in the sub-objective 1. However, the appearance of the
intrinsic dark coloration of the above-mentioned magnetic particles deviates the
accuracy of the colorimetric signal readout by interfering or hindering the expecting
read out.>” Highly magnetic materials absorb a broad range of visible light based on the
excitation of electrons close to the Fermi level, resulting in their dark appearance. This
drawback is overcome by changing the outer surface colour (white or lighter) of the
magnetic particles by advanced particle coating systems since it is expected that typical
white colouration reflects light instead of absorb it. Recently, Seuffert e al.>® reported
an advanced particle system that combined the properties of white colour, white light
emission and strong magnetism, Figure 2.4. A coating layer of titania particles was
generated around iron metal (a-iron) microparticles or iron oxide (magnetite, Fe3Oa4)
microparticles followed by white light emitting metal-organic framework (MOF)
EuTb@IFP-1 (Imidazolate Framework Potsdam 1) modification. However, the heavy
coating resulted on the reduction of the magnetisation of the particles, which led to the

need of increasing the amount of the particles in the hydrogel system to get the required

23



magnetic moment to manipulate the hydrogel sensor. Therefore, there is still an unfilled
gap to fabricate smart inexpensive and efficient magneto driven colorimetric biosensors

that is led to the sub-objective 3, which is mentioned in section 1.3.
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Figure 2.4. Photographs and scanning electron micrographs as insets (a and d), as well as CIE
(Commission Internationale de 1’Eclairage) L*a*b* colour values (b and e) and magnetisation
measurements (¢ and f) of either white magnets containing iron, (a—c) or iron oxide (d—f).
(Adapted and reproduced from the ref. *® with the permission from © The Royal Society of
Chemistry 2020)

2.6 Low surface energy magneto actionable particle systems

The magnetic nanoparticles mentioned in the section 2.1 and the particles discussed in
sub-objective 1 possess high surface energy, showing a superhydrophilic nature. As
well, the surface bound hydroxyls in iron oxide nanoparticles readily attract with the
water due to polar-polar interactions between surface hydroxyls and water. However,
these magnetic nanoparticles can be chemically modified to settle on the water surface
(water-air interface) in their low surface energy, superhydrophobic state, showing
interesting phenomena, under an applied magnetic field. Therefore, in this section,
different models of superhydrophobic magnetic particles systems and their water
interfaces are discussed with the latest findings and the applications as a literature

survey to sub-objective 4 and 5.
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2.6.1 Superhydrophobicity principle

For a solid substrate, when the contact angle of water on its surface is larger than 150
°, it is called superhydrophobic. In this case, when an aqueous droplet contacts with a
solid surface, the liquid can remain as a droplet by repelling the surface according to
the nature of the intermolecular bonding, functional groups and physical properties of
both, the solid and the liquid phases. In addition, the contact angle hysteresis is a very
important phenomenon when considering liquid repellent surfaces because it exhibits
the dynamic wettability of the surface. Surface energies correspond with the formation
of adhesive bonds between the solid surface and the liquid. This is demonstrated by the
contact angle 0 (equation 2.1), which is related with the surface energies according to

Young’s equation 2.2.34

cosf = Yoo Z Vst equation 2.1

Yw
Ysi+ Yy €osO = yg equation 2.2

If solid-vapour interfacial energy ysv, i.e the surface energy of the solid surface is higher
than the solid-liquid interfacial energy and (ysv> ysl), cos @ > 0 then, the contact angle is
below 90 °. According to this behaviour, the surface is wet by the liquid. If the solid-vapour
interfacial energy ysvis lower than the solid-liquid interfacial energy and (ysv < yst), cos 8

< 0 then, the contact angle exceed the 90 ° and the surface is not wet by the liquid.

2.6.2 Synthesis of superhydrophobic magnetic particles

In literature, the surface of the metal oxides is usually found to bound with hydroxyls
(-OH), which attract to the water molecules due to polar-polar and hydrogen bond
attractions, keeping the material as hydrophilic. Therefore, in order to synthesise
hydrophobic particles, the surface of the magnetic materials (i.e. Fe3O4) is covered with
low surface energy materials such as, long chain hydrocarbons or fluorocarbon
molecules.*'**? The non-polarity of these molecules repels the polar water molecules,
and the higher surface roughness of the particle layer increases the hydrophobicity,
achieving superhydrophobicity. Qing et al.*® synthesised thermally stable, porous and
superhydrophobic core-shell Fe,O3@C nanoparticles with 30-200 nm size, showing a
162.9 ° water contact angle. According to the synthesis protocol depicted in Figure 2.5a,
Fe;O3@C nanoparticles were synthesised by the thermal decomposition of a ferric

benzoate precursor at 600 °C for 6 h, followed by a treatment with 2 wt% vinyl
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triethoxysilane and subsequent particles drying at 140 °C for 8 h. Moreover, Fang et
al.* functionalised Fe;04 magnetic nanoparticles, which were synthesised by the co-
precipitation method presented in section 2.1.1, with a thin layer of fluoroalkyl silica,
by using tridecafluorooctyl triethoxysilane, Figure 2.5b. In another example, Wang et
al.® reported on superhydrophobic Fe;Os@PDA@Ag nanoparticles, which fabrication
protocol included several steps of solvothermal reduction of Fe3Os4 nanoparticles
synthesis, coating of polydopamine-PDA spherical shell by a self-polymerisation
process of dopamine, and coating of Ag nanoparticles on Fe;O4@PDA via self-
assembly (Figure 2.5¢), and a surface modification of 1H,1H,2H,2H-

perfluorodecanethiol by a simple immersion step.
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Figure 2.5. (a) Scheme of the preparation of highly hydrophobic Fe;O3;@C nanoparticles. (b)
One-pot synthesis rout of fluoroalkyl silica coated Fe;O4 hydrophobic magnetic nanoparticles.
(c) Schematic illustration of the fabrication of Fe;O4@PDA@Ag nanoparticles. (Adapted and
43,44,45

reproduced from the refs.

Chemical Society and © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

with the permission from © Copyright © 2010 American

2.7 Superhydrophobic magnetic particle systems and applications
Superhydrophobic nanoparticles can be used as the magnetic phase for numerous types

of materials such as oil-based ferrofluids, magnetic aerogels, films, and foams.*¢*®
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Recently, emerging attraction has taken towards exclusive superhydrophobic magnetic
particles systems (without any polymer or ceramic matrix), such as magnetic liquid
marbles, reverse magnetic liquid marbles and oleophilic collides due to their
hydrophobicity, oleophilicity, lateral capillarity, remote controllability and
superparamagnetic behaviour. Therefore, in the next section the fundamentals of these

models and the reported applications will be discussed.

2.7.1 Magnetic liquid marbles
Liquid marbles are stabilised discrete liquid droplets, encapsulated by hydrophobic

micro or nanoparticles as shown in Figure 2.6a and b. Aussillous et al.*’

primarily
reported this semi solid like material concept by encapsulating water by 20 um size
hydrophobic particles (silane-treated lycopodium grains). However, in Nature, this type
of mechanism is commonly used. For instance, gall-dwelling aphids are protected from
drowning in the sticky honeydew by covering the honeydew with a powdery wax,

which is secreted by the aphid, Figure 2.6¢.>°

(@)

Figure 2.6. (a) A quasi-spherical liquid marble (volume 1 mL and radius 0.7 mm). (b)
Ilustration of the particles encapsulated liquid and the gravitationally determined flat —spot. (c)
Inside of the gall, the inset shows an aphid carrying waxes on its body. (Adapted and reproduced
from the ref **°! with the permission from © The Royal Society of Chemistry 2011 and
Copyright © 2019 American Chemical Society)
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In particular, hydrophobic particles (in the form of a monolayer or a multilayer) adhere
to the liquid (aqueous based) droplet surface while the liquid droplet simply rolls across
the particles bed, by replacing the liquid—air interface with a liquid—solid interface
creating a soft sphere. The capillary forces and the electrostatic forces govern the
adherence of the monolayer or multilayer of hydrophobic particles. This particles
adhering system reduces the effective surface free energy by achieving an energetically
favourable state.’! Moreover, small volume liquid marbles assemble in a spherical
shape (Figure 2.6a) while large volume ones become gravitationally flattened puddles
like shapes In liquid marbles, the contact with a sitting solid substrate converts from a
liquid-on-solid substrate contact to a solid-on-solid substrate contact reducing the
contact angle hysteresis. Nevertheless, faster moving of the liquid marble tends to
reshape it like a doughnut and peanut shapes due to larger centrifugal forces.*’ The
magnetic material has to be integrated into the liquid marble to bring off the magnetic
properties by the magnetic actuation. The integration of magnetic particles or colloids
inside of the liquid marble or with the hydrophobic particle layer (without a bond) leads
to an easy detachment of the magnetic phase from the marble regime, due to the
individual magnetic attraction force. Therefore, Zhao et al.’? introduced the magnetic
liquid marble concept by coating highly hydrophobic superparamagnetic Fe3Os
nanoparticles on a water droplet. The dual functionality, hydrophobicity and magnetic
responsibility of the nanoparticles, led to the generation of a liquid marble by
encapsulating and actuating the liquid droplet, respectively. Figure 2.7a shows the
attraction of a liquid marble towards a permanent magnet without losing its shape and
functionality. Moreover, the shell of the liquid marble can be opened and closed in a
reversible manner by modulating the effecting magnetic force, Figure 2.7b. Based on
this behaviour, the functionality and the applicability of the liquid marbles can be
upgraded. For instance, two magnetic liquid marbles can be merged by shell opening
as shown in Figure 2.7c. Xue et al.>® fabricated the liquid marble with a fluorinated
decyl polyhedral oligomeric silsesquioxane (FD-POSS) composite with a significantly
low surface energy in combination with hydrophobic magnetic nanoparticles, forming
stable aqueous solutions and organic liquids based liquid marbles as shown in Figure
2.7d. In addition, water droplets in a hexadecane liquid marble were generated, Figure
2.7e, to demonstrate its applicability as a miniaturised reactor. The ability to manipulate

(translocation of the liquid marble) is shown in the Figure 2.7f by following the motion
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of a FD-POSS/Fe304 hexadecane marble under a magnetic field on both glass and on a

water surface.”?

The ability to perform a chemical reaction in the magnetic liquids marbles is
demonstrated in Figure 2.7g and h. Coalescence of different liquid marbles containing
the reagents, hydrogen peroxide and bis(2,4,6-trichlorophenyl)oxalate and dye,
facilitated a chemiluminescence reaction, when forming the larger liquid marble, after
magnetic actuation (Figure 2.7g top). Moreover, under gentle movement actuated by a
magnet bar, two core droplets, which were stabilised in a same liquid marble, were
merged triggering the chemiluminescence reaction (Figure 2.7g bottom). The
integration of analysis tools to the liquid marble such as a chromatographic strip is

possible due to the magnetically actuated shell opening property, as shown in Figure
2.7h.%
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Figure 2.7. (a) Transfer of a liquid marble between two parallel glass plates, 4.5 mm apart, by
placing and displacing a magnet bar above the top glass plate. (b) Video frames depicting the
opening and closing of a liquid marble containing a blue-coloured water droplet, under
magnetic force. (c) Frames captured from a high-speed video, showing different stages of the
coalescence of two liquid marbles, under magnetic force. (d) Magnetic shell opened liquid
marbles of different solvents (droplet size 7 pL). () Magnetic shell opened hexadecane marbles
before and after the addition of different numbers of coloured water droplets (overall droplet

size 10 pL). (f) Magnet-driven motion of a FD-POSS-stained FD-POSS/Fe;04 hexadecane
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marble on a glass slide (top) and on a water surface (bottom) (droplet size 7 uL). (g)
Chemiluminescence reaction that occurs as a result of coalescing two magnetic liquid marbles
that contain different reagents (top). The same chemiluminescence reaction within a single
liquid marble (bottom) (droplet size 10 pL). (h) Chromatographic analysis of the liquid in the
opened liquid marble (droplet size 10 pL). Scale bar: 1 mm. (a-c and d-h adapted and
reproduced from the refs. > and > with the permission from © 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim, respectively).

An interesting example is the work published by Zhao et al.>* They reported the optical
analysis of the liquid present inside of a liquid marble with a reflection mode probe.
The magnetic liquid marble was moved towards the probe position under the magnetic
field and the upper shell of the marble was opened by increasing the magnetic field as
shown in the Figure 2.8a. Then the droplet sample was analysed and remotely marble
closed and moved again to another destination. As shown in the Figure 2.8b and c, the
same optical abortion peaks were observed for both the magnetic liquid marble droplet

and the bulk phase liquid.
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Figure 2.8. (a) Optical probe detection, a sequence of images showing a magnetic liquid marble
(20 pL) being moved toward an optical probe (1-2), opened for optical detection (3), closed and
moved away, after the detection (4-5). (b) Optical absorption curves of acid yellow 14, acid
red 183, and acid blue 25 aqueous solutions in a magnetic liquid marble and (c) in bulk liquid.
(Adapted and reproduced from the ref. 3* with the permission from © 2012 Springer Nature
Switzerland AG. Part of Springer Nature.)
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Moreover, the same group immersed electrode tips into the droplet of an open liquid
marble to perform electrochemical measurements too. Square-wave voltammograms
were recorded for dopamine sample liquid marble droplets, as shown in the Figure 2.9a-
¢, while manipulating the liquid marble by a magnetic field.> Further, a transmission
mode optical absorption analysis protocol was tested with 8 mM aqueous solution of
acid blue 25 in a magnetic marble. In this example, the shell of the magnetic marble
should be fully opened to avoid the possible scattering coming from the magnetic
particles of the shell, Figure 2.9d. The characteristic absorption of acid blue-25 at 615
nm was successfully detected for a magnetic liquid marble containing 8 mM aqueous
solution of acid blue 25, providing a high-precision quantitative type of measurement.
By integrating all the above analysing techniques of reflection and transmission mode
optical detection and electrochemical detection with the magneto based remote
handling capability, the “Lab-in-a-droplet” concept was introduced, as illustrated in

Figure 2.9¢.%
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Figure 2.9. Electrochemical detection. (a) Transport and opening of the magnetic liquid marble

on a glass substrate with a magnet (b) Moving three-electrode probe into the droplet and
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recording the signal, and (c) moving probe out of the droplet, closing and moving away of the
liquid marble after detection. Optical absorbance detection. (d) Fully opening of a magnetic
liquid marble and its moving around with a magnet and Transmission spectra of a liquid marble
(1) the droplet of an open liquid marble (2) and the squashed droplet of an open liquid marble
between two parallel hydrophobic glass slides (3) (Droplet: 8 mM aqueous solution of acid blue
25. Insets show the photo of light beam irradiation on each object.) (e) Illustration of detection
of a sample on magnetic liquid marbles (Lab-in-a-droplet concept). (Adapted and reproduced
from the refs.> with the permission from © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim)

Most of the traditional magnetic liquid marbles based on iron oxide nanoparticles are
opaque and are not suitable for photo-related applications. In order to address this

limitation, Wang et al.>¢

reported a photo and magneto active liquid marble in which a
droplet, coated with magnetic lanthanide-doped up-conversion (Yb**/Er**/Gd**-doped
NaYF4) nanoparticles (UCNPs), can convert near-infrared light into visible light. The
magnetic properties allow opening the marble tip with directed magneto movements.
The marbles were applied as miniaturised reactors for photodynamic therapy of cancer
cells. Cells were incubated inside the UCNP liquid marbles, along with protoporphyrin
IX (PpIX) as a reactive oxygen species generator (ROS), providing the required
irradiation (Figure 2.10a-e). The large contact area between the UCNP-POSS
(polyhedral oligomeric silsesquioxane) powder coating and the cell culture media,
together with the spherical 3D geometry exhibited low cell viability compared to the
same treatment performed using conventional two-dimensional culture dishes (sample
VI vs IV in Figures 2.10d,e), showing excellent improved photodynamic therapy.
Moreover, Sharma et al.’’ fabricated a magnetic digital microfluidic device system
(Figure 2.101f-h) to isolate biological entities (microbeads, bovine serum albumin (BSA)
and Escherichia coli), which are carried by a magnetic liquid marble, to a micro well
plate. The magnetic liquid marble was shuttled back and forth between two plates (top
— micro-wells and bottom micro-pillars, Figure 2.10g) under the magnetic field. The

efficiency of the capture to the micro-wells was analysed by fluorescence microscopy.
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Figure 2.10. (a) Schematic representation of a cell-encapsulating liquid marble. (b)
Photographs of a liquid marble based on UCNP-POSS powder and cell culture media (drop size
200 pL) (c) optical microscopy image of MAD-MD-231 cells. (d) Schematic representations
of cells in culture dishes without PpIX (I), with PpIX (II), without PpIX but with UCNP-POSS
powder (III), with both PpIX and UCNP-POSS powder (IV), and of cells in a liquid marble
without PpIX (V) and with PpIX (VI). (e) Cell viability of the cells in (d) after irradiation with
a 980 nm laser (1 Wem™?) for 4 min. (f) Microdevice for isolating biological entities in
microwells. (g) Magnetic liquid marble (open shell) through a upper plate containing an array
of microwells and a bottom plate containing an array of micropillars. (h) A schematic
representation of captured biological entities in the microwells. (Adapted and reproduced from
the refs.’%>” with the permission from © 2016 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim and Copyright © 2018.
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Recently, Li et al.>® introduced a magnetothermal-miniaturised reactor by the formation
of hydrophobic Fe3O4 nanocubes coated liquid marbles (iNLMs). The reactor can be
heated with an alternating magnetic field (AMF) as shown in Figure 2.11a, b. Authors
showed that the 18.4 nm Fe3O4 nanocubes provided the maximum heating capacity
under AMF due to the localised magnetic heating at the well-defined edges and tips of
the nanocubes. Moreover, the temperature increment (recorded max. temperature 86
°C) of the Fe304 nanocubes magnetic liquid marble when compared to other liquid
marbles (titanium oxide, graphene, polytetrafluoroethylene (PTFE), silica
nanoparticles) and a bare droplet was found to be 18 folds higher, Figure 2.11c-f. This
effect was applied to generate a magnetothermal miniature reactor. Further, they
showed improved DNA amplification in liquid marbles, achieving a 25 % superior
amplification rate, compared with that in a common thermal cycler, by proving the

usability of the magnetic liquid marbles for molecular biological reactions.
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Figure 2.11. (a) Preparation of iNLMs. (b) Schematic representation of the AMF setup and
temperature detection. (¢) Temperature vs time profiles of liquid marbles coated by different
materials. (d) Setup of multi centric heating in the AMF. (e) Thermograms indicating the
temperature of the iNLMs and water droplets in a plateau state. (f) Bulk temperature vs time
profiles of iNLMs and water droplets during a heating and cooling process. (Adapted and
reproduced from the ref.>® with the permission from © 2021 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.)

Hydrophobic magnetic particles encapsulated in a magnetic liquid marble-based digital
microfluidic platform is a promising platform for miniaturised chemical and biological

applications. However, the friction between the liquid marble and the sitting surface,
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during magnetic transporting, destabilises the marble by losing magnetic particles from
the droplet. In this regard, Khaw et al.>® reported a magnetically actuated floating liquid
marble on a water surface to transport the droplet with a minimum friction force, when
compared to solid surfaces. However, careful handling is required to manipulate
magnetic liquid marbles. For instance, the magnetic shell easily opens by tiny external
forces resulting on the mix of the droplet contents with the bulk liquid, smashing the
droplet manipulation system. There systems demonstrated that stable droplet handling

with magnetic particles is still challenging and it will be addressed in sub-objective 4.

2.7.2 Magnetic inverse liquid marbles

Another model of magnetic hydrophobic particles was reported by Meir et al.*® called
“bubble marble effect” that is the inverse liquid marble model. The insertion and
confinement of floating hydrophobic metallic powder underwater by a gradient
magnetic field were able to encapsulate an air bubble by a hydrophobic metallic shell,
Figure 2.12a and b. In air superhydrophobicity and the underwater supeaerophilicity of
the low surface energy particles stabilise the air bubble underwater by holding under
the magnetic attraction forces. Further, by using this model, the same group
demonstrated the underwater ignition of a thermite-bubble marble by localised
microwaves, Figure 2.12c and d, which opened up a platform for potential underwater
industrial applications. Apart from that, this model has an immense potential for
underwater air bubble manipulation and the capability of solid or liquid transportation

inside of the bubble marble.
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Figure 2.12. Schematic illustration of the underwater thermite ignition enabled by the bubble-
marble (BM). (a) Thermite powder initially resides on the water-air interface. (b) Applied
magnetic field attracts the thermite into the water, and forms the BM. (¢) The BM is irradiated
underwater by localised microwaves and (d) self-propagating combustion of the thermite batch.
(Adapted and reproduced from the ref.®! with the permission from © VC 2015 AIP Publishing
LLC.)

2.7.3 Oil spills capturing oleophilic colloids

Hydrocarbon functionalised superhydrophobic nanoparticles show superoleophilic
properties that can absorb oil spills onto the particle surface by none polar-none polar
attractions between the oil and the hydrophobic particle surface. Apart of that, the
magnetic properties of the particles help to manipulate the absorbed oil layers under the
magnetic field. As shown in Figure 2.13a, Zhu et al.¥ showed the water treatment
possibility of the superhydrophobic Fe>Os nanoparticles by rapidly and selectively
removing oils from water surface under magnetic field. Then, the recovered oils were
able to be removed from the surfaces of the nanoparticles by a simple ultrasonic
treatment, recycling the particles. Moreover, when the magnetic particles/oil collide
was drawn under water, and a colloid sphere was formed when removing the magnetic
field, referred as an oil marble (Figure 2.13a and b)®* can be easily controlled with the
magnetic field. This simple and rapid oil spills cleaning protocol, with bare
superhydrophobic magnetic particles, can be used to replace the highly advanced and

expensive oil-water separating membranes systems used in environmental applications.
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Figure 2.13. (a) Schematic illustration of the removal of oil from the water surface, through
hydrophobic Fe;O3;@C nanoparticles under an external magnetic field. Images of (b)
water/oil separation and (c) an “oil marble” under water. (Adapted and reproduced from
the refs.*% with the permission from Copyright © 2010/2012 American Chemical
Society.)

This Chapter summarises the essential information about to properties of magnetic
particles (FesO4) and alginate-based magnetic hydrogels. It provides the background to
understand the fundamental properties and important behaviours needed to address sub-
objective 1. In addition, the short overview of currently developed colorimetric sensor
platforms and the ability of remote manipulation of those platforms facilitates
comparing the efficiency of the proposed platforms in sub-objectives 2 and 3. Finally,
the different superhydrophobic magnetic particle systems covered in section 2.7,
highlight the fascinating phenomena, their applicability and the challenges faced in
microfluidics with background information to approach the systems proposed in sub-

objectives 4 and 5.
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CHAPTER 3
Ex situ and in situ Magnetic Phase
Synthesised Magneto-Driven Alginate

Beads
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Abstract. Biocompatible magnetic hydrogels provide a great source of synthetic
materials, which facilitate remote stimuli, enabling safer biological and environmental
applications. Prominently, ex situ and in situ magnetic phase integration are used to
fabricate the magneto-driven hydrogels, exhibit different behaviours in the aqueous
medium, in which comparable comprehension of the properties is essential while
implementing the nanocomposite in the applications. In this investigation, three
different types of magnetic alginate beads were synthesised. First, by direct, ex situ,
calcium chloride gelation of a mixture of Fe3O4 nanoparticles with an alginate solution.
Second, by in situ synthesis of Fe;O4 nanoparticles inside of the alginate beads and
third, by adding an extra protection alginate layer on the in situ synthesised Fes;O4
nanoparticles alginate beads. The three types of magnetic beads were chemically and
magnetically characterised. It was found that, they exhibited particular stability to
different pH and ionic strength conditions in aqueous solution. These are essential
properties to be controlled when used for magneto-driven applications such as targeted
drug delivery and water purification. Therefore, this fundamental study will direct the
path to the selection of the best magnetic bead synthesis protocol according to the

defined magneto-driven application.
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3.1 Introduction

Alginates are colloidal polysaccharides isolated from brown algae, which is abundant
in coastal waters.? They are linear copolymers containing D-mannuronic acid and -L-
guluronic acid residues covalently linked together in different configurations®.
Alginates cross-link with multivalent metal ions (e.g. Ca>", Ba*")* following the “egg-
box” model, which keeps the polymer as a three dimensional gelling material®. They

are very versatile materials which are currently used for applications like delivery of

3,6-8 9-11 12-15

low molecular weight drugs and proteins, wound dressing, tissue

18,19 20,21

engineering,'®!” food industry, removal of water pollutants/heavy metals,

among others. !4

Magnetic alginate nanocomposites are attracting attention because of their excellent
biocompatibility and the possibility of remote stimuli manipulation.>?* When
considering their magnetic properties, the inorganic magnetic phase is usually a metal
oxide of Fe, Co, Ni, which is introduced into the polymer matrix*. These magneto-
driven alginate nanocomposites have been applied for biomedical applications like
targeted drug delivery, magnetic triggering drug release, enzyme immobilisation and
magnetic hyperthermia.?®3° Moreover, they have been employed for environmental
applications like the magnetic removal of heavy metals, organic contaminants and dyes
from water.’! 33 Interestingly, magnetic alginate nanocomposites microstructures have

been fabricated and applied as magnetic actuators as micro-helical capsule robots.**

Iron oxide Fe3O4 (magnetite) is the main material used in all these applications, due to
its low toxicity, high magnetisation and availability at low cost. In particular, Fe;O4
nanoparticles (NPs) are commercially accessible or easy to synthesise, by the co-
precipitation method of ferrous and ferric salts under alkaline solution in a controlled
N> environment, presenting superparamagnetic properties with a saturation
magnetisation of ~ 80 Am? kg'.3° There are several methods to fabricate magnetic
alginate materials by physical cross-linking such as, ex-situ blending of Fe;O4 NPs with
the alginate matrix or in sifu synthesis of Fe3O4 NPs in the alginate matrix. The most
used method in literature is the blending of alginate and magnetic nanoparticles
(MNPs), followed by a traditional di-cationic cross-linking protocol.>® In the second
method, in situ synthesis of FesO4 NPs inside of the alginate hydrogel matrix, the

alginate hydrogel material is formed by a cross-linking process with ferrous and ferric
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cations. Then, the material is subjected to a highly alkaline solution and, by diffusion,

the Fe;04 NPs are synthesised inside of the material.*’

In biomedical applications using magnetic beads, drug releasing phenomena is
achieved over pH ~ 7, since beads swell due to the electrostatic repulsion of the
carboxylate groups at this Ph.*¥3° Moreover, it has been reported that beads might bust,
due to the exchange of the cross-linking cations at that conditions t00.*> On the other
hand, a stable and non-degradable hydrogel matrix is in high demand for environmental
applications, especially for organic contaminants and heavy metal removal in water
resources. In this regard, fundamental understanding of the properties of the
nanocomposite obtained when alginate beads are fabricated by both, the ex situ and in
situ processes, is of high relevance, especially their stability in aqueous medium. In this
regards, it is necessary to carry out fundamental studies of the properties and the
behaviour of these type of magnetic alginate beads, and to characterise their stability in
aqueous medium. Furthermore, it is of special interest to provide to the research
community and the biotechnological industry with less complicated synthesis
protocols, which overcome the inherent low stability behaviour of magnetic alginate

materials.

In this work, magnetic alginate beads (alginate as the polymer matrix and iron oxide as
the inorganic matrix) were synthesised using two different methods. First, the direct
mix of Fe3O4 NP with the alginate solution, ex situ, and subsequent gelation with a
cationic solution, bead-a, and second, by the in situ synthesis of Fe3O4 NPs inside of
the alginate bead, bead-b. Moreover, in order to improve the stability of the bead-b type,
an extra alginate layer was generated on the bead-b by dip coating synthesis, producing
bead-c. The stability of the beads was investigated at different pH values and ionic
densities in aqueous solution. Moreover, the synthesised magnetic nanoparticles and
the beads were characterised by TEM (transmission electron microscopy), SEM
(scanning electron microscopy), XRD (X-ray powder diffraction), FTIR (Fourier-
transform infrared), DLS (dynamic light scattering), Raman and SQUID
(superconducting quantum interference device) in order to understand the behaviour of

these magnetic alginate nanocomposites in aqueous solutions.
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3.2 Experimental

3.2.1 Synthesis of the Fe3O4 nanoparticles

First, a 0.5 M ferric solution was prepared by dissolving 2.71 g of FeCl3.6H>O (> 99
%, Sigma-Aldrich, Spain) in 20 mL of distilled water and a 0.5 M ferrous solution was
prepared by dissolving 1.39 g of FeSO4-7H20 (> 99 %, Sigma-Aldrich, Spain) in 10
mL distilled water. Then, 30 mL Fe*"/Fe?* (Fe**:Fe?", 2:1) solution (deoxygenated) was
added drop by drop in a 40 mL 1 M NaOH (> 98 %, Sigma-Aldrich, Spain) solution
kept at 40 °C under vigorous stirring and N> atmosphere. A black precipitate was
immediately formed. Then, the precipitate was heated at 90 °C for 30 min. After that,
the precipitate was separated from the solution with a magnet and washed 3 times with
distilled water. Finally, the Fe;O4 nanoparticles were dried by rotary evaporation at 40

°C, under vacuum to obtain a black nanoparticle powder.*!

3.2.2 Synthesis of the alginate beads

Sodium alginate powder (Sigma-Aldrich, Spain), extracted from brown algae with
mannuronate (M)/guluronate (G) ratio of ~1.56 and molecular weight of 12,000 —
40,000 g mol!, was used in all synthesised beads.

Bead-a type: 75 mg of Fe;O4 NPs were mixed with 5 mL of 1 % (w/v) of sodium
alginate solution (1:100, sodium alginate: distilled water). Then, a 15 puL drop of Fe3O4
/alginate solution was dipped into a 0.1 M calcium chloride (> 93 %, Sigma-Aldrich,
Spain) solution. The magnetic alginate beads were instantly formed inside of the
calcium chloride solution. After 10 min, the beads were removed from the solution and

washed with distilled water.

Bead-b type: 15 uL drop of sodium alginate solutions was dropped to a 30 mL Fe**
/Fe*" (Fe*":Fe?", 2:1) solution (deoxygenated). Yellow coloured beads were formed
instantly. The beads were allowed to settle in the solution for 15 min. Then, the beads
were washed with distilled water and transferred to a 1 M NaOH solution
(deoxygenated) for 10 min to synthesise, in situ, the Fe3O4 nanoparticles inside of the
alginate beads. The yellow colour of the beads instantly turned to black. Finally, the

beads were washed with distilled water.

Bead-c type: Beads-b type were dipped into a 0.5 % (w/w) alginate solution and
subsequently, transferred to a 0.1 M CaCl; solution to coat them (10 min) with another

alginate layer. Then, the beads were washed with distilled water.
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The stability of the beads in aqueous solutions at different pH's was evaluated. In order
to do that, pH 2 + 0.2 solution was prepared by diluting HCI (> 37 %, Sigma-Aldrich,
Spain) and pH 12 + 0.2 solution was prepared using NaOH (Sigma-Aldrich, Spain).
Finally, distilled water was used as the neutral pH solution (pH 7 & 0.5). The images of
the beads were captured by a Sony Cyber-shot DSC-RX100 camera, over time.

3.2.3 Characterisation of the nanoparticles and the magnetic beads

TEM images of the Fe3O4 nanoparticles (in water suspension) were collected from
JEOL JEM 1400 Plus (JEOL, Japan). SEM images of the freeze-dried beads were
recorded by Hitachi S-4800 (Hitachi Japan) and QUANTA 200FEG, FESEM for the
hydrated beads. FTIR spectra of the dehydrated nanoparticles and beads were carried
out, in transmittance mode, using a Jasco 4200 spectrometer. The Raman spectra were
recorded by a Renishaw InVia Raman spectrometer, joined to a Leica DMLM
microscope. The spectra were acquired with the Leica 50x N Plan (0.75 aperture)
objective and 785 nm laser (diode laser, Toptica). XRD patterns were collected by using
a Philips X’pert PRO automatic diffractometer operating at 40 kV and 40 mA, in theta-
theta configuration, secondary monochromator with Cu-Ka radiation (A = 1.5418 A)
and a PIXcel solid-state detector (active length in 26 3.347 ©). Data were collected from
6 to 80 ° 20, step size 0.026 ° and time per step of 450 s at RT (scan speed 0.015 °s™).
Magnetisation measurements for the iron oxide nanoparticles and the dehydrated beads
were carried out in a 5 T Quantum Design MPMS XL-5 (SQUID) magnetometer at
room temperature. DLS data were obtained by Malvern Zetasizer Nano-ZS ZEN 3600.
Data, statistical and image analysis were carried out in Microsoft Excel, Origin Pro

2018 and Image-J software.

3.3 Results and Discussion

A schematic illustration of the three types of magnetic alginate beads is presented in
Figure 3.1. In general, for the three methods, iron oxide alginate nanocomposite liquid
suspension or sodium alginate droplets of 15 pL were pipetted into a gelling bath
solution containing a Ca*>* solution for the bead-a types or into a Fe?** /Fe*" solution for
the bead-b types, generating beads of 2.2 + 0.3 mm diameter. The droplets rapidly cross-

linked and formed an external outer layer of alginate as a capsule. Then, cations
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penetrated through the capsule to fully cross-link the alginate polymer to form the

bead.*
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Figure 3.1. Illustration and images of the three types of Fe;Os/alginate beads. (a) Bead-a,
obtained by direct addition of Fe;O4 NPs to the alginate solution, ex sifu, and subsequent cross-
link of the bead in a solution containing Ca" ions. (b) Bead-b, obtained from an alginate bead
cross-linked by Fe*" /Fe*" (yellow bead image) followed by in situ synthesis of the Fe;04
nanoparticles inside of the bead (black bead image). (c) Bead-c, obtained from bead-b, followed
by the formation of an extra alginate layer cross-linked by a solution of Ca?" ions. The images
of the real beads and the chemical illustration for the hydrogels are shown under each bead

category.

3.3.1 Stability of the beads in aqueous media

Magnetic beads are frequently used for water-based magneto-driven applications.’!
Therefore, it is of great importance to study the stability of the alginate beads in aqueous
media, at different pH, over time. In order to do that, the alginate beads were
investigated at pH 2.0 £ 0.2, 7.0 £ 0.5 and 12.0 + 0.2 water solutions up to 21 h. Figure
3.2a (left), shows a schematic representation of the behaviour of bead-a at different pH.
Bead-a type presented good stability, for all the pH investigated, demonstrating a stable
equilibrium, between the water absorption of the bead, over time, and its surrounding
medium, as expected for this type of material. Alginate beads generally undertake
differentiated swelling/shrinking behaviours in the acidic and in the basic pH solutions.
Alginate polymer contains carboxylate groups (-COO’) which are converted to
carboxylic acid (-COOH) in the acidic medium attracting other hydroxyls (-OH) and -

COOH groups by intermolecular hydrogen attraction. This effect causes a contraction
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of the alginate beads over time. On the other hand, at pH values over 7, and especially
at basic pH values, the carboxylate groups remain as negative COO™ anions generating
electrostatic repulsions forces between the negatively charged groups, expanding the
bead resultant to absorb more water molecules and causing the swelling over time until
reaching equilibrium.* A significant size variation was observed at both pH conditions.
The diameter of the beads got reduced by a 16 + 11 % in the acidic pH medium and
increased by a 15 £+ 8 % in the basic pH medium, see Figure 3.3a and b.

. . Stable | =
0. o - Equilibrium * , Degradation |
e State . * o State
0h 3h
-

(@)

>

Non-stable 3

® Iron Oxide NPs ", H,0

21h Oh

(b) l I

Figure 3.2. (a) Schematic illustration of the bead-a and bead-b behaviour at neutral pH

bead-b

bead-a/b *
3h 21h

solutions and pictures of the beads under pH ~ 2, ~ 7 and ~ 12, from 0 to 21 h. (b) Stability of
the bead-b in a NaCl solution (1M) at pH ~ 7, up to 21 h.

On the other hand, the bead-b type presented a different behaviour compared to bead-
a. The beads were found to be stable at high and low pH ranges, obtaining a similar
swelling/shrinking behaviour than the bead-a type. However, at neutral pH, the bead-b
presented an unstable behaviour, deteriorating rapidly over time, see Figure 3.2a
schematic diagram (right). This observation is very important to investigate, since
neutral pH needs to be used for most of the possible biological applications of these
types of beads. The pictures Figure 3.2a (right), clearly show that at pH ~ 7, alginate
bead-b rapidly degraded, showing the leaking of the magnetic nanoparticles to the
medium. After the first hour, bead-b type was found to swell up to 60 % of its initial
size, contributing to the fast degradation of the bead structure and thus, the releasing of

the Fe3O4 nanoparticles, as a homogeneous suspension, see Figure 3.3c and d.
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Figure 3.3. (a) Images of the bead-a at 0 and 27 h, at different pH solutions. (b) Diameter of
the bead-a at pH ~ 2 and at pH ~ 12 solutions, over time. (¢) Images of a magnetic alginate
bead-b at pH ~ 7, over time. (b) Diameter of the bead at pH ~ 7 for 27 h. Sizes were analysed

from the images captured by the camera, (n = 3, diameter).

This behaviour can be explained considering the instability of the ionic density inside
and outside of the beads. In bead-b, the alginate was cross-linked with Fe*" /Fe*" using
a ferrous sulphate and ferric chloride solution and then, the Fe3O4 nanoparticles were in
situ synthesised, using a sodium hydroxide solution, inside the beads, as shown by the

chemical reaction-3.1.

2FeCl; + FeSO, + 8NaOH — Fe;0, (NP) + 6NaCl + Na,S0, + 4H,0

reaction-3.1

Sodium sulphate and sodium chloride salts remained inside of the alginate beads
increasing their internal ionic density. Therefore, when the bead-b is immersed in a
neutral pH solution, the bead-b reduced its ionic density by absorbing water molecules,
which promoted the rapid swelling of the bead. Besides, the strength of the cross-linked
bonds is weaker in the bead-b than in the bead-a, since the nucleation of the Fe3Oa4
nanoparticles decreased the number of available pre-cross-linked bonds. Although, it is
expected that the Fe3O4 nanoparticles were predominantly formed using the unbounded
Fe** /Fe*" ions present inside of the matrix of the bead, Fe*" /Fe** ion coming from the
cross-linked alginate could get used as well, weakening the stability of the beads at pH
~ 7. These two effects promoted the fast degradation of the structure of the bead when
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the osmotic pressure overcome the bond (cross-linking) strength, releasing the

magnetic nanoparticles.

On the other hand, at acidic and basic conditions (pH ~ 2 and ~ 12), the ionic density
of the solutions was high, compared to the pH ~ 7 solution thus, water molecules did
not rapidly penetrate inside of the bead, reminding in an equilibrium state for longer
times. In order to confirm this behaviour, the magnetic bead-b types were immersed in
a solution of 1 M NaCl at neutral pH and monitored over time. Figure 3.2b clearly
shows that the beads are stable up to 21 h at this high ionic density, confirming that the
instability of the ionic density of the inside and the outside of bead is the responsible of

the degradation of the bead-b.

Bead-b types have an important advantage compared to bead-a types for the fabrication
of magnetic alginate beads. Their simpler synthesis methodology permits the cross-
linking of the bead without the inorganic nanoparticles, obtaining higher loadings of
the magnetic inorganic material (Fe3O4 nanoparticles). Nevertheless, as described
above, it has a mayor disadvantage, the low stability and fast degradation of the beads
when immersed in a low ionic density medium, becoming an important drawback for
most applications. Therefore, in order to overcome this limitation, a third synthesis
methodology for the fabrication of magnetic alginate beads was carried out. Bead-c
type was synthesised by adding an extra alginate layer cross-linked by calcium divalent
ions over the bead-b. Figure 3.4a shows the stability of the bead-c at different pH values
up to 21 h. Bead-c types are stable in all the pH solutions investigated, preventing the
degradation of the beads under low ionic density aqueous media. The extra layer of
alginate acts as a protecting shield for the bead-b types. Moreover, during the formation
of the extra layer, the diffusion of Ca®"ions reinforced the strength of the entire bead
by forming extra cross-linked sides in the bead-b, preventing the breaking of the bead
and releasing of the magnetic nanoparticles. As depicted in Figure 3.4b, swelling and
shrinking behaviour at high and low pH levels, can be clearly seen in bead-c, following
the same mechanism mentioned for bead-a. It is remarkable to mention that, larger
viability on the diameter of the beads were obtained during the fabrication of the bead-

¢ type, due to the two steps needed for their fabrication.
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Figure 3.4. (a) Pictures of the bead-c in aqueous solutions at pH ~ 2, ~ 7 and ~ 12 for up to 21
h. b) Diameter of the bead-c at the three pH solutions, over time. Sizes were analysed from the

images captured by the camera, (n = 3, diameter).

3.3.2 Morphological characterisation of the beads

The morphology of the surface and the cross-section of the three bead types were
investigated by SEM (from freeze-dried beads) and FESEM (from hydrated beads).
Figure 5a shows the SEM images of the bead-a, bead-b and bead-c surfaces,
respectively. Bead-a and bead-c types presented a homogeneously polymerised surface
structure without corrosion, which prevented degradation in aqueous environments. On
the other hand, a highly porous and corroded surface was observed for the bead-b type.
This structure was explained considering that the whole bead, including the surface,
contributed to synthesise the Fe;O4 nanoparticles inside of the alginate matrix and on
the surface of the bead, generating the corroded surface. Further, the morphology of the
beads surface was observed by FESEM in their hydrated state. Bead-a presented less
porous globular structure, while the bead-b type evidenced an much higher porosity,
which facilitated the fast absorption of water and thus, its degradation, see Figure 3.6.
The cross-sectional SEM images of the three beads showed that the porosity is obtained

inside of the bead as well, see Figure 3.5b. The nucleation of the magnetic phase in the
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polymer matrix of the bead-b, modified the cross-linking between -COOH and Fe**
/Fe?". Therefore, the internal porosity of the bead-b also increased in the same way as
its surface porosity. In addition, for bead-c type, the diffusion of extra alginate together
with extra cross-linkers generates a shield layer of calcium alginate, strengthening the

bead, as shown in Figure 3.5b.

bead-a bead-c

Figure 3.5. SEM images of freeze-dried beads. Surface images (a) and cross-section images

(b) of the three bead types.

Figure 3.6. SEM images of surface of the hydrated beads and a zoom image of an area of the

surface.
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3.3.3 Morphological characterisation of the magnetic nanoparticles synthesised in
the bead-b type

The Fe304 nanoparticles synthesised inside of the bead-b were fully characterised. They
presented a stable suspension in contrast to the conventionally synthesised Fe3Os
nanoparticles (nanoparticles used for the magnetic alginate beads-a type). Figure 3.7
shows both types of nanoparticles in suspension and after 14 days, and their TEM
images. The nanoparticles used for the synthesis of the beads-a aggregated over time
due to the dipole-dipole interactions occurring among magnetic nanoparticles *. On the
other hand, the nanoparticles synthesised inside the bead-b type did not suffer
aggregation, presenting a stable nanoparticle suspension in water. Further, high zeta
potential of -57.6 mV, in in situ synthesised Fe3O4 NPs confirmed the stability of the
suspension in Figure 3.7b, when compared to low zeta potential, -5.79 mV, of Fe3O4
NPs used in bead-a. As well, the lower polydispersity index (PDI) value of in situ
synthesised Fe3O4 NPs (0.230) compared to ex sifu Fe;O4 NPs (0.542), convey the
increment of monodispersivity in in situ FesOs NPs; see supplementary information
Table-3.1 for dynamic light scattering data. Moreover, the TEM images confirmed that,
the dimensions of the particles synthesised in the bead-b are significantly smaller that
the nanoparticles employed for the synthesis of bead-a, being in average ~ 3 and ~ 8
nm, respectively. The smaller dimensions of the in sifu synthesised NPs can be
explained considering that the nucleation and the growth of the nanoparticles in bead-
b occurred under a pressurised and contracted environment in the polymer matrix,

inhibiting their growth.

Figure 3.7. TEM images of the nanoparticles used in (a) bead-a and (b) in situ
synthesised in bead-b. Pictures of the dispersed nanoparticles in a bottle when dispersed

in water and after 14 days.
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Table 3.1. DLS data for ex situ and in situ FesO4 nanoparticles (NPs).

Zeta Potential PDI (Polydispesive

Sample (mV) index)

1.  Ex situ Fe3O4 (aqueous media) -5.79 0.542

2.  Ex situ Fe304 (0.003 % alginate -17.00 0.504
media)

3. Ex situ Fe304 (0.015 % alginate -20.60 0.500
media)

4. In situ Fe3s04 (aqueous media) -57.60 0.230

3.3.4 Chemical characterisation of the nanoparticles and the beads

3.3.4.1 XRD

The XRD patterns of the ex situ co-precipitated, from bead-a type, and in situ
synthesised, from bead-b type, nanoparticles were examined in order to check their
phase and the iron oxide state. The XRD pattern of the nanoparticles used in bead-a
corresponded to magnetite-Fe3O4 (JCPDS 75-0449) with main 20 values at 30.40 °,
35.81 9, 43.38 2, 53.75 °,57.33 2, 62.93 ° and 18.40 °. On the other hand, the XRD
pattern of the nanoparticles synthesised in bead-b matched two XRD data patterns, the
magnetite-Fe3;04 (JCPDS 88-0315) with 20 values of 30.40 °, 35.78 ©,43.45°,53.88 °,
57.46 ° and 63.064 ° and the sodium chloride (halite crystalline match JCPDS 001-
0994) with the 20 values of 31.87 © and 45.62 °, see Figure 3.8a . XRD results
demonstrated that the magnetite phase of the iron oxide is obtained in both
nanoparticles types. In general, in co-precipitated magnetite nanoparticles, the
maghemite phase might be presented, which comes from the oxidation of magnetite,
this was not clearly appreciated by the XRD analysis, as the X-ray diffraction angles of
both maghemite and magnetite are located in the same positions. According to the XRD
results, the in situ synthesised nanoparticles in bead-b were contaminated with a
significant amount of sodium chloride, which is a by-product coming during the
synthetic process. Nevertheless, this interference could be removed by performing a

hard particle washing step before analysis.

The XRD pattern for the air-dried bead-a and bead-b types matched with the magnetite-
Fe304 (JCPDS 88-0315, JCPDS 75-1609), see Figure 3.8b. Besides, bead-a type shows
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an extra phase at 20 values of 31.80 ° and 45.55 ° (JCPDS 001-0994) since NaCl formed
during the cross-linking process of Na-alginate with CaCl, in bead-a. In the case of the
bead-b type, Na2SO4, NaCl and NaOH are bi-products coming from the in situ synthesis
of the Fe3O4 nanoparticles and by the extra diffusion of ions coming from the basic
solution. 20 values at 28.09°, 29.50°, 32.55 °, 33.91 ° and 38.01 ° can be assigned to
Na>SO4 (JCPDS 75-0914) while the peaks at 46.30° and 55.8° (JCPDS 75-0306) and
the peaks at 36.99 ©, 40.22 ° and 52.68 ° (JCPDS 01-1173) 4> can be assigned to NaCl
and NaOH, respectively. These results confirmed that inside the bead-b type there is a
significant ionic contamination, contributing to the lower stability of bead-b at neutral

pHs, as explained above.
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Figure 3.8. (2) XRD spectra of the nanoparticles used in bead-a (top) and the in situ synthesised
in bead-b (bottom). (b) XRD patterns of the bead-a and the bead-b. m - magnetite- Fe;O4, h -
NaCl, s - Na2S04, ¢ - NaOH.

3.3.4.2 Raman spectra

Raman spectroscopy is able to provide distinguishable identification between magnetite
and maghemite phases in synthesised iron oxide nanoparticles, which is usually
difficult during XRD analysis. Fe3O4 has an inverse spinel type structure, showing five
Raman active bands due to the symmetry combination of Ajg+ Eg + 3T2..%” In literature,
a sharp band at ~ 668 cm™ and two weak bands at ~ 306 and ~ 538 cm™' were observed
for Az and Tog Raman modes, respectively, for magnetite. On the other hand, for
maghemite, a wide band with split peaks at ~ 660 and ~ 710, and ~ 500 cm™ were
attributed for A1z and Eg modes, respectively. Furthermore, two high intense red shifted,

306 cm™!, and a blue shifted, 538 cm™ (by magnetite T,), bands were reported, for
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magnetite to maghemite oxidation.*® The Raman spectrum of the Fe;O4 nanoparticles
used for the synthesis of the bead-a, and the spectrum of the alginate magnetic bead-a
were carried out at different laser irradiation powers, Figure 3.9a and b respectively.
The sharp band at 670 cm™ can be attributed to the magnetite A, mode, while the bands
at 490 and 330 cm™! under higher laser power intensity (1.5 mW) were attributed to the
oxidation of magnetite (T2g) to maghemite, in Figure 3.9a. In literature, the oxidation
of magnetite to maghemite has been reported by Ying-Sing Li et al.*’ under high laser
power irradiations for Fe3O4 nanoparticles as the ones used in the synthesis of the bead-
a type, confirming this band assignation. The Raman spectra of the bead-a, shown in
Figure 3.9b, at 1.5 mW presented very weak bands at 540 and 307 cm™!, indicating that
the oxidation of magnetite to maghemite under high laser power intensities is avoided
by the presence of the alginate matrix. The alginate polymer acts as a protective layer

for the nanoparticles within the bead-a.

The Raman spectrum of the in situ synthesised Fe3O4 nanoparticles in bead-b type can
be compared to the one of the bare Fe3O4 nanoparticles used during the synthesis of the
bead-a at 1.5 mW laser power intensity. The absence of the maghemite peaks in in situ
synthesised Fe3Os, according to the Figure 3.9c, indicates that the in sifu synthesised
Fe3Os were coated with an alginate layer, which avoid the oxidation of in situ
synthesised Fe3O4. Both bead-a and bead-b Raman spectra depicted in Figure 3.9d,
exhibited only the magnetite bands at 670 (sharp), 540 (very weak) and 307 (weak) cm
! avoiding the oxidation due to the alginate matrix shielding. Moreover, an extra band
at 1070 cm™! was observed in the Raman spectra of the bead-b, which was attributed to
the sodium sulphate *, confirming again the high ionic density inside of the bead-b
type. The dried beads and in situ synthesised Fe;O4 nanoparticles did not present any
band attributed to maghemite since the nanoparticles were protected with an alginate
layer during synthesis process. However, the bare Fe3O4 nanoparticles in bead-a have a
tendency to oxidise in high (1.5 mW) laser irradiation during the Raman spectra

recording.
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Figure 3.9. Raman spectra of (a) Fe3O4 nanoparticles (NPs) used during the synthesis of the
bead-a and (b) bead-a at different laser power intensities. (b) Fe3O4 nanoparticles (NPs) used
during the synthesis of the bead-a and in situ synthesised Fe304 nanoparticles in bead-b at 1.5
mW laser power intensity. (¢) Raman spectra of bead-a and bead-b at 1.5 mW laser power

intensity.

3.3.4.3 FTIR spectra

Figure 3.10a, shows the FTIR spectra of the two types of magnetic nanoparticles.
Similar peaks were obtained for both type of nanoparticles. The bands at 570 and 590
cm’! were attributed to the FeO stretching vibrational bands in tetrahedral and
octahedral sites of the Fe;O4, while the broad bands at ~ 3400 and ~ 1630 cm™' came
from the OH stretching and bending vibrations modes of surface absorbed
hydroxyl/water bonds, respectively. Extra bands were observed in the spectrum of the
in situ synthesised nanoparticles inside the bead-b type. The bands at 1410, 1117 and
1030 cm! were attributed to the carboxylate COO symmetric stretching vibrations and
COC stretching vibrations *7°!. Moreover, the peak at 1627 cm™ was assigned to the
COO asymmetric vibrational band, overlapping with the OH bending vibrations. The

presence of these extra peaks demonstrated that the nanoparticles synthesised in the
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bead-b were coated with an organic alginate layer during nanoparticle nucleation. As
explained before, this layer prevented the aggregation of the nanoparticles in the water
solution and promoted the formation of smaller, lower nucleation, and more

homogeneous distributed nanoparticle suspensions, as presented in Figure 3.7b.

Moreover, the FTIR spectra of the two type of beads (bead-a and bead-b) were also
performed and compared, Figure 3.10b. Considering the peak ascription in the
nanoparticle spectra, the bands at 3420/3450, 570/615, 1610/1640, 1405/1445,
1025/1120 cm™ were attributed to the OH stretching, Fe-O stretching, COO

asymmetric, COO symmetric and COC stretching vibrational bands, respectively 7.
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Figure 3.10. (a2) FTIR spectra of the nanoparticles used for the synthesis of bead-a (Fe3Os
nanoparticles (bead-a)) and the in sifu synthesised nanoparticles inside the bead-b type (Fe3O4
nanoparticles (bead-b); inset shows the magnified peaks at 800 - 1800 cm™ range. (b) FTIR
spectra of bead-a, and bead-b; inset shows the magnified peaks at 750 - 1650 cm™! range.

The difference between band position values (4v) of asymmetric and symmetric COO
stretching vibrational modes provides information about the coordination or the
interaction between the inorganic metal phases and the carboxylate groups in alginate
polymer matrixes when compared to the 4v of sodium alginate, as demonstrated by
Papageorgiou et al.* According to the Figure 3.10b, the calculated values of Av for
bead-a and bead-b are 205 and 195 cm™!, respectively; while the Av for an Na-alginate
was calculated to be 192 cm’!, see Figure 3.11. Calculated Av values for calcium
alginate and Fe**/Fe?* alginate are 170 and 179, respectively, Figure 3.11. In theory,*
when Av(COO)composite << AV(COQO) aiginate the coordination could be considered to be

bidentate chelating, Av(COO)composite ~ AV(COO")aiginate bidentate bridging coordination
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and unidentate coordination if AV(COO)composite >> AV(COO)aiginate. Therefore,
considering the Av values obtained from the different spectra, the addition of Fe3;Oa4
nanoparticles to the calcium alginate matrix converted the interaction of bidentate
chelating coordination mode to a more unidentate coordination type, which is a stronger
egg box model *. In the case of the bead-b, bidentate chelating coordination of Fe**/Fe?*
and alginate was converted to bidentate bridging coordination (in situ Fe3O4— alginate),
after magnetite phase synthesis. In base of the obtained results, it could be speculated
that the coordination of the cross-linked metal and the carboxylate group changed after

the magnetic phase was introduced into the hydrogel bead-b.
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Figure 3.11. FTIR spectra of sodium alginate powder, Ca-alginate and Fe*"*" -alginate

dehydrated hydrogel bead.

3.3.5 Magnetic characterisation

The magnetic properties of the synthesised beads (dry state) were characterised by
superconducting quantum interference device (SQUID) magnetometer, at room
temperature. The magnetisation curves for the synthesised Fe3sO4 nanoparticles used in
bead-a and for the magnetic bead-a, bead-b and bead-c types are presented in the Figure
3.12a and b, respectively. The obtained values for the saturation magnetisation (Ms),

coercivity (Hc) and remanence (Rm) are depicted in the Table-3.2.
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Table-3.2. Magnetic properties of the Fe3O4 nanoparticles used for the synthesis of
bead-a, bead-a, bead-b and bead-c.

Sample Ms Hce Rm

(Am? kg) (*10°T) (Am? kgt
Fe304 nanoparticle (bead-a) 73.0 1.00 0.895
bead-a 28.2 0.96 0.329
bead-b 41.1 1.09 0.870
bead-c 335 1.11 0.536

The Ms value of the bead-a, which contains a 60 % and Fe;O4 nanoparticles loading in
the alginate, was significantly lower than the expected value, 43.8 Am’ kg,
corresponding to Fe;O4 nanoparticles (Ms 73.0 Am?kg!) weight ratio during synthesis.
The obtained value, 28.2 Am?kg™!, can be explained considering the participation of
the cross-linkers, Ca?" ions (non-magnetic), in the formation of hydrogel, which caused
the reduction of the Ms. Moreover, in this type of hydrogels, a low percentage of
magnetic phase loading resulted on the reduction of the magnetisation of the bead in a
greater extent, compared to a high percentage of loading, since the participation of none
magnetic cross-linkers increases with the alginate percentage. Bead-a exhibited a low
or no hysteresis with a very low coercivity and residual magnetisation, close to a

superparamagnetic like material, as shown in the inset of Figure 3.12a.
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Figure 3.12. M-H curves generated by the superconducting quantum interference device
(SQUID) magnetometer, at room temperature for the synthesised iron oxide nanoparticles used

in the synthesis of bead-a, bead-b and bead-c, and for the Fe;O4 nanoparticles used in bead-a.
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The bead-b, which contains the in situ synthesised Fe3O4 nanoparticles presented a Ms
of 41.1 Am? kg''. The magnetic properties of the in situ synthesised iron oxide
nanoparticles in the bead-b type can be easily manipulated by varying the Fe?"/Fe**
concentrations, the cross-linking concentrations and the diffusing time during the
fabrication process. In addition, the smaller size of the magnetic nanoparticles
synthesised in the bead-b, resulting in a reduced value of the saturation magnetisation.
The extra alginate/Ca’* (non-magnetic) layer to cover the bead-b and generate the bead-
¢ type led to a further reduction of the Ms value, down to 33.5 Am?kg!. Bead-b and
bead-c exhibited, as in the case of bead-a, a low or no hysteresis with a very low
coercivity and residual magnetisation, reaching to superparamagnetism, see the inset in
Figure 3.12b. Therefore, considering the flexibility of the fabrication of these types of

beads, they could be used for magneto-driven applications.

3.4 Conclusions

Three different synthesis methods for the fabrication of magnetic alginate beads were
carried out and compared. Moreover, the beads were morphologically, chemically and
magnetically characterised. Bead-a used the direct blending of Fe3sO4 nanoparticles (ex
situ) within an alginate solution, followed by gelation with calcium chloride solution.
The bead-b presented the cross-link of the alginate with a Fe**/Fe*" solution followed
by the in situ synthesis of Fe3O4 nanoparticles inside of the alginate beads, which is a
cheap and efficient protocol to synthesise nanocomposites. Finally, the method-c added
an extra alginate layer, cross-linked with calcium ions to the bead-b in order to improve
resistance at neutral pH. The stability of the three types of beads was investigated under
aqueous solutions at different pH values, over time. It was found that the bead-b type,
suffered a fast degradation process at neutral pH, due to the high ionic density inside of

the beads.

The in situ synthesised nanoparticles, generated in bead-b type, exhibit a low particles
size of ~ 3 nm when compared to the Fe;O4nanoparticles used for the synthesis of bead-
a (~ 8 nm). This was due to the confinement of Fe*" /Fe*" in the alginate hydrogel matrix
during the nucleation and growth of the Fe3O4 nanoparticles in the bead-b. Moreover,

aqueous medium stable suspension of in situ synthesised nanoparticles were obtained,
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with high zeta potential (-57.6 mV), due to the coating of an alginate layer around these

particles. In addition, these particles, in bead-b, showed a magnetite crystal phase with

a low tendency to oxidise due to the alginate coating. Their magnetisation values, in

combination with their low magnetic hysteresis, possibility of using these alginate

beads for magneto-driven applications.

This investigation provides with a fundamental framework to understand the properties

of blended, ex situ, and in situ synthesised magnetic metal-oxide based alginate

hydrogels. This study will direct the path to select the magnetic bead mode (bead-a,

bead-b, bead-c) for different kind of magneto-driven hydrogel applications.
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CHAPTER 4
TiO2 Nanotubes Alginate Hydrogel
Scaffold for Rapid Sensing of Sweat

Biomarkers - Lactate and Glucose

This Chapter is partially reproduced from:'

Gunatilake, U. B.; Garcia-Rey, S.; Ojeda, E.; Basabe-Desmonts, L.; Benito-Lopez, F.

TiO2 Nanotubes Alginate Hydrogel Scaffold for Rapid Sensing of Sweat Biomarkers:
Lactate and Glucose. ACS Applied Materials & Interfaces, 2021, 13 (31), 37734—
37745.

https://doi.org/10.1021/acsami.lc11446

77


https://doi.org/10.1021/acsami.1c11446

78



Abstract. Versatile sensing matrixes are essential for the development of enzyme
immobilised optical biosensors. A novel three-dimensional titanium dioxide
nanotubes/alginate hydrogel scaffold is proposed for the detection of sweat biomarkers,
lactate and glucose, in artificial sweat. Hydrothermally synthesised titanium dioxide
nanotubes were introduced to the alginate polymeric matrix, followed by
nanocomposite crosslink with di-cationic calcium ions, to fabricate the scaffold
platform. Rapid colorimetric detection (blue colour optical signal) was carried out for
both, lactate and glucose, biomarkers in artificial sweat at 4 and 6 min, respectively.
The superhydrophilicity and the capillarity of the synthesised titanium dioxide
nanotubes, when incorporated into the alginate matrix, facilitate the rapid transfer of
the artificial sweat components throughout the sensor scaffold, decreasing detection
times. Moreover, the scaffold was integrated on a cellulose paper to demonstrate the
adaptability of the material to other matrixes, obtaining fast and homogeneous
colorimetric detection of lactate and glucose in the paper substrate, when image analysis
was performed. The properties of this new composite provide new avenues in the
development of paper-based sensor devices. The biocompatibility, the efficient
immobilisation of biological enzymes/colorimetric assays and the quick optical signal
readout behaviour of the titanium dioxide nanotubes/alginate hydrogel scaffolds

provide a prospective opportunity for integration into wearable devices.

Sweat Lactate/Glucose levels
i V]

—_—
TNT/Alginate : I I Biomarkers

Scaffold detected Scaffold
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4.1 Introduction

Real time sweat analysis opens a non-invasive route to gather valuable information on
the variability of biomolecules and ions concentrations over time; where sodium,
chloride, potassium, calcium, ammonia, glucose and lactate are important parameters
used to monitor sport performance and health.>* For instance, lactate is an important
biomarker, acting as a vital metabolite in the anaerobic metabolic pathway.’ Blood
lactate is usually monitored during physical performance, since its production is
activated by the anaerobic metabolism to provide the required energy to the body by
glucose breakdown.’”’ Interestingly, it has been demonstrated that sweat lactate
increases with blood lactate levels after intense workouts or physical activities.® In the
same way, glucose is a vital metabolite found in sweat, that can be correlated to blood
glucose t00.!? If uncontrolled, is well known to affect diabetics due to high glucose

levels, reaching to severe medical complications.

Biosensors have attracted scientists” attention due to their potential to change classical
medical diagnosis and enable novel health monitoring concepts.!!'> Miniaturised
biosensors have been recently developed, in where electrochemical transductors are
widely used due to their low production cost, portability and ease of operation.®!318
However, a power free, simple signal reading phenomena is essential for real time sweat
analysis wearable devices. Optical detection, and in particular colorimetric sensing,
provides simpler signal readout capabilities. It offers rapid quantification of certain
analytes, measuring their colour variation by absorbance measurements or analysing
colour parameters such as RGB or HUE, by image analysis.!®!"2! Thereby,
colorimetric detection of biomarkers in sweat becomes simple, cheap and easily

implementable in wearable devices.!**?

In this regard, researchers have investigated different sensing platforms which are
deeply discussed in Chapter-2 section 2.4, for colorimetric sweat biomarkers detection.
However, long-time efficient and effective immobilisation of enzymatic biological
and/or colorimetric assays, with high loading capacity and rapid sensing capabilities,

are still challenging in sweat sensors.

Wearable devices are directly in contact with the human skin therefore, the
biocompatibility of the sensor is essential when designing sensor scaffolds.?® In this

regard, alginate is a biocompatible polysaccharide material, which crosslinks with di-
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cationic metal ions to form hydrogels widely used for the food and the pharmaceutical
industries.?*?% Because of the hydrophilicity and porosity of the alginate hydrogel,
external aqueous fluids are easily absorbed by the alginate hydrogel scaffold. Moreover,
the water enriched alginate hydrogel polymer matrix facilitates storing relevant
colorimetric assays and catalytic enzymes inside without damaging them.?’ These

properties make alginate, an excellent candidate for the fabrication of biosensors.

On the other hand, titanium dioxide (Ti0O,) is a thermally stable, highly insoluble, non-
hazardous, biocompatible, hydrophilic and photocatalytic inorganic substance, which
is used to manufacture nanostructures.?®>! In particular, these titanium dioxide
nanostructures have been recently used for biosensing applications.*** TiO> with 1-D
structures such as nanotubes, nanowires or fibrous are candidates to enhance the
superhydrophilicity and capillary activity of sensor platforms.>>* Therefore, the
combination of both alginate hydrogels and the TiO2 nanostructures could lead to an

upstanding nanocomposite material to be employed as a biosensing platform.

Herein, we present a three-dimensional TiO2 nanotubes/alginate hydrogel scaffold as a
colorimetric biosensor for the detection of lactate and glucose in artificial sweat. The
fabrication of the matrix requires two steps, the titanium dioxide nanotubes (TNT)
synthesis and the cationic crosslinking of alginate to generate a nanocomposite
hydrogel. The analytical performance of the sensing scaffold was carried out using
spherical shape sensors. They were used for the detection of glucose and lactate
concentrations in artificial sweat by image analysis. Finally, we integrated the scaffold
to a paper substrate by in situ hydrogel polymerisation, to enhance sensing and signal

read out performance of the paper matrix.

4.2 Experimental

4.2.1 Synthesis and characterisation of the TiO2 nanotubes

First, TiO2 nanoparticles were synthesised by a precipitation method similar to the one
described in reference.’® Briefly, a titanium precursor solution was prepared by adding
5 mL of titanium isopropoxide (97 %, Sigma-Aldrich, Spain) to 15 mL of isopropanol
(EssentQ, Sharlab, Spain). The solution was transferred to a 250 mL distilled water (pH
~ 2 by 1 M nitric acid (65 %, Sigma-Aldrich, Spain) solution, under vigorous stirring.

Hydrolysis of titanium isopropoxide occurred rapidly, showing a turbid solution. Then,
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the solution was heated at 60 °C under stirring for 12 h. Then, the precipitate was
washed with water and ethanol for three times and the particles were separated by rotary

evaporation at 60 °C, under vacuum.

Ti0; nanotubes were synthesised by a hydrothermal method using the synthesised TiO-
nanoparticles.”*® 1.0 g of TiO2 nanoparticles were stirred in 20 mL of 10 M NaOH (98
%, Sigma-Aldrich, Spain) for 2 h. Then, the basic titania dispersion was transferred to
a Teflon lined hydrothermal autoclave vessel and was heated at 150 °C for 48 h inside
of the furnace. The precipitate was removed after the vessel was cooled to room
temperature and was washed with water and 0.1 M HCI (37 %, Sigma-Aldrich, Spain)
until the pH of the synthesised TiO2 nanotubes reached pH 7-8. Finally, the TiO>

nanotubes were separated by rotary evaporation at 60 °C under vacuum.

Transmission electron microscopy (TEM) images of the TiO: nanotubes (in water
suspension) were collected from JEOL JEM 1400 Plus (JEOL, Japan) at an accelerating
voltage of 120 kV. Scanning electron microscopy (SEM) images of the freeze-dried
TNT/alginate scaffolds were recorded by Hitachi S-4800 (Hitachi Japan) at an
accelerating voltage of 10 kV. UV-Visible spectrums were recorded by Infinite M200
(TECAN Trading AG, Switzerland) microplate reader.

4.2.2 Preparation of the artificial sweat stock solution

A stock solution of artificial sweat was made by using 300 mM NaCl (99 %, Sigma-
Aldrich, Spain), 40 mM urea (Fisher BioReagent, Spain), 100 mM sodium L-lactate (>
99 %, Sigma-Aldrich, Spain) and 100 mM D-(+)-Glucose (> 99.5 %, Sigma-Aldrich,
Spain) in 100 mL of distilled water. The pH of the solution was adjusted ~ 5.0 (4.8-5.5)
by 0.2 M HCl (37 %, Sigma-Aldrich, Spain). The desired lactate and glucose

concentrations were prepared by diluting the solution with distilled water.

In order to perform the assay, 15 pL of sample was calculated to be enough to surround
the full scaffold, without covering it. This volume allowed us to obtain a homogeneous
optical signal. However, this volume can be reduced or increased by just engineering

the hydrogel shape and dimension and/or the optical detection system.

4.2.3 Fabrication of the alginate/TNT scaffolds and analysis

First, 5 mg of TiO; nanotubes were mixed with 1 mL of 1 % (w/v) of alginate (Sigma-
Aldrich, Spain) (1.00 g alginate/100 mL distilled water) for 15 min under sonication,
followed by 48 h magnetic stirring (TNT/alginate polymer suspension), the pH of the
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solution was measured to be ~ 7.5. For the lactate scaffold a 5 uL of 0.4 mg mL™! lactate
oxidase (LOX) (AG scientific, Spain) solution, a 5 pL of 0.05 mg mL™! horseradish
peroxidase (HRP) (Sigma-Aldrich, Spain) solution and a 5 pL 3,3'.5,5' tetramethyl-
benzidine (TMB) (Sigma-Aldrich, Spain) in dimethyl sulfoxide (DMSO) (> 99.7 %,
Sigma-Aldrich, Spain) (TMB:DMSO, 24:2.25) solution were mixed with 30 uL of the
TNT/alginate polymer suspension. The suspension was vortexed for 10 s, the pH of the
solution was measured to be ~ 8.2. Then, 20 uL of the assay mixed polymer mixture
was dripped to a 0.4 M CaCl; (93 %, Sigma-Aldrich, Spain, pH 7.5) solution to form
the TNT/alginate hydrogel scaffold in a spherical shape. The hydrogel scaffold was
kept in the bath for 1 min. Then, the scaffold was washed with distilled water for 30 s.
The obtained scaffolds were air dried for 2 min. to evaporate extra surface water. The
same protocol was followed to fabricate the glucose sensing scaffolds. In this case, 5
uL of 0.4 mg mL™! glucose oxidase (GOX) (AG scientific, Spain) solution was used
instead of the LOX solution.

In order to confirm the internal pH of the scaffolds, 15 scaffolds were crushed, stored
and settled in 1 mL distilled water for 24 h and then, the pH of the solution was
measured, obtaining a value of 6.54. This value suggest that the enzymes, within the
scaffold, are stable and active, since their active pH range is 5.5-9.0, in average, see

Table 4.1.

Then the scaffolds were tested for lactate and glucose sensing with the desired artificial
sweat solutions. 15 pL of artificial sweat was pipetted on to the TNT/alginate scaffolds,
which was placed on a glass slide and the images and videos of the scaffold colour
change were captured by a Sony Cyber-shot DSC-RX100 camera over time under
controlled light conditions. The images were extracted from the videos at the desired
times and analysed by Image-J software.*® The intensity of the images were analysed
by mean grey value (black and white, B&W value) 0-255 scale (black = 0, white =
255). Data, statistical and image analysis were carried out in Excel, Origin Pro 2018

and Image-J.
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Table-4.1. Active pH ranges of the enzymes

Enzyme Active pH range Optimum pH
Lactate Oxidase* 5.5-9.5 6.5-7.5
Glucose Oxidase*! 4.0-7.0 5.5
Horseradish peroxidase* 5.0-9.0 6.0-6.5

4.2.4 Scaffold integration to filter paper

Circles of 0.7 cm diameter were printed on cellulose filter paper, Whatman filter paper
#1 (Sigma Aldrich, Spain) by a Xerox ColorQube 8570 wax printer and the wax barriers
were generated with a FLC oven, set at 125 °C for 5 min. Next, a 30 pL TNT/alginate
nanocomposite with the enzymatic and colorimetric assay (same ratios as experimental
2.3) was drop casted on to the sensing region of the paper and allowed to absorb in
paper for 10 min. Then, the sensing region was dipped in a 0.4 M CaCl; solution for 3
min to generate the scaffold on the filter paper. Finally, the scaffold area was washed
with water to remove the excess CaCl,. The modified filter paper circles were tested
for lactate and glucose sensing with the desired artificial sweat solutions, as explained

in section 2.3.

The glucose sensing scaffolds (both spherical hydrogel and the paper modified
scaffolds) were stored in a sealed and moistened conditions at mild temperature (5-25
°C) up to 10 days. The sensing readouts of the scaffolds were recorded by using a 1

mM glucose artificial sweat solution to determine the stability of the sensor.

4.3. Results and Discussion

4.3.1 Morphological and structural characterisation of the scaffold

The TiO, nanoparticles (pre-synthesised by precipitation) reacted with concentrated
NaOHq) to form the sheet-like titanate, i.e. layered sodium titanate, which is formed
through either dissolution or delamination of titania (reaction-1 and -2). Subsequently,
these nanosheets were transformed into nanotube like structures by exfoliation from the
layered sodium titanate (reaction-3). These single or multi layered nanosheets scrolled
and folded to make tubes due to the unbalanced surface energy of the upper and lower

sides of the sheets, under hydrothermal conditions.* Extreme pressure and temperature
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conditions inside of the hydrothermal vessel led to the formation of different 1D
structures like nanofibers, nanorods and nanowires. Finally, the sodium titanate
nanotubes were washed with an HCI diluted acid solution (0.1 M) to obtain the titanium

dioxide nanotubes (reaction-4).

[TiO2]nanoparTICLES + 2NaOH — 2Na* +Ti03%" + H,0 reaction-4.1
2Na* + TiO3* — [Na2TiO3]NANOSHEETS reaction-4.2
[Na>TiO3]nanosuEETS — [Na2TiO3]naNOTUBES reaction-4.3
[NaxTiOs3]nanoTuBes + 2HCl ity — [TiO2]nanoTuBes + 2NaCl + HoO reaction-4.4

First, the TNT dimensions and shape were investigated by TEM image analysis, Figure
4.1 and 4.2a. The images demonstrated that the titanium nanostructures were
synthesised in a combination of mainly nanotubes with traces of nanorods and
nanofibers (1D structural shapes). Figure 4.1a, b clearly shows a darker intensity in the
edges of the nanostructures, due to the high electron density of the bending edges of the
nanotubes. However, traces of nanorods and nanofibers, Figure 4.1c, d, were also
observed. The average diameter and the length of the TNT were ~ 10 nm and ~ 110 nm,
respectively. Nevertheless, the synthesis protocol used by us generated a wide range of

dimensions including microtubes (Figure 4.1c, d).
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Tube shape

Figure 4.1. TEM images of the TiO; nanotubes (a) dark edges are due to the high electron
density in the side edges, thanks to TiO; nanosheet bending, (b) cilindrical tube shape, (c)
Mixture of TiO; nanotubes and a high dimensional (micro) tube. (d) Mixture of TiO, nanotubes,
SEM image.

A hanging drop of blended TNT, alginate and the colorimetric enzymatic assay was
generated by a pipette and let to drop into a calcium chloride solution bath, generating
a spherical shape hydrogel scaffolds, crosslinking first, the surface of the scaffold. The
reaction occurred since the di-cationic calcium ions and the alginate carboxylate groups

1.* Then, the diffusion of calcium ions into

cross-linked, following an egg-box mode
the hydrogel allowed the full crosslinking of the scaffold. An optical image of the
TNT/alginate scaffold is shown in Figure 4.2b, exhibiting a 3D spherical shape, which
contained the TNT, the bioenzymatic assay, the colorimetric assay and the CaCl
crosslinked alginate. The diameter of the scaffolds was 3.0 + 0.2 mm and it depended
on the volume of the polymer nanocomposite solution used to form the 3D
TNT/alginate scaffold. The morphology of the scaffold was studied by SEM. Images
of the freeze-dried scaffolds both, the cross-section and the outer surface, are shown in
the Figure 4.2¢c, d respectively. According to Figure 4.2¢, a micro-porous honeycomb

like internal cross-sectional structure was seen in the scaffold, where the petal like

plates held an average thickness of ~ 700 nm.
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Figure 4.2. (a) TEM image of synthesised TiO nanotubes. (b) Optical image of a TNT/alginate
scaffold (spherical bead shape), b’ shows the scaffold in a different angle- sitting on a spatula,
slightly blue due to the TMB. SEM images of the freeze-dried TNT/alginate scaffold (c) cross-
sectional image and (d) outer surface. (e¢) High magnification image of the cross-section of a

petal and (f) high magnification image of the outer surface.

The micro-porous inter cross-sections were due to vacancies of water accommodating
sites (evacuation of water after freeze drying) and de-swelling of the hydrogel polymer.
Interestingly, when comparing the bare alginate scaffold (without the TNT), Figure
4.3a, b, with the TNT/alginate scaffolds (Figure 4.3c, d), higher internal porosity and
better-defined internal honey comb patterns were observed for the TNT/alginate
scaffolds. This could be explained by the inorganic phase of TNT that, during the
crosslinking process, reduced the crosslinking capability of the mixture increasing the
porosity.*> TiO2 nanotubes contain hydroxyl bonds since is in a moisture condition (Ti-
OH).* Therefore, the TNT promotes hydrogen interactions with oxygen moieties
present in the alginate polymer backbone, including the crosslinking carboxylate sites
thus, the crosslinking density between -COOH and Ca** ions is reduced and the porosity
increased. Moreover, the increased hydrophilicity of the mixture due to the TNT,*
allowed more water to get allocated within the matrix during crosslinking, generating
bigger cavities. The enlarged SEM images of the TNT/alginate scaffold surface and the
surface of a petal, Figure 4.2e, f show sub-micron length TNT, demonstrating the
immobilisation of the TNT both, at the surface and inside the scaffolds. Moreover, the

high rugosity observed in both surfaces was an added advantage of the scaffold when
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used as a biosensor, since increased the hydrophilicity of the materials and thus, the
capacity to absorb liquids inside the scaffold, reducing detection times. Additionally,
the internal and external high surface areas of the generated scaffolds helped to
immobilise the enzymes and increase the number of reactive sites, improving enzymatic

catalysis and thus, both biosensing reactions.

Figure 4.3. SEM image of freeze-dried (a) surface of an alginate scaffold, (b) cross-section of
an alginate scaffold (c) surface of a TNT/alginate scaffold, (d) crossection of a TNT/alginate
scaffold.

The alginate:CaCl; ratio 1 %:0.4 M was set to be the optimum amount of material
needed to keep the hydrogel in a 3D stable spherical shape. Higher percentages of
alginate (over 1%) made the solution too viscous to be easily handled during the
formation of the scaffold. On the other hand, lower percentage of alginate and
crosslinker resulted on hydrogels with poor spherical shapes due to the low kinetic of
the crosslinking while exposing the extruded droplet to the CaCl, bath. Mostly because

of the reduced amount of carboxylates and Ca>" ions.

The composition of the TNT/alginate in the TNT/alginate polymer suspension was
responsible of the mechanical, biosensing and optical read out properties of the
scaffold. The optimisation of the composition is discussed in Figure 4.4. According to
the Figure 4.4a and b, the blue colour development is lower over 20 mg TNT than for
5 mg TNT due to the overload of TNT in the scaffold. Bigger error values were obtained
at higher TNT concentrations, Figure 4.4c, therefore, 5 mg of TNT was chosen as the

optimal composition for the colorimetric assay. 5 mg of TNT in 1 mL of 1 % alginate
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presents a 2:1 alginate: TNT ratio thus, one scaffold of 20 puL of alginate contains 0.125
mg of TNT. The optimum TNT concentration was obtained by varying the amount of
TNT (5 - 25 mg) in the scaffold. The lactate detection assay was performed and, the
colour intensity and homogeneity of the colorimetric signal evaluated. In view of these
results, 0.5 % (w/V) of TNT in alginate matrix (5 mg of TNT in 1 mL of alginate matrix)
will be used from now on as the optimised TNT composition for the scaffold,
alginate:TNT (2:1). In the hydrogel solution, the concentration of the TNT/alginate with
respect to the CaCla solution was set to 1 % (1.00 g of alginate in 100 mL of water) and
0.4 M, respectively.

(a) *5mg) 10mg 15 mg 20mg 25mg Blk

ol OO0
- B0000E
o, )OO0
- B000®0)]
. OOCOCO0)

(b) 120 (C) 120
= 5mg TNT = 5mgTNT
] * 10mg INT v 20mg TNT
100 4 Y 4 15mg TNT 100 4 + 9
* | v 20mg TNT .
b + 25mg TNT Y i
80 + T [ 80 1
a Q
2 v v v 3 Y Y Y
[ A * * L
> 60{ o } M ¢ 1 > 604 .
] 2
D 404 + . D 40 il
[ L4 L B [ ]
: o [ 1 I . .
20 1 20
0 T T T T T 0 T T T T T
1 2 3 4 5 6 1 2 3 4 5 6
Time (min) Time (min)

Figure 4.4. (a) Optical signal readout up to 5 min, for lactate detection (colour development)
in TNT/alginate scaffolds at different TNT compositions (5-25 mg of TNT in 1 mL of 1 %
alginate solution). (b) 5 -25 mg TNT in 1 mL of 1 % alginate (c) comparison of 5 and 20 mg
TNT in 1 mL of 1 % alginate scaffolds. A 25 mM of lactate solution was added to the scaffolds
and the B&W values of the scaffold images taken at different times were analysed by Image-J
software. Error bars correspond to mean values =SD (B&W value deviation withing the

scaffold).
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4.3.2 Artificial sweat biomarkers sensing reaction mechanism

LOX and HRP were immobilised in the TNT/alginate scaffold as the catalytic
biological enzymes, while the TMB was immobilised as the colorimetric assay
(chromophore) for the determination of lactate in artificial sweat samples. The reaction

mechanism is shown in Figure 4.5.
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Figure 4.5. Mechanism of lactate detection under LOX and HRP catalytic pathways,
(Ez-Fl — flavoenzyme). TNT/alginate scaffolds pictures, at different times, are shown

to illustrate the blue colour formation (optical signal readout).

In short, the lactate is oxidised to the pyruvate under the LOX catalysis path and the
oxygen (0) is reduced to hydrogen peroxide (H202).*’*® Next, the H>O» is reduced to
H>0 and the TMB is oxidised to the TMBox form turning the TNT/alginate scaffold to
blue colour, under the HRP catalysis path.*

In the first pathway, after lactate entered into the TNT/alginate scaffold, a complex is
formed between lactate and the LOX enzyme (Ez-Flox).* The rate of the complex
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formation was increased by the superhydrophilicity of the TiO> nanotubes, which
rapidly incorporated the lactate sample into the scaffold by capillary effect. In addition
to that, as explained above, due to the high surface area of the TiO2 nanotubes, catalytic
enzymes had more freedom to spread throughout the scaffold increasing reaction sites
and getting bonded to the TNTs.>® Then, the enzyme-lactate complex (Ez-Flox - lactate)
was converted to enzyme-pyruvate structure (Ez-Fl.. - Pyruvate) by oxidising lactate
and reducing the LOX enzyme (Ez-Fl..). Next, the pyruvate left the reduced state of the
enzyme complex. After that, Ez-Fl.. was oxidised to its primary state (Ez-Flox) by
releasing electrons that were consumed to reduce molecular O> to H>O». In the second
cycle, the HRP mediated redox catalytic reaction was initiated by utilising the H2O»,
which was formed in the first LOX catalytic pathway. In the HRP catalytic path, the
H,0: bound to the heme group (Fe** state) of HRP by making heme- H,O» hydroperoxo
ferric complex.>! Then the cleavage of the peroxide bond, heme-H,O, was forwarded
to form H>O by reducing H.O2. Meanwhile, the oxidised form of the heme, compound
I, which is a oxoferryl group with a cation radical (Fe'Y=0)" was generated. Then, the
oxidised heme went back, via compound II (Fe'Y=0), to its native form (Fe*" state) by
two steps, accepting electrons from the oxidation of TMB, which turned to the blue
colour (TMBox).>? The blue coloration was recorded as the optical signal readout, which
was directly proportional to the lactate concentration. The blue product was due to the
charge transfer complex of the di-imine oxidised state and parental diamine of TMB.
However, a yellow coloration was expected for the complete oxidation state of di-imine
too, but in our case since the concentration of TMB was very high, the complete
oxidation was not promoted. The same kind of mechanism can be observed for the

glucose detection, as illustrated in Figure 4.6.
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Figure 4.6. (a) Schematic diagram of the mechanism for glucose detection. First, glucose is
oxidised to gluconic acid under GOX (catalyst) and the oxygon is reduced to hydrogen
peroxide. Next, the generated hydrogen peroxide is reduced to water while TMB is oxidised,
giving a blue colour in the presence of the HRP catalysis. (b) Optical images of the scaffold, 4
min after the addition of 0.05 mM to 10 mM lactate in artificial sweat.

4.3.3 Biosensing performance of TN'T/alginate scaffolds

The optical signal readout (blue coloration of the scaffold) was recorded by capturing
photos and videos of the TNT/alginate scaffold while subjected to the lactate/glucose
biosensing in artificial sweat solutions. The optical readings (colour) of the scaffold
were analysed by Image-J software. The colour scale was defined by the black and
white values (B&W value) of the captured images, since there was not a colour change
but an increase of the blue colour intensity in the colorimetric signal. The B&W values
of the scaffold were getting lower when the intensity of the blue colour was increased.
Therefore, the signal intensity (blue colour) was proportional to the lactate/glucose
concentration but the B&W value of the analysed images was inversely proportional to

the lactate concentration.

For real time biomarkers analysis using wearable devices, the sensing time is an
important parameter to obtain a useful biosensor. Fast detection times ensure, real time
data acquisition and accurate analysis since evaporation, contamination and
degradation of the sample is minimised. Therefore, the sensing time (signal recording

time) of the biomarkers using the TNT/alginate scaffolds was investigated. The assay
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was performed with the TNT/alginate scaffolds in 0.1 to 5 mM lactate concentration
solution of artificial sweat. The colour variation was determined following the protocol
presented in the experimental section 4.2.3, Figure 4.7a for lactate and Figure 4.7b for

glucose.

According to the plot, after 4 min for lactate and 6 min for glucose, the blue colour
intensity value can be differentiated in all the studied concentrations. Moreover, the
blue colour started to saturate at those times, increasing the error of the signal reading
(image of the scaffold). Hence, the sensing time was determined to be 4 min for lactate
and 6 min for glucose at the studied colorimetric assay conditions. Moreover, the
artificial sweat biomarkers detection time for the bare alginate scaffolds (without TNT)
was tested in the same way, as depicted in Figure 4.8. The obtained detection time was
12 min, obtaining a much lower response (3x for lactate and 2x for glucose) compared

to the TNT/alginate scaffold.

The detection time was fast for the scaffold configuration. In literature, Siripongpreda
et al.>® reported a bacterial cellulose-based hydrogel scaffold with a signal readout at

10 min, while Rusell et al.>*

reported a poly(ethylene glycol) based hydrogel with a 10-
12 min response time for glucose, which are longer response times compared to our
scaffold. TiO, nanotubes promoted the absorption and transport of the sweat
biomarkers inside the scaffold reaching fast the enzymatic centres, speeding up the
signal observation time, thanks to their superhydrophilicity and capillarity properties.
Moreover, the high surface area of the scaffold both, at the surface and inside the matrix

promoted signal observation times.

The lactate and glucose calibration curves are shown in the Figure 4.7¢ and Figure 4.7d,
respectively. The signal read outs were recorded for each concentrations at 4 min for
lactate and 6 min for glucose from the pictures or video taken at those times, see images
below the calibration curves. Both biosensor responses showed good linearity, between
0.1 and 1.0 mM for lactate and between 0.1 and 0.8 mM for glucose. The dependency
between the sensor response and lactate or glucose concentration can be approximated
by a linear function with a correlation factor R? of 0.981 for lactate and of 0.989 for
glucose. The statistical limit of detection (LOD) was calculated to be 0.069 mM with a
limit of quantification (LOQ) = 0.23 mM for lactate. In the case of glucose the obtained
values were, LOD = 0.044 mM and LOQ = 0.15 mM; (LOD = 3S/K, LOQ = 10S/K,
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where S is the standard deviation of the blank sample and the K is the slope of the
calibration curve). Our sensor scaffold could be directly integrated into real-time
glucose sensing devices since it has a quantitative detectable range of glucose,
compatible with human sweat glucose ranges. However, for lactate concentrations, a
dilution factor of the sweat sample would be necessary in order to decrease lactate
concentrations, which normally are high, e.g. 60 mM and thus far from our calibration
range. It needs to be considered that, these values are highly sensible to the image
recording protocol, in which different camera lenses, camera image processing

software, light conditions and object distance or focal distance could alter the obtained

results.
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Figure 4.7. (a) Lactate and (b) glucose detection (blue colour development) over time, by the
TNT/alginate scaffold, lactate and glucose ranges 0-5 mM in artificial sweat. B&W value was
analysed by Image-J software, max black - 0 and max white - 255). Calibration plot for (c)
lactate and (d) glucose detection in artificial sweat by the TNT/alginate scaffold. Images of the
scaffolds at different lactate and glucose concentrations, taken at 4 min time, are shown above

the calibration curves. Error bars correspond to mean values = SD (n = 3).
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Figure 4.8. Colorimetric signal formation (colour development) of alginate scaffold for 0.1 to
4 mM of (a) lactate in artificial sweat, (b) glucose in artificial sweat over time, up to 14 min. A
saturation of the signal was observed after 12 min, see the yellow square. (¢) Calibration curves
for lactate and (d) for glucose in artificial sweat by the alginate scaffolds. A linear regression
was obtained in the range 0 to 0.8 mM for both biomolecules. (¢) Optical images of the alginate
scaffold captured at 12 min in 0.1 to 4 mM lactate artificial sweat solutions. Error bars

correspond to mean values + SD (n=3).

The linear behaviour of the calibration curve deviated above 1 mM concentrations
(Figure 4.9a, for lactate detection). Therefore, the quantitative detection in both
biomarkers was restricted to 1| mM when measured at 4 and 6 min, respectively. The
signal readout for concentrations from 0 to 100 mM lactate are also shown in the Figure
4.9a, where their values were the same (10 mM to 100 mM), within the error (B&W
value = 70 + 5), quantitatively undistinguishable using this image analysis

methodology. This behaviour can be attributed to the fast colour formation at those
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concentrations. The time to reach plateau was found to be very fast for high
concentrations of lactate or glucose, less than one minute, but the values where
indistinguishable, regardless the biomarker concentration. Figure 4.9b shows the colour
development for a TNT/alginate scaffold in 10 mM lactate concentration and the
pictures of the scaffold at different times during the assay performance. The signal
analysing protocol relies on the blue colour intensity analysis by image-J program. The
saturation of the blue colour in the scaffold was responsible from the limitation of the
quantitative analysis to just low concentrations of biomarkers (0.1-1 mM). However,
the quantitative ranges would be shifted by manipulating the colorimetric assay and the
enzymatic ratio in the scaffold. On the other hand, as shown in Figure 4.9b and c, the
signal read out recording time could be reduced to detect the colour variation at high

biomarker concentrations.
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Figure 4.9. (a) Performance of the TNT/alginate scaffolds for a 0 to 100 mM range of lactate
in artificial sweat; the signal was recorded at 4 and 5 min. A linear tendency was observed for
0 to 1 mM lactate concentration range (dashed square). Error bars correspond to mean values
+SD (n=3). (b) Images of the TNT/alginate scaffolds for the 10 mM lactate detection within
0-60 s and (c) 0-5.5 min.

96



The scaffolds were also tested with real sweat samples, as a proof of concept. The
glucose and the lactate concentrations were calculated using the calibration curves,
obtaining values of 35 + 4 and 0.07 = 0.01 mM concentration of lactate and glucose,
respectively. In this case, sweat samples were acquired with a pipette from a human (33
years, male, no previous recorded diabetic like complications) while cycling (avg. heart
rate 120 bpm, atmospheric temperature 12 °C, aerobic phase exercise), from the
forehead area of the body; the biomarkers detection was performed at the same time.
15 pL of sweat was directly pipetted to the glucose sensor scaffold while 100 times

diluted, with distilled water; sweat was used for the lactate biosensor.

The tested scaffolds are shown in Figure 4.10. The glucose and the lactate
concentrations were calculated using the calibration curves (adjusting the optical errors
in blanks). 35 £ 4 and 0.07 £ 0.01 mM concentration of lactate and glucose,
respectively, were obtained by the TNT/alginate scaffold for the real sweat samples.
These values were compared to the values obtained with commercially available
glucometer (Freestyle freedome lite, USA) and lactometer (Lactate Plus, Nova
biomedical, USA), obtaining a 24.8 mM concertation for lactate. The glucose
concentration was not possible to be measure using the commercial available
glucometer, since it worked at higher concentration values > 1.2 mM. This is necessary
due to the high concentration of lactate in sweat due to the accumulation of analytes
since enough sample volume for the analysis need to be obtained. It needs to be
considered here that, those values are not providing any valuable information about the
real analyte concentrations in the sweat sample. Nevertheless, this experiment shows
the possibility to use this material as a sensing probe for the detection of lactate and
glucose concentrations from real sweat samples, as previously demonstrated using

artificial sweat.

Lactate 35 mM
@ o
Glucose 0.07 mM

(b)

Figure 4.10. (a) Lactate and (b) glucose tested scaffolds using real sweat, before and after the

detection. The response time was set to 4 and 6 min for lactate and glucose, respectively.
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4.3.4 Colorimetric signal readout characterisation

The colour of the optical signal readout was examined by UV-Visible spectroscopy
before the hydrogel scaffold was formed, pre-hydrogel solutions, and once the scaffold
was fabricated. A 1 mM lactate concentration solution of artificial sweat was added to
the samples and UV-Vis spectra were recorded. The colour formation of the TMB was
analysed in aqueous solution (Figure 4.11a) showing the conventional absorbance
peaks of the TMBox, charge transfer complex Amax at 652 nm and 370 nm. The
absorbance of the Amax increased while increasing the lactate concentration from 0.2 to
10 mM in both alginate and TNT/alginate solutions, Figure 4.11b and Figure 4.11c
graphs, respectively. However, as shown in Figure 4.11d, a significant blue shift of the
Amax Was observed from solution, 652 nm, to alginate, 622 nm, and in the TNT/alginate
solutions, 564 nm. A similar behaviour was observed for the two scaffolds, 620 nm for
the alginate scaffold and 568 nm for the TNT/alginate scaffold, Figure 4.11e. The
variation of solvent media/matrix might affect the TMBox to generate a blue shift in the
spectra. Moreover, for the experiments containing TNT, the amine group of the TMB
could be physically absorbed to the -OH groups at the TiO2 nanotube surface, forming
NH-O-Ti hydrogen interactions, which could alter the characteristics of the conjugation

system of the TMB,x, by contributing to the blue shift of TMBox.
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Figure 4.11. UV-Visible spectra of the TMB colour formation at different lactate
concentrations in artificial sweat: (a) in aqueous solution, without the scaffold, (b) in alginate
pre-gel solution, (¢) in TNT/alginate pre-gel solution. (d) UV-Visible spectra of the TMB,
colour formation in aqueous medium, alginate medium and TNT/alginate medium due to 1 mM
lactate detection in artificial sweat. (e) UV-Visible spectra of TMB colour formation in the
alginate scaffold and in the TNT/alginate scaffold, 1 mM lactate concentration in artificial
sweat. The UV visible spectra were recorded from thin layers of hydrogels, placed at the bottom

of a transparent 92 well-plate.

4.3.5 Study of the possible interferences caused by the catalytic properties of TNT
TiO2 is a photoactive material, which can generate reactive oxygen species under UV
irradiation. The generation of electron-hole pairs would, in theory, interfere on the
oxidation/reduction mechanism of the assay inside the TNT/alginate scaffolds, acting
as a photocatalyst.”>>® Therefore, this possible effect was investigated for the
TNT/alginate scaffolds using the lactate assay. At normal diffuse light conditions, the
TNT/alginate scaffolds kept white colouration up to 30 min, Figure 4.12a. This
confirmed that H>O, was not formed without addition of lactate and that the presence
of TNT in the scaffold did not promote the self-oxidation of TMB, most probably due
to the lack of sufficient energy, in the diffuse light, to generate a photocatalytic effect
by the TNT.
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Nevertheless, this effect could be triggered during lactate detection, as the generated
blue colour of the scaffold could absorb enough light to activate the photocatalytic
effect of TNTs. Figure 4.12b shows the colorimetric signal analysis of the TNT/alginate
scaffold in normal diffuse light conditions and in the dark after the addition of 0.4, 1.0
and 5.0 mM lactate concentrations. The B&W values of TNT/alginate scaffold obtained
after 4 min did not show any significant difference, within the error, revealing no

considerable photocatalytic effect in our experimental conditions.

Recently, TiO2 based nanostructures and nanocomposites have been reported to be able
to mimic peroxidase activity.’’*® Therefore, we investigated this effect by measuring
the TMB oxidation activity, without the HRP, in the TNT/alginate scaffolds, at our
experimental conditions. Figure 4.12¢ presents the images of TNT/alginate scaffolds
(lactate assay) for two lactate concentrations, 0.8 and 10 mM, after 0, 4 and 10 min
addition of the artificial sweat solutions. The scaffolds without HRP presented no
colour formation upon addition of the lactate solutions thus, the possible catalytic
activity of TNT in the scaffolds can be considered negligible, under the given

experimental conditions.
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Figure 4.12. (a) TNT/alginate scaffolds without lactate in artificial sweat, images captured at
1, 5, 10, 30 min. (b) B&W values of the TNT/alginate scaffold activity at 0.4, 1.0 and 5.0 mM
lactate concentration under diffuse and dark light conditions. (c) Lactate detection (0.8 and 10
mM) in TNT/alginate scaffolds with and without HRP, images taken at 0, 4 and 20 min. Error

bars correspond to mean values = SD (n = 3).

100



4.3.6 Scaffold integration on paper-based sensing platform

Recently, paper-based microfluidics technology is vastly investigated as an easy to
implement and cheap technology to address body fluid analysis at the point of need
(wearable devices).”*®' Therefore, the possibility to integrate the TNT/alginate
hydrogel scaffolds in a paper format as well as the performance of the integrated
scaffold were investigated. The TNT/alginate hydrogel was immobilised in paper as
described in the experimental section 2.4. The scaffold was physically bonded to the
paper substrate, generating a stable bond between the paper fibres and the hydrogel
matrix, under moisture and hydrated conditions as shown in Figure 4.13a. In this case,
hydroxyl groups in cellulose can bond with the -OH/-COOH in alginate, mostly by
polar-polar and H-bonding interactions. However, that bond was found to get weaker
while drying the hydrogel scaffold. The different contraction coefficients of the
cellulose and the TNT/alginate scaffold, while dehydrating, weaken the bond as a
consequent of the mechanical tension, delaminating the hydrogel. See SEM picture in
Figure 4.13b. The performance of the scaffold-paper substrate was investigated for the
lactate and the glucose assays using artificial sweat, Figure 4.13c. Images were captured
at different times, 4 min for lactate and 6 min for glucose, using three concentrations
(0.4, 0.8 and 2.0 mM). Moreover, the calibration curves for both lactate and glucose are
shown in Figure 4.13g and h. The quantitative linear detection range did not
significantly deviated from the one values obtained for the TNT/alginate scaffolds, in
both lactate and glucose. However, the detection range in glucose was extended to 1

mM from 0.8 mM.

A homogeneous optical signal read out was obtained in the scaffold-paper substrate
when compared with performing the same assay in the bare paper. In conventional
paper substrates, high percentage of sensing assay loading is limited due to the inherent
wettability properties of the paper fibres.®? By adding the TNT/alginate scaffold to the
paper substrate, the swelling capability of the scaffold, liquid intake, and the porous
character of the alginate, permitted a fast absorption of the liquid sample and a
homogeneous distribution towards the whole surface of the sensor. Moreover, the high
surface area of the TNT, as explained before, generated extra reaction sites for the assay
inside the scaffold-paper substrate. An image of a conventional paper substrate, which
was used to detect 0.4 mM of lactate, is shown in Figure 4.13d and compared to the

same experiment but using the scaffold-paper substrate, Figure 4.13e. In many

101



microfluidic paper-based analytical devices, coffee ring effects and low homogeneity
of the colour generated on the sensing areas are common drawbacks that decrease the
sensitivity and the precision of the analytical measurement.®>%> However, in the
scaffold-paper substrate, these effects were minimised. A comparison between the
colour spreading of the B&W values over the whole paper surface obtained from Figure
4.13d and Figure 4.13e showed a narrower spread of colour in the scaffold-paper (21
B&W values, 61-82 range) than in the bare paper (45 B&W values, 137-182 range),
approximately 2 times higher for the paper, demonstrating the lower homogeneity of
the sensing area of the bare paper, Figure 13f. Moreover, the intensity of the colour was
greatly improved when using the scaffold-paper, in Figure 4.13f mean B&W value of
the scaffold-paper was lower (69) compared to the bare paper (161), while the
evaporation time of the sensing area was substantially increased, allowing the
acquisition of the results for longer periods of time without increasing the error of the

measurement.
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Figure 4.13. (a) Optical images of the TNT/alginate scaffold-paper surfaces before and after

lactate and glucose addition. White colour sensing area represent the modified paper sensing

region at 0 min (middle). The scaffolds-paper surfaces were checked for 0.4, 0.8 and 2.0 mM

of lactate and glucose concentrations in artificial sweat. The images were captured at 4 min

(lactate) and 6 min (glucose), respectively. (b) Image of a bare paper surface after addition of

0.4 mM lactate in artificial sweat solution captured at 4 min. (c) Image of a TNT/alginate- paper

surface after addition of 0.4 mM lactate in artificial sweat solution captured at 4 min. (d) B&W

value spreading count from images b and c, analysed by the Image-J software. (¢) Microscope
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image of the cross-section of TNT/alginate modified paper in its hydrated stage (f) SEM image
of dehydrated hydrogel (blue) on the paper surface (grey). Calibration curves for (g) lactate
(signal recoded after 4 min.) and (h) glucose (signal recoded after 6 min) in artificial sweat by
the TNT/alginate-Paper platform. A linear regression was obtained in the range 0.1 to 1 mM
for both biomolecules. The statistical limit of detection (LOD) was calculated to be 0.195 mM
with a limit of quantification (LOQ) = 0.65 mM for lactate. In the case of glucose the obtained
values were, LOD = 0.074 mM and LOQ = 0.25 mM; (LOD = 3S/K, LOQ = 10S/K, where S
is the standard deviation of the blank sample and the K is the slope of the calibration curve).

Error bars correspond to mean values = SD (n = 3).

4.3.7 Stability of the TN'T/alginate scaffold

The dehydration of the hydrogel, reduced the sensing performance since the enzymes
lost their activity. To avoid this, the scaffolds were stored in a moistened, sealed and
low temperature (5-25 °C) conditions in order to keep the enzymes and the assays in an
active domain. The sensing performance was stable without presenting any significant

change even after 10 days of storage, Figure 4.14a and b.

In base of these preliminary observations, it is stated that the TNT/alginate scaffold is
a promising composite material, integrable into microfluidic paper-based analytical
devices, able to improve the optical sensing performance of the device. Moreover, it

shows a bright future to be used in wearable microfluidic devices for sweat monitoring

due to its ease integration and biocompatibility. %6
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Figure 4.14. (a) Pictures of the performance of both, TNT/alginate hydrogel in paper and
scaffold format, after 1 and 10 days storage at hydrated conditions. 1 mM of glucose was added
to the samples. (b) Colour Intensity analysis of the pictures.
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4.4 Conclusion

In conclusion, we have introduced a novel platform based on a TNT/alginate hydrogel
scaffold for lactate and glucose monitoring in artificial sweat. The scaffold was
fabricated by immobilising enzymatic catalytic assays of LOX/GOX and HRP with
TMB chromophore in a TNT/alginate nanocomposite. A rapid colorimetric detection
(blue colour optical signal read out) was observed for artificial sweat biomarkers in
TNT/alginate hydrogel platform. Thus, obtaining signal read out recording times
(sensing time) of 4 min for lactate and 6 min for glucose, whereas, the detection time
for the alginate scaffold (without TNT) is 12 min. The superhydrophilicity and the
capillarity of the TNT was found to increase the detection rate of the biomarkers within
the scaffold for both biomarkers. Linear calibration curves for the quantitative detection
of lactate and glucose in the 0.1-1 mM concentration range for lactate and 0.1-0.8 mM
concentration range for glucose were obtained with acceptable correlation factors.
Furthermore, the TNT/alginate scaffold was successfully integrated into a paper
substrate to demonstrate the versatility of the TNT/alginate scaffold to enhance the
sensing properties of the paper. High biological assay loadings and quick signal
responses were obtained, opening new avenues to improve microfluidic paper-based
analytical devices by the incorporation of alginate-based materials. Moreover, this
biocompatible colorimetric biosensor scaffold is a promising platform to implement

real time detection of sweat biomarkers in wearable devices.
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CHAPTER 5
Lab-in-a-Bead: Magnetic Janus Bead
Probe for the Detection of Biomarkers in
Whole Blood

This Chapter is partially reproduced from:

Gunatilake, U. B.; Abalos, A.C.; Garcia-Rey, S; Ruiz, J.M; Basabe-Desmonts, L.;

Benito-Lopez, F. Lab-in-a-Bead: Magnetic Janus Bead Probe for the Detection of
Biomarkers in Whole Blood , Small, (18-03-2022) Under review- ID smll.202201710.
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Abstract. Remotely handled miniaturised colorimetric sensor platforms with multiple
functionalities are able to mimic conventional laboratory operations with reduced
assets. The integration of a magnetic phase in a miniaturised hydrogel sensor system
allows the manipulation of the sensor, under a magnetic field, in a programmable
manner. However, dark color interferences of conventional magnetic phases (Fe3Os4,
Fe>O3, Fe micro/nanoparticles) affect the signal readout, hindering the colorimetric
response. Therefore, a novel Janus bead configuration is introduced and tested by the
localised incorporation of ferromagnetic iron microparticles to a TiO:
nanotubes/alginate hydrogel bead biosystem, under an applied magnetic field. The so-
called hydrogel Janus bead showed both, magnetic translocation and biosensing
properties in the same bead. These beads are used for the direct colorimetric analysis
of biomarkers from whole blood. The surface of the Janus bead prevents the biofouling
of red blood cells, keeping the sensor surface clean for accurate optical colorimetric
analysis. Moreover, the external magnetic manipulation of the bead permits a precise
control of the time and position of the bead in the sample. Therefore, the multiple
functionalities presented by a single magnetic TiO2 nanotubes/alginate Janus bead such
as actuation, low biofouling and sensing, position this technology as a truly Lab-in-a-

Bead System.
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5.1 Introduction

Colorimetric signal reading is becoming a very promising detection technology for
portable and Point of Care (POC) devices due to its power-free, simple operability,
portability and low-cost.! ™ In particular, solid or semi-solid materials with immobilised
colorimetric assays integrated in miniaturised colorimetric sensors continue appearing
in literature, where hydrogels are rising as promising materials.** They provide with a
water rich solid matrix able to load and immobilise the required colorimetric assay to
perform the desired detection.* For instance, glucose oxidase (GOX) and horseradish
peroxidase (HRP) were used as enzymatic catalysts and 3,3',5,5' tetramethyl-benzidine
(TMB) as chromophore for the detection of glucose as like discussed in Chapter 4 for
sweat glucose.’ Therefore, a safe and stable immobilisation of the enzymes and
chromophore in the solid platform plays an important role for accurate sensing.
However, fast drying is a drawback in hydrogel based sensors, which is usually
addressed by a sealed storing environment. Moreover, the molecules of the assay,
entrapped in the hydrogel sensing scaffold, usually diffuse to the surrounding analyte
solution over time. This causes ionic densities imbalances between the hydrogel and
the outer solution, leading to the reduction of the amount of reactants need for detection
inside of the hydrogel scaffold, over time.” In this regard, as a problem solving
technique, the fast removal of the scaffold from the solution, using a smart remote
controlled manipulation system, could reduce or eliminate assay leaking from the

hydrogel scaffold.

Biocompatible and remotely manipulable organic-inorganic hybrid materials offer
tremendous applicability when integrated into biosystems.®? In particular, magneto-
driven actuators provide a good alternative when compared to other type of remote
stimuli, such as temperature, electric or light.!” Zhao et al. presented lab-in-a-droplet
system based on superhydrophobic magnetic particles able to encapsulate reagents and
samples. The interior of the droplet was addressable by applying the magneto induced
shell opening and closing property of the magnetic liquid marbles.!! Nevertheless, the
integration of the magnetic phase in hydrogel-based miniaturised sensor scaffolds is
required to ensure their manipulation. In this regard, in sifu or ex situ nano/micro
structured magnetic inorganic phases can be incorporated into the hydrogel matrix as
deeply studied in Chapter 3, not only to promote remote controllable responses but also

to increase the mechanical properties of the hydrogel.'>!* The incorporation of
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magnetic properties to the sensor scaffold facilitates the remote manipulation of the
scaffold, even at a programmable manner, and it could bring new applicability in the
microfluidic sector. Moreover, this remote manipulation can be used to minimise
leaching of the assay by promoting the fast separation of the scaffold from the analyte
solution, using an external magnetic field. However, the intrinsic dark colour of most
commonly used magnetic particles (e.g. FesOs4 —black, y-Fe>O3 —brown, Fe —grey)
interferes with the colorimetric system, by distracting the optical signal reading.
Therefore, the fabrication of magneto driven hydrogel colorimetric systems is

challenging when using conventional magnetic materials.

In addition to that, the colorimetric analysis of biomarkers in whole blood, which is the
gold standard biofluid used for health care, persists as a complicated and costly
operation due to the interference of the red colour from the haemoglobin to the optical
read-out system.!* In this regard, before analysis, whole blood needs to be separated
into plasma or serum prior biomarker detection. At laboratory premises, systems that
use mechanical forces, such as centrifuges, are commonly used to separate red blood
cells from plasma. Moreover, when using miniaturised systems or point of care devices,
although sedimentation and external field based systems like acoustic, electrical,

magnetic are also used ,'° nonetheless filter membranes!®!”

are more widely employed.
However, the challenge faced by this type of analysis is to avoid the red blood cells
(RBC) separation additional step, which leads to complicate and costly instrumentation
or to the fabrication of sophisticate detection systems for whole blood detection. Park
et al.'® reported a 3D printed plasma separating membrane where RBCs were filtered
out and plasma was moved to the detection zone to analyse glucose from whole blood.

Recently, Jing et al."’

developed a nanometer scale porous structured poly(ethylene)
glycol-diacrylate hydrogel disc with an immobilised glucose sensing assay for the
direct colorimetric measurement of glucose in whole blood. In this system, the glucose
diffused through the hydrogel matrix while preventing RBCs interfering with the

sensing signal in a single step blood analysis protocol.

Herein, a novel magneto driven hydrogel Janus bead with multiple functionalities is
presented as a Lab-in-a-Bead system. Magnetic properties were integrated to the TiO»
nanotubes/alginate hydrogel optical biosensor bead by introducing superhydrophobic
Fe particles to the polymer matrix in which the polymer nanocomposite was cross-

linked under a specific magnetic field induced protocol. The synthesised Janus bead
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showed efficient optical biosensing (glucose tested as a model) and, at the same time,
magneto actuation properties. Moreover, the Janus bead acted as a membrane to repel
the red blood cells from the whole blood, minimising red colour artefacts during
colorimetric sensing. This Lab-in-a-bead system opens new avenues for the magneto
programmable, colorimetric detection of blood biomarkers in a simple and cheap

manner, acting as a probe when immersed in whole blood.

5.2 Experimental

5.2.1 Synthesis of TiO2 nanotubes
First, TiO2 nanoparticles were synthesised by a precipitation method similar to the one

described in Chapter 4, section 4.2.1.%°

5.2.2 Synthesis of Cs-Fe particles

1.00 g of iron micro particles (<10 micron, 99.5 %, Alfa Aesar, Germany) were
mechanically stirred in 5.0 mL of 0.25 M HCI for 15 min. Next, the particles were
magnetically separated from the solution and washed with water, ethanol and acetone
respectively. Then the particles were dried for 1 h at 60 °C. Then, 1.8 mL of
triethoxy(octyl)silane (97 %, Sigma-Aldrich, Spain) was mixed with 50 mL of absolute
ethanol (Sharlau, Spain) for 2 h under 50 °C. Later, a sonicated suspension of pre-
treated 0.53 g of Fe particles in 10 mL absolute ethanol was added to the
triethoxy(octyl)silane/ethanol solution and stirred for 2 h. After that, the particles were
separated with a magnet and thoroughly washed with ethanol for 3 times. Finally, the

particles were heated at 120 °C for 2 h to obtain Cs-Fe magnetic particles.

5.2.3 Fabrication of the Janus bead

First, 5 mg of TiO2 nanotubes were mixed with 1 mL of 1 % (w/v) of alginate (Sigma-
Aldrich, Spain) (1.00 g alginate/100 mL distilled water) for 15 min under sonication,
followed by 48 h magnetic stirring (TNT/alginate polymer suspension). Next, 5 mg of
Cs-Fe magnetic particles were added to the TNT/alginate composite and the mixture

was vortexed for 5 min. Then, the glucose biosensing assay was added to the polymer

blend.

The same enzymatic and colorimetric ratios mentioned in Chapter 4, section 4.2.3. were

applied for the Janus bead. 5 uL of 0.4 mg mL! glucose oxidase (GOX) (AG scientific,
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Spain) solution, a 5 pL of 0.05 mg mL"! horseradish peroxidase (HRP) (Sigma-Aldrich,
Spain) solution and a 5 pL 3,3',5,5' tetramethyl-benzidine (TMB) (Sigma-Aldrich,
Spain) in dimethyl sulfoxide (DMSO) (> 99.7 %, Sigma-Aldrich, Spain) (TMB:DMSO,
24:2.25) solution were mixed with 30 pL of the TNT/ Cs-Fe/alginate polymer
suspension. The suspension was vortexed for 10 s. A CaCl, bath was prepared by filling,
with a 2 mL (10 mm height) of 0.2 M CaCl; (93 %, Sigma-Aldrich, Spain) solution in
a 5 mL glass beaker. A vertical gradient magnetic field was supplied to the bath by
keeping a NdFeB permanent magnet (cubic 10 mm magnet, surface 495 mT) right
under the beaker. Then, 20 uL of the assay polymer mixture was dripped into the CaCl,
bath to form the Janus bead. Instantly, the polymer droplet was attracted to the depth of
the beaker while cross-linking with the calcium ions, under the magnetic field. The
Janus bead was kept in the bath for 3 min. Then, the scaffold was washed with distilled
water for 30 s. The obtained scaffolds were air dried for 2 min. to evaporate extra

surface water.

5.2.4 Colorimetric signal readout analysis

The Janus beads were kept inside of the 1 mL of whole blood, whole blood diluted with
water and PBS (10 and 100 times) to test the performance of the beads in the presence
of RBCs. After 6 min, the beads were removed from the baths and washed with
water/PBS. Then, the colorimetric signal was captured. For the paper scaffold, circles
of 0.7 cm diameter were printed on cellulose filter paper, Whatman filter paper #1
(Sigma Aldrich, Spain) by a Xerox ColorQube 8570 wax printer and the wax barriers
were generated with a FLC oven, set at 125 °C for 5 min. Next, a 20 pL of the enzymatic
and colorimetric assay (same ratios as in Experimental 2.3 without TNT/ C8-
Fe/alginate nanocomposite) was drop casted on to the sensing region of the paper and
allowed to absorb in paper for 10 min. Then, 15 pL of blood was added to the sensing
area and the paper was slightly washed with PBS solution after 6 min. Finally, the

sensing area image was captured.

5.2.5 Glucose determination by the Janus bead

Three glucose calibration systems were prepared by using phosphate buffered saline
(PBS) (137 mM NaCl, 2.7 mM KCI and 10 mM phosphate buffer solution, pH 7.4 at
25 °C, Sigma-Aldrich, Spain), human serum (H4522, from human male AB plasma,
USA origin, Sigma-Aldrich, USA) and whole blood solution (use approved by the

“comité de ética para las investigaciones con seres humanos, sus muestras y sus datos”
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(CEISH-UPV/EHU), code:TI0O175). For the PBS calibration system, first 10 mM
glucose solution (in PBS) was prepared and then, it was diluted with PBS to obtain the
desired glucose concentrations. In the human serum and the whole blood systems, the
glucose levels were measured using a commercial glucometer (Freestyle freedom lite
abbott glucose meter, UK) and then, the plasma and the blood were diluted with PBS
solution to obtain the desired glucose levels. To check the glucose levels through the
Janus beads, 15 pL of the glucose samples were pipetted over the Janus beads, placed
on a glass slide, and the images of the beads were captured at 0 and 6 min by a Sony
Cyber-shot DSC-RX100 camera, over time, under controlled light conditions. Finally,

the obtained images were analysed by Image-J software.?!

In the case of blood analysis, the beads were rinsed with water to remove surface
adhered blood layer. Then, the images were taken and analysed by Image-J software.?!
In all cases, the intensities of the images were analysed by mean grey value (black and
white, B&W value) 0-255 scale (black = 0, white = 255). The difference of the B&W

values at 0 min and at 6 min was related with the corresponding glucose concentration.

5.2.6 Characterisation

Scanning electron microscopy (SEM) images of the freeze-dried beads were recorded
by a Field Emission Scanning Electron Microscope S-4800 (Hitachi Japan) and a Carl
Zeiss EVO 40 (Oberkochen, Germany) equipped with an EDS Oxford Instrument X-
Max detector (Abingdon, U.K.). Magnetisation measurements for the iron oxide
nanoparticles and the dehydrated beads were carried out in a 7 T Quantum Design
MPMS3 SQUID (Superconducting Quantum Interference Device) and homemade
VSM (vibrating-sample magnetometer) magnetometer at room temperature. Data,
statistical, and image analysis were carried out in Excel, Origin Pro 2018, and Image-

J.

5.3 Results and Discussion

5.3.1 Synthesis and characterisation of the Janus bead

The integration of magnetic particles to a hydrogel bead darken its coloration,
restricting the possible applicability of the bead for colorimetric signal analysis. In order
to avoid the interference of the dark coloration of the bead, the magnetic hydrogel bead

was synthesised following the protocol presented in the experimental section 5.2.3,
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combining both properties, the colorimetric sensing and the magneto driven capability
in the same matrix, called Janus bead. As demonstrated in Figure 5.1a, a droplet of
TNT/ Cs-Fe/alginate polymer blend was dripped to the crosslinking Ca** solution under
a 353 mT vertical gradient magnetic field. The COO™ groups of the alginate in the
polymer blend droplet, started to crosslink with the Ca®" cations over all the interface
of the droplet with the calcium ions solution, immediately after the droplet touched the
solution.?? At the same time, the magnetic particles present in the polymer blend were
attracted to the magnet, following the magnetic field lines as shown in the Figure 5.1a.
However, the instantly cross-linked flexible TNT/alginate polymer shell of the bead
preventing the physical separation of the magnetic particles from the polymer blend.
Therefore, the magnetic phase got deposited at the bottom of the bead, forming a
hemispherical magnetic bead (~ 4.3 mm), as shown in the Figure 5.1b (picture 1). The
force towards the soft polymer by the magnetic particles led to the flattening of the
bottom of the bead, whereas a spherical shape was observed when the magnetic field

was not applied.

However, partial contamination of the sensing area with residual magnetic particles was
observed during the fabrication process. The 3D network of the polymer
(TNT/alginate), which formed rapidly, prevented the movement of the magnetic
particles to the bottom of the bead, contaminating the top part of the bead. In order to
minimise this process, the Fe particles were chemically modified with alkyl chains
(superhydrophobic Cs-Fe particles) to avoid the interactions with the superhydrophilic
TNT/alginate suspension. Moreover, the concentration of the Ca** cross-linker in the
solution was reduced to 0.2 M (from the usual concentration of 0.4 M used for the
fabrication of non-magnetic alginate beads*) to avoid the rapid crosslinking of the
polymer shell. This allowed the magnetic particles to reach the bottom of the bead,
minimising their trapping, during crosslinking, in the sensing region of the bead. In
addition, the height (%) of the crosslinking bath was investigated. The induction of the
magnetic field on the hydrogel bead is reduced while increasing the value of / thus for
h > 10 mm, the upper surface of the bead was contaminated with magnetic particles.
Therefore, 4 was set to 10 mm in order to be able to apply high magnetic forces to the
system and to rapidly confine the magnetic particles at the bottom of the bead. Figure
5.1b, clearly shows a picture of a bead with absence of colour interferences from the

magnetic particles, when using this optimised protocol, facilitating monitor of possible
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optical signals coming from the white surface of the bead. A magnetic bead, fabricated
without the magnetic field is shown in Figure 5.1b (picture 3), where is easy to observe
the difference in colour. The colour map of the Janus bead, side view in Figure 5.1b
(picture 2), clearly illustrates the separation of the magnetic phase (blue/green) and the
TNT/alginate sensor phase (orange). Moreover, B&W value histograms in Figure 5.2
demonstrated that the average on the B&W value increased to 206 from 118 in beads
where the magnetic field was applied during their fabrication process. In addition,
Energy Dispersive X-Ray (EDX) analysis of the top and the bottom areas of the beads
indicated a significantly low Fe percentage in the upper surface when compared to the
bottom area (Table 5.1 and 5.2 in supplementary information). It is possible to observe
that the magnetic particles self-assembled vertically, following the magnetic flux lines
at the bottom of the bead (Figure 5.1b-1), which provide the magnetic properties to the

Janus beads.
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Figure 5.1. (a) Schematic illustration of the fabrication of Janus bead under an applied gradient
magnetic field, (magnetic flux density indicated with lines). (b) Side, top and bottom view of
the fabricated Janus bead (set of pictures 1). Illustration of the absence of interferences from
the magnetic particles in the sensing readout area by a colour map (picture 2). TNT/Cs-
Fe/Alginate bead fabricated without a magnetic field (picture 3). Scale bars indicate 2 mm
length.
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Figure 5.2. B&W histogram of the beads synthesised with and without the magnetic field (MF).
The analysis of the pictures of the two beads was done from the top of the beads, see images in
Figure 5.1b. The intensities of the images were analysed by mean grey value (black and white,

B&W value) 0-255 scale (black = 0, white = 255).

Table 5.1 (EDX) Elemental analysis of Janus bead (bottom area).

Spectrum C% O% Na% S% Cl% Ca% Ti% Fe%

Spectrum 1 17.35 5.69 020 039 046 1.63 4.09 70.18
Spectrum 2 104  2.45 0.09 024 1.02 2.04 229 8147
Spectrum 3 3948 24.14 096 095 234 326 435 2452
Spectrum 4 31.18 3046 1.13 1.50 338 3.70 546 23.20
Spectrum 5 2459 3463 081 045 137 3.02 277 3235
Spectrum 6 1493 9.78 0.12 038 1.07 1.87 396 6790

Mean 2299 1786 055 065 1.61 259 382 49.94
Std. deviation 1093 13.64 047 048 1.07 085 1.14 26.07

Table 5.2 (EDX) Elemental analysis of a Janus bead (top area).
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Spectrum C% O% Na% S% Cl% Ca% Ti% Fe%

Spectrum 1 3493 3820 1.77 268 592 7.10 9.06 0.33
Spectrum 2 22.87 24.78 0.05 3.11 793 15.68 2335 222
Spectrum 3 42.82 32.60 4.98 1.35 931 422 451 022
Spectrum 4 2034 1692 0.69 426 20.84 1529 21.66 0.00
Spectrum 5 38.17 40.52 0.85 1.09 3.16 399 7.18 5.03
Spectrum 6 33.16 4154 197 219 569 6.61 868 0.16

Mean 32.05 3243 1.72 245 881 882 1241 1.59
Std. deviation 8.77 981 1.75 1.17 626 532 800 2.11

The surface morphology of the Janus bead was investigated, Figure 5.3. A bumpy
surface in the bottom side of the bead was obtained due to the embossment of the
magnetic colloidal particles, as shown in Figure 5.3a. The magnetic particles were
attracted to the bottom side following the magnetic flux lines of the magnet. Therefore,
these particle colloids covered the hydrogel and formed the bumpy spots (red arrows in
Figure 5.3b) on the surface. A cracked polymer layer in a bumpy spot is shown in Figure
5.3c where the colloids of the magnetic particles were clearly seen inside of the
polymer. Moreover, the non-binding behaviour of each individual particle to the
polymer was clearly visible. The perfect spherical shape of the particles is visible and
reminds separate from the polymer matrix, due to the superhydrophobicity of the Cs-
Fe particles.

Figure 5.3. SEM images (cryo mode) of the bottom side of the Janus bead, a-c increasing the

magnification while focusing on the magnetic particles accumulated spots | .
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5.3.2 Remote stimuli Janus bead

The magnetic properties of the freeze-dried Janus beads were characterised by SQUID
and VSM magnetometers, Figure 5.4a. The octyl-alkyl chain coating on the
ferromagnetic Fe particles reduced the saturation magnetisation of the particles to 220
Am? kg! from 239 Am? kg™ due to the addition of the non-magnetic octyl-alkyl to the
magnetic particles. A saturation magnetisation of 49 Am? kg! was expected when
adding 22.3 % (w:w) of Cg-Fe to the pre-hydrogel nanocomposite prior the synthesis
of the Janus bead, but the obtained value was just 22 Am? kg'!'. The non-magnetic
calcium cross-linkers in the bead and the impossibility to form a homogeneous
suspension with the low surface energy Cs-Fe particles in the nanocomposite are the
reasons for this lower saturation value. This behaviour suggests a lower amount of the
Cs-Fe in the Janus bead than initially loaded in the nanocomposite. However,
concerning the magnetic characterisation, it can be concluded that 10 % of Cs-Fe are
presented in the Janus bead by considering that the magnetic properties remained the

same during the hydrogel synthesis and the freeze-dried protocols.

Remote manipulation of hydrogel sensor scaffolds facilitates to build programmable
devices and to address the inherent problems faced by hydrogel based sensors. For
instance, the diffusion of the sensing assay, presented inside the hydrogel, out of the
solution is a major problem in hydrogel based sensors.” Figure 5.5 shows the diffusion
of the encapsulated reactants in a conventional alginate hydrogel to the analyte solution,
where the reaction is taking place outside of the hydrogel sensor. This leaching process
can be minimised by just separating the hydrogel bead from the bulk solution in a
controlled manner and time. Moreover, the manipulation of the beads in a device can
be difficult and could require extra components, which might diminish the functionality
of the final device and its possible miniaturisation. In this case, the magnetic property
of the Janus bead can be used to manipulate and control the bead position remotely, and
to manage the time the bead is in contact with the solution to be analysed. Figure 5.4b
shows the controllability of the Janus bead by just using a 1 x 1 mm NdFeB magnet.
Frist, the Janus bead was dripped into a 1 mM glucose solution and collected back after
1 min. This process reduced the possible leakage of the colorimetric assay reagents,
present in the bead, due to diffusion. Once out the solution, the bead was left to react
with the glucose soaked into the bead and the colorimetric signal was recorded at 6 min.

This process was also investigated using a simple microfluidic device configuration.
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Remote handling and transportation, using a magnet, of the Janus bead inside of a
microfluidic channel, while glucose is detected is demonstrated by the captured images

from a video as depicted in Figure 5.6.
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Figure 5.4. (a) Magnetisation (M-H) loops of the Fe, Cs-Fe and Janus bead (freeze-dried),
which were recorded by SQUID and VSM at room temperature. (b) Scheme of the magneto
manipulation of the Janus bead. The bead was dripped to a 1 mM glucose solution and removed
after 1 min using magnetic attraction. Real images of the Janus bead for each step of the process

are depicted behind each of the steps.
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Figure 5.5. Diffusion of the sensing assay molecules from the hydrogel bead during glucose

sensing, after 6 min in the solution.
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Figure 5.6. Captured images from the video. 1-4 transportation of the Janus bead in the
microfluidics channel, 5 resting the bead, 6 removal of the bead from the chip by using a

magnet, 7 signal reading.

5.3.3 Non-interference of the red blood cells to the Janus bead

Blood consists of approximately 45 % of red blood cells (RBCs), less than 1% of white
blood cells and platelets and 54 % of plasma. That plasma is mainly water with
dissolved proteins and other biomolecules such as glucose, lactic acid, uric acid,
cholesterol and salts.!” The fabrication of a one-step colorimetric detection of
biomarkers in whole blood remains challenging due to hindering of the optical signal
by the red coloration coming from the red blood cells. However, the use of the Janus
bead was subjected to detect one of the most demanding biomarkers present in blood,

glucose.

The schematic illustration in Figure 5.7a shows the behaviour of the Janus bead when
immersed in blood. It was observed that the red colouration of blood, due to the RBCs,
was not transferred to the Janus bead, even after remaining 6 min inside of 1 mL blood
container, as depicted in Figure 5.7b. This demonstrated that RBCs are too big to diffuse
inside the bead due to the small mesh size (absence of micro range mesh) of the surface
of the bead. In addition, the RBCs were filtered out from the outer surface of the Janus
bead when removed from the solution. The cross section of the Janus bead is shown in
Figure 5.7¢c, where a high porosity (~ 150 pm), considering the space between separated
polymer petals, was observed. However, the outer surface of the Janus bead was formed
by a ~ 40 um thick polymer layer as shown in the Figure 5.8. SEM images of the outer
surface of a hydrated and dehydrated Janus bead are shown in Figure 5.7d and e,
respectively. They clearly showed a rough surface with absence of micro-pores or

micron mesh size in the outer surface. Therefore, the surface of the Janus bead is able
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to block the entrance of the RBCs, which have a biconcave shape with a diameter of ~
8 um and a thickness of ~ 2.5 pm,? inside the bead. As well, the dimensions of the
RBCs are much bigger than the reported mesh size of alginate hydrogels, 6-14 nm,**

thus it is not possible for them to diffuse inside the Janus bead.

However, the haemolysis of RBCs in blood, which occurred due to osmosis while
diluting blood samples, released the red coloured haemoglobin molecule (5 nm)® and
entered the Janus bead, Figure 5.7f. In this case, a smart handling of the blood samples
could avoid the red coloration of the Janus bead. For instance, the dilution of whole
blood with PBS buffer avoids haemolysis and haemoglobin diffusion as shown in

Figure 5.7f (right side image).

The optical signal readout performance of the Janus bead was compared with a
conventional sensing paper substrate. Figure 5.7g shows the glucose sensing assay
absorbed into a paper substrate and into a Janus bead, using the same glucose assay
ratio, as mentioned in the Experimental section 5.2.3. Both scaffolds were subjected to
the blood glucose detection protocol as mentioned in experimental section 5.2.4 to
check the signal readout. A clear blue colour optical signal, due to glucose, was
observed in the Janus bead since the RBCs got filtered out of the surface of the bead.
This indicates the capability of Janus bead to perform one single step glucose sensing
in blood. On the other hand, the blue colour optical signal was hindered in the
conventional paper substrate due to the presence of red colouration coming from the

RBCs, which were adhered to the surface of the paper.
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Figure 5.7. (2) Schematic illustration of the diffusion of small molecules, like glucose, into the
Janus bead avoiding the absorption of RBCs. (b) The Janus bead (without sensing assay) after
6 min immersed in blood, 1 mL whole blood. The bead was rinsed with PBS before capturing
the image, and the bead was magnetically handled throughout all the process. (¢) SEM image
of the cross-section of a freeze-dried Janus bead. (d) Cryo-mode SEM image of the hydrated
and swelled Janus bead surface and (¢) SEM image of the freeze-dried Janus bead surface, inset
represents a high magnification image of the surface. (f) Janus bead (without sensing assays)
after 6 min. remain inside of the 1 mL diluted whole blood with water and PBS under (*0.1)10
and (*0.01)100 dilution factors. (g) Glucose detection using a sensing assay loaded in a

conventional paper substrate and in a Janus bead.
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Figure 5.8. Cross-section of a Janus bead and magnification of the 40 um thick outer surface

shell.

5.3.4 Glucose sensing by the Janus bead.

The Janus bead provides a versatile platform for enzymatic chemical reactions by
keeping the reactants in a miniaturised scaffold with multiple functionalities, as
explained above. Figure 5.9a top image, shows a schematic diagram of the process
occurring in the bead.?® In brief, glucose was oxidised to the gluconic acid while the
oxygen was reduced to the hydrogen peroxide in the presence of the glucose oxidase,
enzymatic catalyst, once the glucose molecules entered the bead. Then, the generated
hydrogen peroxide was reduced to water by the enzymatic catalyst, horseradish
peroxide, and the chromophore, TMB, was oxidised, generating a blue colour in the
bead. The intensity of the formed colour relates to the concentration of the glucose as
shown in the Figure 5.9b bottom images, where different concentrations of glucose in
blood were detected using the Janus bead. As recently demonstrated by us,* TiO
nanotubes in the hydrogel scaffold increased the sensing rate of the glucose, increasing
the glucose absorption efficiency into the Janus bead due to their superhydrophilicity.

The colour signal was recorded at 6 min for the Janus bead, while 13 min were
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necessary for the bare alginate bead, without TiO> nanotubes, in order to obtain the

same glucose concentrations values.

The glucose detection performance by the Janus bead was evaluated in human blood,
human plasma and PBS solution. The B&W value difference of the Janus beads, before
and after glucose detection, were analysed from the captured images of beads at 0 and
6 min for five glucose concentrations. An increased colour intensity (B&W difference)
was observed when increasing the concentration of glucose in the different matrixes.
Then, the calibration curves were generated. PBS, human plasma, and human blood
calibration curves are depicted in Figure 5.9b, ¢ and d, respectively. Linear dynamic
ranges, at 6 min recording time, were obtained for the three samples within a glucose
range of 0.1-0.8 mM, showing highly reliable correlation coefficients, R? > 0.99, from
the linear regression analysis. The statistical limit of detection (LOD) was calculated to
be 0.05 mM with a limit of quantification (LOQ) of 0.16 mM for glucose in PBS
solution (LOD = 3S/K, and LOQ = 10S/K, where S is the standard deviation of the
blank sample and K is the slope of the calibration curve). However, the evaluation of
the LOD and LOQ was not possible in the case of blood and plasma due to the difficulty
in obtaining a zero concentration glucose blank value, as blood/plasma always contains
glucose. However, a high deviation from the LOD/LOQ values in PBS should not be

expected for blood/plasma detection by the introduced Janus bead.

A random blood sample (10 times diluted with PBS) was tested with the Janus bead to
check the accuracy of the glucose concentration obtained by PBS, plasma and glucose
calibration curves, compared to a commercial glucometer. The obtained glucose
concentrations from the Janus bead analysis (Table 5.3) for the plasma and the blood
calibration curves showed nearly the same values to the ones obtained with the instant
commercial glucometer. On the other hand, the glucose concentration obtained for the
PBS solution significantly deviated from the glucometer values. This unexpected result
could be explained considering the artificial PBS sample, which is not an ideal matrix
for the quantification of glucose using the commercially available glucometer as
opposed the real blood and plasma sample matrixes. Nevertheless, the results obtained
when using the Janus beads present a promising multifunctional applied material for
the colorimetric determination of glucose concentrations in complex samples such as

blood.
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Figure 5.9. (a) Schematic diagram of glucose detection in the Janus bead (top side) and pictures
of the Janus beads (bottom side) at different glucose concentration in blood, taken at 6 min
time. Calibration curves for glucose in (b) PBS solution, (¢) human plasma and (d) human blood

by using the Janus bead. Error bars correspond to mean values + SD (n = 3).

Table 5.3 Comparison of blood glucose concentrations in the sample obtained using
the glucometer and the Janus beads by the different calibration curves, (n = 3).

Calibration Curves

Glucometer
Blood

4.4+02mM

Plasma

50+0.9mM

PBS

50+£02mM 3.5+£03mM

5.4 Conclusion

We introduce the Lab-in-a-Bead concept by fabricating a novel Janus bead with
magneto driven and colorimetric sensing capabilities. The introduction of a low surface
energy ferromagnetic Fe microparticles into the TNT/alginate hydrogel and the

subsequent crosslinking under a controlled magnetic field, facilitates the fabrication of
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a novel sensing Janus bead with actuation capabilities. The fabrication avoids the

conventional dark colour interference into the bead due to the magnetic phase.

The Janus bead provides a versatile platform to immobilise assays for colorimetric
sensing, due to its moisture conditions and the white background colour of the bead.
Moreover, the configuration of the Janus bead is able to filter out the RBCs from whole
blood samples and colorimetrically detect the desired biomarkers, e.g. glucose, without
the need to apply RBCs removing protocols like centrifugation or the use of filters.
Therefore, the multiple functionalities of this novel Janus bead such as remote handling,
magnetic manipulation, assay reagent immobilisation and storage, RBC filtration and

biosensing demonstrates the concept of Lab-in-a-Bead.
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CHAPTER 6
Magneto Twister: Magneto deformation of
water-air interface by a superhydrophobic

magnetic nanoparticles layer

This Chapter is partially reproduced from:!

Gunatilake, U. B.; Morales, R.; Basabe-Desmonts, L.; Benito-Lopez, F. Magneto

Twister: Magneto Deformation of the Water—Air Interface by a Superhydrophobic
Magnetic Nanoparticle Layer., Langmuir, 2022, 38 (11), 3360-3369.
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Abstract. Remote manipulation of superhydrophobic surfaces provides fascinating
features in water interface related applications. A superhydrophobic magnetic
nanoparticles colloid layer is able to float on the water-air interface and to form a stable
water-solid-air interface due to its inherent water repulsion, buoyancy and lateral
capillarity. Moreover, it easily bends downwards, under an externally applied gradient
magnetic field. Thanks to that, the layer creates a stable twister like structure with a
flipped conical shape, under controlled water levels, behaving as a soft and elastic
material that proportionally deforms with the applied magnetic field and that it goes
back to its initial state in the absence of the external force. When the tip of the twister
structure touches the bottom of the water container, provides a stable magneto movable
system, which has many applications in the microfluidic field. We introduce, as a proof
of principle, three possible implementations of this structure in real scenarios, the cargo
and transport of water droplets in aqueous media, the generation of magneto
controllable plugs in open surface channels, and the removal of floating micro plastics

from the air-water interface.

Water
droplet

— I —

SMNPs Plug-
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6.1 Introduction
Inspired by natural water repellent materials like lotus leaf, researchers have
investigated and developed interesting superhydrophobic surfaces.>* The general

principles of the Superhydrophobicity is discussed in Chapter 2, section 2.7.3.

The integration of magnetic properties into superhydophobic materials or vice versa,
promotes remote manipulation of the material while repelling water, providing new
insights for potential applications. In literature, magnetic phase reinforced
nanocomposites have been developed. For instance, magneto responsive foams, which
were fabricated by introducing magnetic nanoparticles to bulk polymer matrices, were
reported to remove organic contaminants from water.>® Moreover, a magnetic
elastomer with a superhydrophobic surface was developed for droplet movement’ and
to switch their dynamic wetting features.® Droplets were manipulated by a local
deformation of the surface of the elastomer activated by magnetic field.” Recently,
ferrofluid infused laser-ablated microstructured surfaces have been introduced to
manipulate gas bubbles in a programmable manner, under magnetic field.’
Interestingly, a superhydrophobic magnetic micro cilia array surface was recently

reported to manipulate water droplets in air and oil droplets in water.'”

On the other hand, exclusively nano/micro magnetic superhydrophobic particles have
gained special consideration among researchers because of their easy manipulation, low
remanence and applicability at the micro scale. In this regard, bare superparamagnetic
Fe304/y-Fe2O3 nanoparticles and ferromagnetic Fe particles, functionalised with
molecules that generate low surface energies as mentioned in Chapter 2, section 2.7.4,
are directly applied, without the need to be incorporated into a bulk polymer or ceramic
matrix. By using this strategy, magnetic superhydrophobic particles were used to form
magnetic liquid marbles, a non-adhesive droplets coated with nano/micro low surface
energy magnetic particles, that show extremely low friction when rolling or sliding on
solid substrates.!! The properties and the applications of the magnetic liquid marbles
were discussed in Chapter 2, section 2.7.5. The state of art the exclusive magnetic
superhydrophobic particles and the currently available particles systems are deeply

discussed in Chapter 2, section 2.7.

In the present study, we investigate the deformation of a synthesised superhydrophobic

and magnetic iron oxide nanoparticles (SMNPs) layer — water interface. The floating
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SMNPs layer, bended downwards, forming a manageable and stable water-solid-air
interface under an applied magnetic field. The layer formed a flipped conical spike
(CS), similar to a storm twister, with the spike structure touching the depth of the water
container, using controlled water levels. This system was characterised and used for the
transportation of water droplet in aqueous media, as a magnetic plug for liquid partition

in open surface channels and to remove microplastics on water surfaces.

6.2 Experimental

6.2.1 Synthesis of superhydrophobic magnetic particles

First, a 0.5 M ferric solution was prepared by dissolving 2.71 g of FeCl3:6H20 (> 99 %,
Sigma-Aldrich, Spain) in 20 mL of distilled water and a 0.5 M ferrous solution was
prepared by dissolving 1.39 g of FeSO4-7H20 (> 99 %, Sigma-Aldrich, Spain) in 10
mL distilled water. Then, 30 mL Fe**/Fe?" (Fe**:Fe?*, 2:1) solution (deoxygenated) was
added drop by drop in a 40 mL 1 M NaOH (> 98 %, Sigma-Aldrich, Spain) solution
kept at 40 °C under vigorous stirring and N> atmosphere.'? A black precipitate was
immediately formed. Then, the precipitate was heated at 90 °C for 30 min. After that,
the precipitate was separated from the solution with a magnet and washed 3 times with
distilled water. Finally, the Fe;O4 nanoparticles were dried by rotary evaporation at 40
°C, under vacuum. Next, 1.8 mL of triethoxy(octyl)silane (97 %, Sigma-Aldrich, Spain)
was mixed with 50 mL of absolute ethanol (Sharlau, Spain) for 2 h under 50 °C. Then,
a sonicated suspension of presynthesised 0.53 g of Fe3;Os nanoparticles in 10 mL
absolute ethanol was added to the triethoxy(octyl)silane/ethanol solution and stirred for
2 h. Later, the particles were separated with a magnet and thoroughly washed with
ethanol for 3 times." Finally the particles were heated at 120 °C for 2 h to obtain
SMNPs.

6.2.2 Magneto deformation of SMNPs confined water-solid-air interface

4 mg of the synthesised SMNPs were sprinkled on the water surface (1 mL water in a
glass vial of 5 mL). The gradient magnetic field was supplied by changing the vertical
distance (z) between the depth bottom of the glass vial and the NdFeB permanent
magnet (cubic 10 mm magnet, 495 mT). The magnetic field (B) was calculated by
equation 6.1.'* Where, B; is the remanence field, L is the length, W is the width and D

the height of the magnet, and z is the distance from the magnet surface.
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B = B {arctan (L) — arctan( LW )} equation-6.1
T 22V4z2 412+ W2 2(D+2)/4(D+2)2+ L2+ W?2 q ’

The breaking of the conical spike was investigated by adding water to the glass vial at

fixed magnetic fields: 350, 153 and 100 mT.

6.2.3 Water droplet transport on aqueous media

A water droplet of 5 uL was placed inside of the conical spike, formed by 10 mg of
SMNPs in a container with water height of 6.3 = 0.5 mm. The magnet was manually
moved horizontally to shift the position of the conical spike together with the water
droplet. The experiments were carried out using glass and PMMA substrate containers.
Superhydrophobic Fe particles (commercially available Fe micro-particles (99.9 %
Thermo Fisher, Spain) were treated with diluted HCI (0.25 M) for 10 min and coated
with triethoxy(octyl)silane following the same protocol mentioned in section 2.1) and
used as well to form the conical spike and water droplet transport experiments. The
moving velocities of the magnet and of the magneto twister, with the water droplet,
were tracked by video analysis, through the Image-J software coupled with the manual
tracking plugin. This was used to track the motion of the magneto twister and the

magnet within short time ranges, which allowed to obtain velocity values.

6.2.4 Magneto controllable plugs formation

For the plug experiments a 4 x 2 mm (height/width) open surface channel of 5 cm
length, made in polymethylmethacrylate (PMMA), Goodfellow, Spain, with a glass
microscope slide as the bottom surface, bounded together by a double side pressure
sensitive adhesive (PSA) layer 380 um (Adhesive Research, Ireland) was used. The
PMMA layer was fabricated using a CO> Laser System (VLS2.30 Desktop Universal
Laser System) equipped with a 10.6 pm CO; laser source ranging in power from 10 to

30 W.

The channel was filled with 350 pL of water and then a 2 mg of SMNPs was sprinkled
on the open surface water interface. Finally, the magnetic plug was constructed by using
the permanent 1 mm cubic magnet (~397 mT). The two liquid partitions were coloured
using a water-based dye to demonstrate the absence of leaking from the plug. The liquid

was withdrawn, by a pipette, in one of the partitions to check the effect of the SMNPs
plug.
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In order to check there was not any leaking when using the plug, 60 pL of a 31 mM
phenolphthalein water solution and 60 uL of a IM NaOH solution were added to the

two generated compartments.

6.2.5 Removal of floating microplastics from the water interface

Polystyrene (PS) microparticles (diameter 0.5-1.0 mm) were suspended in a half-filled
glass petri dish (h = 8.0 = 0.5 mm) and 4 mg of SMNPs was sprinkled on the water
surface. The twister shape was formed under the magnetic field (105 mT) and the
permanent magnet was moved towards the polystyrene particles. The PS particles were
attracted to the twister shape and collected. The twister shape was moved, under a fixed

magnetic field, over the surface of the petri dish to collect the PS particles.

6.2.6 Characterisation

The equipment details of the TEM, FTIR, XRD, Raman spectra are mentioned in
section 4.2.1 and 3.2.3. Magnetization measurements for the iron oxide nanoparticles
and the dehydrated beads were carried out in a 5 T Quantum Design MPMS XL-5

(SQUID) magnetometer at room temperature.

A layer of particles was coated to a PSA tape to obtain the contact angle of the particle
layer. Contact angles were measured by DataPhysics OCA 15EC drop shape analyser
and the surface energies were obtained by the Owens, Wendt, Rabel and Kaelble
(OWRK) model. The images and the videos were recorded by Sony IMX586 Exmor
RS 48 megapixel lens with 12X macro lens. The videos and the images were analysed
by Image-J software and the particle tracking was done by the manual tracking Image-

J plugin.

6.3 Results and Discussion

6.3.1 Synthesis and characterisation of the superhydrophobic magnetic particles
The synthesised low surface energy SMNPs were characterised by Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction analysis (XRD), Raman spectroscopy,
Transmission electron microscopes (TEM), Superconducting quantum interference

device (SQUID) magnetometer and goniometer.

The Fe3;O4 nanoparticles were synthesised by the co-precipitation of ferrous and ferric

ions under high pH conditions according to reaction-3.1.
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The surface energy of the synthesised nanoparticles was reduced by chemically coating
the Fe3O4 NPs with triethoxy(octyl)silane, as mentioned below. The possible chemical

structure of the SMNPs is illustrated in Figure 6.1a, top.

The FTIR spectra of both modified SMNPs and non-modified NPs were analysed in
order to investigate the binding of the alkyl chain via silane group, Figure 6.1b. The C-
H stretching vibrational peaks at 2850, 2900, 2960 cm™' and Si-CH alkyl group bending
vibrational peak at 1457 cm™ in SMNPs FTIR spectrum, confirmed the presence of the
alkyl chain within the SMNPs.!> Moreover, the stretching vibrational peaks at 860, 990
cm™ in the SMNPs spectrum were assigned to Si-C, Si-O-Fe bonds respectively,
demonstrating the binding of the alkyl chain through the silane group to the NP
surface.!>!” The common peaks of Fe-O stretching, residual water OH stretching and
bending were found in both modified and non-modified NPs at the positions of 576/580
cm™!, 3425/3400 cm™ and 1620 cm™.!> However, the intensity of the O-H peaks was
reduced in the SMNPs spectrum due to the hydrophobic alkyl groups, inhibiting the

absorption of residual water to the surface of the NP.

The wetting properties of both types of the particles were characterised by the static
contact angles (CA) of the particle layers, Figure 6.1a, bottom. Bare NPs exhibited a
superhydrophilic nature, by instantly absorbing the water droplet, showing nearly 0 °
water contact angle. Surface absorbed hydroxyl groups possess a high affinity to
interact with water due to polar-polar attractions between water and pristine magnetic
nanoparticles. However, the alkyl chain modified particles, exhibited superhydrophobic
properties by showing a ~ 152.0 © static water contact angle with a low surface energy,
11.85 mJ m™. The non-polar octyl-alkyl long hydrocarbon chain repels water molecules
by the non-favourable attraction forces occurring between the carbon long chain and

water molecules.

Then, the iron oxide phase of both SMNPs and non-modified NPs were characterised
by the XRD and Raman spectroscopy, see Figure 6.2. Maghemite phase contamination
was found in the magnetite phase, in triethoxy(octyl)silane coated nanoparticles, due to
the heat treatment at the coating process. In addition, a non-perfect spherical shape was
obtained in both NPs types with 10.8 nm and 9.1 nm particle sizes, respectively, see

TEM images in Figure 6.3.
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The magnetic properties of both types of NPs were characterised with the SQUID
magnetometer as shown in the Figure 6.1c. The chemical modification on Fe3O4 NPs
cost to drop the saturation magnetization down to 57 Am? Kg'! from 62 Am? Kg'!. Both
types of NPs exhibited closely superparamagnetic behaviour at room temperature, but
SMNPs showed lower coercivity and remanence values compared to bare NPs, due to
their molecular coating, which reduced the aggregation of the NP, reduce the deviation
from the ideal superparamagnetism. Nevertheless, the high saturation magnetisation of
the nanoparticles reflected the possibility to be used for remote manipulation under low

(< 0.5 T) magnetic fields.
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Figure 6.1. (a) [llustration of the chemical modification and the possible chemical structure of
the modified SMNPs (Cs-Fes04), static water contact angles (CA) are shown under each type
of particles (b) FTIR spectra and (c) SQUID analysis of the SMNPs (red) and non-modified
NPs (black).

The phase of the synthesised iron oxide, both bare and the octyl alky chain coated iron
oxide, was investigated by using XRD and Raman spectra. Conventional diffraction
peaks related to the magnetite phase, were observed for both bare and octyl alky chain
coated nanoparticles at 20 = 30.3 °/30.4 °, 35.7 ©/35.6 °, 43.4 °/43.4 °, 53.9 °/53.8 °,
57.5°/57.4 °, and 63.0 °/63.0 ° respectively, (JCPDS 01-088-0315)'® without showing

any significant crystal deviation after triethoxy(octyl)silane coating, as depicted in
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Figure 6.1a. Further, Raman spectra were analysed for the both type of particles as
shown in Figure 6.1b, to distinguish the magnetite and the maghemite phases since they
were not distinguishable by XRD analysis, since they both have the same XRD
diffraction angles. The Raman peaks at 670 (strong) and 610 (week) are attributed to
the A1z and Tog Raman modes of the magnetite phase in Figure 6.2b, co-precipitated
bare iron oxide nanoparticles. However, the magnetite A, mode split, and a peak at
702 (maghemite A1, mode) appeared in the Cg-Fe3sO4 NPs. Moreover, the 310 magnetite
peak was red shifted to 352, reflecting the oxidation of magnetite to the maghemite in
the Cs-Fe304 NPs, due to the heat treatment during the chemical modification process.'’
This reveals a small amount of maghemite contamination in the chemically modified

Fe304 nanoparticles.
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Figure 6.2. (a) XRD spectra (b) Raman spectra of the co-precipitated FesO4 nanoparticles and
the chemically modified Fe3O4 nanoparticles (Cg-Fe3Os).
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Figure 6.3. TEM images and particle size histograms of (a) co-precipitated Fe;O4 nanoparticles
and (b) the chemically modified Fe;O4 nanoparticles.

6.3.2 Magneto deformation of the water-air interface

Co-precipitately synthesised iron oxide magnetic nanoparticles can be submerged and
dispersed in a bulk water medium because of its higher specific gravity, high surface
energy and the chemical hydrogen bond attraction between surface hydroxyl of the
particles and the water. Nevertheless, long chain alkyl modified low surface energy
SMNPs were found to float in water-air interface. Non-favourable attraction between
non-polar carbon long chain and the water, avoids the immersing of the particles despite
its higher specific gravity. Moreover, the buoyancy and the surface tension forces also
contribute to that effect too, keeping the particles in floating state on the water surface,
balancing the weight of the particles.?’ Aggregation and repulsion between the floating
SMNPs are due to the induced lateral capillary forces between the particles, which
cause a slight deformation of the particle-water interface (meniscus) being related to
the wetting properties of the particle.>! As depicted in Figure 6.4, these floating
superhydrophobic magnetic nanoparticles polarised under a gradient magnetic field (z
direction), attracted towards the magnet by exerting a downwards magnetic force F,
on the magnetic nanoparticles colloid layer floating at the air-water interface. These
magnetic forces on the particles are depended of the volume (7)) of the particles, the

difference in magnetic susceptibilities (4y) of the medium and the magnetic particle
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and the magnetic induction intensity (B) and its gradient (VB), as shown in the equation

6.2.2

_ VmAx
Ho

(B.V)B equation-6.2

Top View Side View

With MF 5 mm

Figure 6.4. Deformation of the SMNPs layer on the water air interface, under a magnetic field
(MF) of 42 mT. From left to right: schematic diagram of the formation of the twister, pictures

of the top and side view of the magneto twister.

The floating superhydrophobic magnetic nanoparticles colloid layer incurves
downwards forming a water-solid/water-air interface under the magnetic field, and the
observed bending is more pronounced with the increase of the magnetic field value, see
Figure 6.5a. This particle confined water interface deformation behaviour is higher than
the Moses effect suffered by a diamagnetic liquid under a magnetic field.?** As
presented in Figure 6.4, the solid-water interface touched the depth of the water
container with the increment of the magnetic field, making a stable flipped conical
structured water interface, with a twister like shape. However, it was appreciated that
the SMNPs exhibited two states, over the water surface. As a monolayer of particles,
attracted to the water interface under capillary forces, and as free SMNPs on top of the
attracted monolayer at the end of the cone. Free SMNPs accumulated on the water
interface at the highest magnetic flux density region (centre of the magnet), where the
magnetic field is stronger. This increased particle density, rose the magnetic moment
and inflicted an inclination of the magnetic force in the middle of the conical shape,
modifying the structure, making it more concave. The variation of the distance (4)

between the water-superparamagnetic superhydrophobic nanoparticle (4 mg) interface
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and the floor of the glass vial, with the applied magnetic field, is depicted in Figure
6.5a. A rapid increment of the conical shape spike was observed over ~ 30 mT, coming
with an abrupt decaying for the 4 value, see Figure 6.5b. Finally, at ~ 42 mT, the spike
touched the glass surface and generated a stable twister shape configuration. Then, the
horizontal remote translocation of the twister was investigated by changing the position
of the permanent magnet but keeping a constant magnetic field (67 mT), see the

captured images from a video in Figure 6.6.

When increasing the amount of magnetic nanoparticles in the system, for instance from
4 to 10 mg, a lower magnetic field was needed for the twister to touch the bottom of
the glass vial. This can be explained considering the increment of the magnetic moment
in the whole system. Figure 6.7a, shows that the required magnetic field dropped to 31
mT when increasing the particle amount up to 10 mg. In the case of the magneto twister
formation, the magnetic force, as shown in the equation-6.2, acts as the main driving
force to originate the magneto twister, and it depends on the amount of particles and
the applied magnetic field gradient, for the same type of particles and tested water
levels. Therefore, the required gradient magnetic field can be lowered (< 31 mT, at the
surface of the water container) when using more than 10 mg of SMNPs, and can be
raised (> 42 mT, at the surface of the water container) when using less than 4 mg of
SMNPs. Nevertheless, it needs to be considered that the required gradient magnetic
field is proportional to the height of the water layer in both, low and high concentration

of particles.
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Figure 6.5. (a) Deformation of the SMNPs-water interface under the applied magnetic field.
(b) Decay of the distance between the (4 mg) SMNPs-water interface and the bottom of the
glass vial of 5 mL (1 mL water volume), n = 3. (c) Pictures of the CS at different magnetic
fields (over 42 mT) and (d) hysteresis curve of the CS width values under an increasing (grey)

and reduced (red) MF.

Figure 6.6. Captured images from a video of movement of the twister while changing the

horizontal position of the permanent magnet. 1,5 initial position, 2-5 changing the horizontal

position by following the magnet.

An interesting observation was a width enlargement of the tip of the CS, once the
twister was formed, by increasing the magnetic field up to 353 mT, in both
configurations (4 and 10 mg of SMNPs), see Figure 6.5c. Most of the monolayer of
SMNPs, which was spread over the water surface by capillarity, travelled to the bottom
of CS of the twister when increasing the magnetic field. Interestingly, they moved
inclinable downwards on the water surface without leaving the surface due to the lateral

capillarity force, keeping the twister shape even during horizontal remote translocation,
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Figure 6.6. It is possible to observe that the SMNPs travelled on the water surface under

the horizontal (x-direction) gradient magnetic field.

As explained above, the accumulation of SMNPs at the bottom surface of the vial
brought an increase in the surface area of the CS of the twister and an enlargement of
the width of the spike as depicted in Figure 6.5c. Therefore, the forward and reverse
manipulation of the CS neck of the twister was possible by increasing or decreasing the
strength of the MF, Figure 6.6d. Interestingly, a significant hysteresis on the width value
of the CS was observed when comparing the increasing and the reducing magnetic field
paths. This behaviour can be explained considering the adhesion forces between the
SMNPs and the bottom of the glass vial, affecting the release of the SMNPs back to the
water surface interface. Moreover, the magnetic dipole-dipole interaction could also
affect the release process by keeping the particles in an aggregation state at high
magnetic fields. However, the buoyancy and the upward surface tension forces start to
dominate the movement of the SMNPs back to the previous shape once reducing the
MF on the whole system. A higher amount of magnetic SMNPs (10 mg) led to an
increase on the size of the width of the CS but it showed the same hysteresis trend, see
Figure 6.7b. As well, the amount of the SMNPs directly affects the enlargement of the
width in the CS while increasing the magnetic field, after the formation of the magneto
twister. In this case, a lower saturation width (< 6.0 mm) and a higher saturation width

(> 8.2 mm) are expected when using less than 4 mg or more than 10 mg of SMNPs,

respectively.
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Figure 6.7. (a) Decay of the distance between the (10 mg) SMNPs-water interface and the
bottom of the glass vial of 5 mL (1 mL water volume). (d) Hysteresis curve of the conical shape

(CS) width values under an increasing (grey) and reduced (red) magnetic field (MF).
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Further characterisation of the twister was done, as shown in the Figure 6.8, presented a kind
of visible air column attached to the superhydrophobic SMNPs when in water, called plastron
effect,2® which was observed in three different states. In state-1, at low MF, a visible plastron
caused the air attraction on the superhydrophobic SMNPs. The inhomogeneous SMNPs layer
enhanced the confinement of a thick and stable air layer between the SMNPs and the water
surface. However in state-2, the higher MF promoted a more compact SMNPs layer, while
increasing the width of the CS, incrementing then, the pressure between the SMNPs layer and
the water interface and consequently hindering the visibility of the air plastron; similarly to the
effect occurring in a Cassie-Baxter to Wenzel transition.?” Finally in state-3, at even higher
magnetic fields (MFs), the attraction of the SMNPs to the external magnet along with their high
magnetic flux, promoted the accumulation of a highly visible air plastron layer around the

SMNPs, agglomerated at the bottom of the CS of the twister.

State-1 State-2 State-3

Figure 6.8. Visualisation and characterisation of the diffusion states of the air plastron in the
CS of the twister, at different MFs. Broken yellow lines indicate the boundary of the water

interface.

The disorder of the twister shape was investigated by increasing the water column in
the glass vial under different MFs, Figure 6.9. Incremental amounts of water volumes
were added to the vial containing 1 mL of water. The 4 mg of SMNPs were stable
maintaining the twister shape at 350, 153 and 100 mT, Figure 6.9. At high MFs, 350
mT, the water-air interface over the CS obtained by the SMNPs tried to stretch itself,
by repelling the superhydrophobic phase while adding the water, until complete failure,
breaking the twister. At 350 mT, the SMNPs got firmly captured at the surface of the
glass vial, getting the water-air interface (left and right water-air interfaces in the 2D
side view), closer to each other, as explained above. After the addition of 120 & 12 puLL
of water, the water-air interface got fully disrupted and the SMNPs deposited at the
bottom of the vial, capturing a bubble, thanks to the applied MF. Nevertheless, when
lower MFs were applied, the SMNPs tempted to move upwards through the air-water
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interface due to both, upward capillary and buoyancy forces promoted by the opposite
lower MFs. In this case, the water intake threshold increased to 240 = 20 uL in 153 mT
and up to 360 = 20 uL for 100 mT. At low MFs, the capillary and electrostatically
attraction of the SMNPs layer on the water interface stretched vertically, reducing the
CS diameter, in a more drastic way, when increasing the volume of water, in
comparison to the high MFs experiments. As shown in the Figure 6.9¢ at MFs of 100
mT, the water-SMNPs layer interface was able to get closer to each other, generating
narrower cones, while increasing the volume of water in the vial, without breaking the
twister shape. This effect can be explained considering that lower magnetic forces
affected in a less extend to the SMNPs layer at the top of the twister, leaving a more
homogeneous water-SMNPs layer interface, generating more stable twister shapes,

even when increasing the volume of water in the vial.

Breaking

100 mT

Figure 6.9. Characterisation of the disruption of the CS shape during the addition of water to
the twister under different magnetic fields (a) 350 mT, (b) 153 mT and (c¢) 100 mT.

6.3.3 Water droplet transport on aqueous surface

In digital microfluidics, remote-stimuli movement of micro droplets plays an important
role, by handling small volumes of liquids. For instance, Yan Zhao et al.'! reported the
manipulation of a magnetic liquid marble, a liquid droplet encapsulated by

superhydrophobic and magnetic Fe3O4 nanoparticles (NPs), to handle discrete volumes
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of liquids on a solid surface.?® Both magnetic liquid marbles and the introduced
magneto twister operate by water-air interfaces adhered with superhydrophobic
magnetic nanoparticles, while an extra amount of energy is utilised in the magneto
twister formation. However, the magnetic field induced formation of the magneto
twister system facilitates to bend the water-air interface adjacent to the magnetic
particles-water interface by introducing a flipped conical structure, separating water-air
interfaces beside the magneto twister. This twister formation facilitates additional
characteristics such as the bending of the water-air interface, and the tunability of the
dimensional parameters of the twister and the substrate solid-magneto twister surface
area. These improve the applicability of the twister in both bulk water phases and
discrete water droplets, when compared to magnetic liquid marbles. Moreover, for
magnetic droplet manipulation, the magnetic liquid marbles show an unstable
behaviour while transporting the marbles due to friction and handling forces. In this

regards, Mei Kum Khaw et al.'*

reported a magnetically actuated floating liquid marble
on a water surface to transport the droplet with a minimum friction force, when
compared to solid surfaces. However, careful handling is required to manipulate
magnetic liquid marbles. For instance, the magnetic shell easily opens by tiny external
forces resulting on the mix of the droplet contents with the bulk liquid, smashing the
droplet manipulation system. In this regard, our twister system can improve the
manipulation of liquid droplets over water surfaces without breaking the system under
the unexpected handling forces. The twister structure was able to hold a water droplet
over the CS without leaking or losing its volume over time, Figure 6.10a. The droplet
was stabilised on the surface of the SMNPs layer and could be transported through the
surface using the movement of the external permanent magnet as illustrated in Figure
6.10b. The top view and the side view of the Figure 6.10b show the transport of a water
droplet in a water environment, while moving the droplet under a 149 mT magnetic
field. At low MFs (<42 mT, for this particular system), the water droplet sat on the CS
of the twister, which is not touching the surface of the water container. In this case, zero
friction between the spike and the water surface was anticipated. However, at this state
the whole system presented low stability, while moving the permanent magnet, and the
droplet easily collapsed to the bulk aqueous system. However, at higher magnetic fields

(> 118 mT, for this particular system), the water droplet was stable, moving over the

water surface due to the robust and well packed SMNPs layer under the magnetic field.
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In contrast, the friction between the CS of the twister and the surface of the water
container surface was found to be high, affecting the droplet movement performance.
It was observed that the movement of the droplet was regulated by the adhesion force
between the SMNPs layer and the container surface. In order for the system to be useful
for droplet manipulation, the effect on the translocation of a water droplet was
investigated for two different surfaces, a glass (hydrophilic) and a polymethyl
methacrylate (PMMA) (less hydrophilic) surface. The moving velocity of the twister
structure carrying a water droplet and the driving velocity of the permanent magnet
during the translocation process were monitored. When using the glass surface, Figure
6.10c, nearly same average magnet driving (7.64 mm s™') and droplet moving (7.91 mm
s!) velocities were observed, showing low friction due to the low adhesion force
between the glass surface (~ 58.40 mJ m?, surface energy) and the low surface energy
of the SMNPs layer of the twister. On the other hand, when using a PMMA surface, the
droplet was moved along the surface, but at a certain moment, the droplet collapsed and
mixed with the bulk, as shown in the blue vertical line in the Figure 6.10d. The high
surface adhesion force between the SMNPs layer and the PMMA surface (surface
energy ~ 41.21 mJ m™) resulted on the deposition of the NPs coming from the CS on
the PMMA surface, destroying the SMNPs layer structure during the movement of the

twister.

However, this behaviour was avoided by using superhydrophobic Fe particles, which
have a higher saturation magnetisation, 220 Am* Kg'!, (3.9 times higher magnetisation
than SMNPs) as shown in Figure 6.10e. The higher magnetic forces of these particles
attracted more firmly to the moving magnet and overcame the high adhesion force
between the particles and the PMMA surface, recovering a stable droplet manipulation
system. Therefore, the stable droplet manipulation in water was possible by
manipulating the surface energy, the magnetic force applied and the chemistry of the
particle system forming the twister. This has specific implications on efficient
transportation of aqueous based reactive droplets inside of an aqueous medium in a
controllable way, in the same compartment without merging two miscible aqueous
liquid phases. These findings could provide with a solution to reduce the instability of

remotely stimuli magnetic liquid marbles.
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Figure 6.10. (a) Image of the twister carrying a water droplet of 5 uL (top view). (b) Schematic
diagram of the water droplet movement on water surface under the displacement of an applied
gradient magnetic field. Side view of the movement of a water droplet over the twister, in
aqueous environment under 149 mT. Top view of the movement of a water droplet over the
twister, in aqueous environment under 149 mT (horizontal translocation of z direction magnetic
field). Velocity profiles for the movement of the droplet (red dots) and the permanent magnet
(black triangles) by using the SMNPs twister for (c) a glass surface, (d) a PMMA surface in
and (e) by using the superhydrophobic Fe particles twister for a PMMA surface in water.

6.3.4 Magneto controllable plugs
Remotely controllable plugs and valves are promising tools to be applied in Lab-on-

chip technology. In this regard, magnetic particles with different functionalities have
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been used as plugs to analyse biomarkers, magnetic particle impregnated hydrogels

as valves®! and plugs*? and magnetic particles stabilised liquids (ferrofluids) as valves

to change the direction of flow.*

Interestingly, the deformation of the
superhydrophobic magnetic particle-water interface system, can be easily applied for
the generation of plugs in open channels, see scheme in Figure 6.11a. The water SMNPs
interface deformed to form the twister in the middle of the open channel under an
applied MF. By increasing the value of the MF, the SMNPs compacted at the bottom
of the channel keeping the twister structure and thus, forming a superhydrophobic plug,
separating the liquid in two independent partitions, see picture in Figure 6.11b. The
switching of the MF off allowed releasing the particles from the bottom of the channel,
bringing them back to the water surface, removing the magnetic plug. Liquid separation
was achieved in the channel by the formation of an elongated meniscus, attached to the
SMNPs. In another experiment, as depicted in Figure 6.11c, two different liquids (red
and blue) were independently stored by the plug, avoiding liquid leakages, mixing or
diffusion. Moreover, the stability of the plug was investigated in order to demonstrate
that it was possible to reduce the volume in one of the containers, acting as an
independent liquid reservoir. By removing liquid from one of the reservoirs, the
formation of a non-equivalent meniscus level in both sides of the plug demonstrated
the sealing capacity of the plug under the magnetic field. The liquid in the right-side
partition (colourless) of the plug was successfully removed (~ 30 % of its volume) by
creating a negative flow pressure on the right side of the channel, see Figure 6.11d. No
diffusion was observed from the red colour liquid, left, to the right side of the plug was

observed.

Moreover, to further demonstrate the perfect separation of the water partitions, a NaOH
solution at pH ~ 12.5, colourless, and a solution containing phenolphthalein at pH ~ 6-
7, colourless, were separated by the twister structure, Figure 6.11e. After 30 min, no
purple/pink colour (colour of the phenolphthalein in basic media) was observed in the
surroundings of the partition, demonstrating that the twister prevent leaking or diffusion
of the liquids in the partitions. Moreover, the removal of the MF facilitated the mix of
the two solutions when releasing the plug, allowing the formation of the purple/pink
colour in less than 5 min, Figure 6.11f. This allow the use of these type of switchable

plugs for the formation of independent reaction chambers in open channels, which can
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be independently manipulated and transformed. The observed effect has important

applications in microfluidic devices.
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Figure 6.11. (a) Schematic illustration of the formation of the plug. (b) Picture of the magnetic
plug in an open surface PMMA channel. (c) Picture showing two different colours of liquid at
both sides of the plug, demonstrating the absence of leaking or diffusion after partition. (d)
Picture of the open channel after withdrawing some liquid from the right side partition. (e)
Pictures of a partition of phenolphthalein (pH indicator) and NaOH solutions by the magnetic
plug. (f) Pictures of the removal of the plug by removing the magnetic field, observing the
mixing of the two partitions, visually indicated by the formation of the purple/pink colour of

the phenolphthalein in alkaline media.

6.3.5 Removal of floating microplastics using the twister from the water interface
The presence and accumulation and floating microplastics in natural waters is a harmful
situation that leads to the pollution of the water resources.** Therefore, to treat and
manipulate contaminated water-air interfaces is urgent and needs to be properly
addressed. Microplastics contamination is expected as well in miniaturised devices,
coming from the fabrication processes of the devices, thus cleaning them by a remote
stimulus will provide no additional steps to the process. In this regard, magneto
manipulation of the water-air interface deformation by the SMNPs layer could be
applied to collect and remove microplastics from the water surface. In order to proof
this assumption, polystyrene (PS) particles sprinkled over the water surface of a half-
filled glass petri dish, were used as a proof of concept of a “contaminated” water

surface. Then, 4 mg of SMNPs were sprinkled at 12.5 mm far from the PS particles. It
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was observed that the SMNPs did not attract the PS particles. The PS particles remained
static without moving towards to the SMNPs layer, keeping their velocity nearly 0 mm
s”' as shown in the Figure 6.12a (MF off). After 5 s, the magnet was approached to the
SMNPs layer (100 mT), forming the twister shape structure (MF on), as explained
above, activating the water interface deformation, CS, as in Figure 6.4. At that moment,
a PS microparticle started to move towards the twister (see the set of pictures in Figure
6.12a), stating to accelerate towards the twister and getting a maximum speed of 47.8
mm s™! just before getting adsorbed by the CS. The trajectory of the PS particle is shown
in the Figure 6.12a inset images (right side), in real time, starting with a slow and
random movement, which increases velocity when approaching to the centre of the CS.
The twister formed a steep water-air interface, which provided a short of a slide
configuration for the particle to move towards to the centre of the twister. Moreover,
the lateral capillary forces and the Van der Waals forces between the SMNPs and the

PS microparticle acted as interacting forces accelerating the movement of the particle.*

Considering this finding, the translocation of the twister, using the external magnetic
field, was used to capture the non-magnetic PS particles present at the surface of the
water by just moving the permanent magnet and so the twister. Figure 6.12b shows a
set of images, taken from a video, of the movement of the twister, capturing multiple
PS microparticles. By moving the twister around the water surface, all the PS
microparticles can be easily collected since they hold to the SMNPs of the twister by
the lateral capillarity and Van der Waals forces while displacing the magnetic twister.
Therefore, this novel strategy provides an easy and cheap technique to remove water

surface contaminated plastic particles by using the magnetic twister.
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Figure 6.12. (a) Velocity of a PS particle attracted towards to the twister, without a MF applied
to the SMNPs layer (before 5 s time, Picture 1) and with a MF of 100 mT, (after 5 s time,
Pictures 2-4). (b) Set of images taken from the Video S6.7. The water surface was
“contaminated” with PS microparticles, and then the twister moved towards the PS

microparticles and removed them from the surface.

6.4 Conclusions

In conclusion, a novel low surface energy superhydrophobic magnetic particle system
is introduced, called “Magneto Twister”, which is a stable magneto tunable and
movable, flipped conical structured solid-water interface, which resembles a storm

twister in shape. The magneto twister was fully characterised to elucidate the properties
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and limitations of the system. The applicability of this system was reported for three
different potential microtechnological applications. First, the magneto twister was used
to manipulate water droplets in a water environment by just placing a water droplet
over the twister and transporting the droplet by displacing the applied magnetic field,
facilitating water droplet translocation in aqueous media. The robustness of the
magneto twister is able to manipulate the droplets in a stable manner, which is a
problem commonly faced in magnetic liquid marble particle systems. Further, the
twister was introduced as a magnetic plug to separate liquids inside of an open surface
channel. Finally, the magneto twister was used to collect and remove floating
microplastic particles from the surface of the water by simply moving the twister
towards the microplastic to trap and then, remove them by magnetic guiding. This
investigation opens up new pathways of using superhydrophobic magnetic

nanoparticles in water-air interface assisted applications.
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CHAPTER 7
Underwater Magneto-Driven Air De-
bubbler
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Abstract. The accumulation and deposition of undesired air bubbles on the surface of
microfluidic channels and on underwater functional systems is a major drawback,
which worsen their performance. Present de-bubbling strategies are usually complex
and require of advanced tools or tedious operation protocols. In this Chapter, we
propose a flexible and easily adaptable strategy to efficiently collect, transport and
evacuate the underwater deposited air bubbles by a remote stimulus, using
superhydrophobic ferromagnetic particles. The low surface energy of the
superhydrophobic ferromagnetic particles assures the trapping of underwater air
bubbles, due to their underwater superaerophilicity, while the high magnetisation of the
superhydrophobic ferromagnetic particles facilitates the manipulation of the formed
particles-bubble system by using an external magnetic field, induced by a simple
permanent magnet. The properties of the system were characterised for different bubble
deposited surfaces. Remarkably, a 99 % air bubble removal efficiency was observed in
microfluidic channels, providing an easy and cheap strategy to address the air bubble
accumulation issue faced by microfluidic technology without integrating any advanced

tools or protocols in the device.
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7.1 Introduction

Unexpected nucleation, growth and deposition of air bubbles in underwater systems,
particularly in aqueous channel surfaces, negatively affect the functionality and the
performance of the system.? Gas nucleation is expected in supersaturated liquids, when
overcoming the energy barrier required rupturing the liquid, allowing the formation of
a gas bubble, homogeneous nucleation. This effect is often observed in microfluidics
channels.? On the other hand, defects present on underwater solid surfaces act as gas
nucleation spots, being responsible of a heterogeneous gas nucleation. Surface crevices
or surface defects propagate preoccupied gas spots (Harvey nuclei), which formed
during filling of the liquid in low wettability conditions, resulting in the growth of gas
bubbles by trapping them to the pre-existing gas nuclei spot.> In addition to that, the
direct injection of gas bubbles, with radii over the critical bubble value at liquid
saturated conditions, makes the bubbles to be deposited on the surfaces of the

underwater systems and channels.

In particular, bubbles in the channels of a microfluidic device affect its performance by
reducing or inhibiting flow, generating unexpected reactions or damaging the channel
surface and deviating specific functional conditions in the device.*® For instance, cell
viability and cell culture media in microfluidics devices are highly affected by bubbles.
The burst of bubbles in the presence of cells can rupture the membrane of the cell.
Moreover, bubbles can block the fluid flow of the cell culture medium in continuous
flow systems, damaging the cell culture.® To remove surface deposited gas bubbles is
an acutely difficult task, which requires performing additional operations in the system.
Therefore, investigations focus on the prevention of the formation and the removal of
the bubbles on those systems. In this regard, the geometry of the channels has to be
specifically designed to avoid micro-structured defects. Moreover, the use of
connecting groves with vents,” or the tuning of the surface properties, by using chemical
treatments such as oxygen plasma, have been investigated to reduce bubble formation.®
In addition, integrated external/internal modules within the microfluidic devices have
been employed to trap and remove air bubbles from the system. For instance, Meng et
al.’ presented a hydrophobic bubble sink plate, integrated in the wall of a microfluidic
device, with venting holes to remove air bubbles. Later, a new configuration based on
gas permeable membranes were investigated to trap and purge gases. Liu et al.'°

reported an upstream liquid directed nozzle type channel with a
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poly(tetrafluoroethylene) (PTFE) venting membrane placed on top for rapid bubble
removal. Moreover, Cho et al.!! reported a disposable degassing method based on a
microchannel network with an integrated poly(dimethylsiloxane) (PDMS) membrane.
The reusable membrane, containing micro-support arrays, can be assembled and
disassembled by vacuum pressure. The device was able to collect and vacuum the air
from the membrane. In another example, Williams et al.!> presented an externally
integrated rapid de-bubbler module, sandwiching a hydrophobic PTFE membrane
between two poly(methyl methacrylate) (PMMA) slabs to avoid the bubble to enter into

the microfluidic channels. Recently, Huang et al.'?

reported an in-line sloped PDMS
micro structured system, fabricated through two-photon polymerisation technique, in
which the bubbles are able to accumulate on the top of the device, due to buoyancy

force and to a smart venting configuration combined with vacuum.

Interestingly, air bubble manipulation systems have found promising approaches to
address bubble contamination in underwater and aqueous based microfluidics systems.

For instance, Yu et al.'

introduced a silicone-oil-infused slippery surface to manipulate
bubbles in an aqueous environment. Their lubricant-infused shaped slippery (LIS)
tracks were used to guide bubble delivery and so, to facilitate continuous bubble
distribution. In this case, the movement of the bubble on the LIS was driven by
buoyancy force. Later, Guo et al.'” reported a magnetic responsive slippery gel surface,
fabricated in PDMS doped with iron powder and silicone oil, for underwater bubble
smart manipulation. On the slippery magneto responsive gel surface, the sliding
behaviour of bubbles was reversibly controlled by alternately applying or removing an
external magnetic field, showing extended stability compared to underwater slippery
liquid-infused porous surfaces. As well, Yu et al.'® introduced a superhydrophobic helix
to directionally deliver air bubbles in a controllable manner. More recently, Zu et al.'’
presented a high performance manipulation strategy for gas bubbles by utilising
ferrofluid-infused laser-ablated micro-structured surfaces (FLAMS), which facilitated
ultrafast horizontal transport of air bubbles in a programmable manner, under a
magnetic field. In general, all these techniques rely on specifically fabricated flat or
channel surfaces, which need to be chemically modified by smart bubble manipulating

materials, being difficult to implement in real applications.

In order to fulfil the request for an easy to use and at the same time, affordable method

to remove bubbles at the microscale, we propose a magneto responsive, underwater
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bubble collection, merging, transportation and manipulation system applicable on
surfaces and microfluidic channels, which avoids the need for chemical modification
of their surfaces. Herein, we chemically modified the surface of ferromagnetic iron (Fe)
particles to reduce their surface energy, named as superhydrophobic magnetic particles
(SMPs). Two properties of the SMPs were considered, their underwater
supererophilicity and their magneto responsiveness. Underwater inserted particles were
magnetically guided and then attracted to the deposited air bubbles due to their
superaerophilicity. Subsequently, by displacing the magnetic field, the attracted air
bubbles were transported and thus, easily removed from the underwater surface or the
microfluidic channel, Figure 7.1. Bubble collection and transportation properties of the
SMPs-bubble system (called de-bubbler) were investigated with low and high surface
energy underwater surfaces and within microfluidic channels. Then, the properties of
the SMPs-bubble system were fully characterised to understand the air bubble loading
capability of the particle system and to identify the required magnetic fields needed to
hold the desired volumes of the air bubbles on different underwater surfaces. Finally,
the best performance was validated, obtaining nearly 99 % efficiency on air bubble

removal in a PMMA based microfluidic channel.

Underwater/aqueous channel

SMPs

2 ) { ) O F 3

Figure 7.1. Schematic diagram of the magneto collection of air bubbles by SMPs in a

microchannel, de-bubbler.
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7.2 Experimental

7.2.1 Characterisation of the SMPs and the SMPs de-bubbler

The same synthesis protocol as mentioned in Chapter 5, section 5.2.2 was used to obtain
superhydrophobic Fe particles (Cg-Fe, SMPs). FTIR, SQUID, Contact angle was
characterised by using the same equipment mentioned in sections of 3.2.3, and 6.2.6.
Scanning electron microscopy (SEM) images of the particles were recorded by Hitachi

S-4800 (Hitachi Japan) at an accelerating voltage of 5 kV.

4.0 mg of the SMPs was sprinkled to the water surface of containers of different
materials, and the particles were brought to the bottom surface (depth) of the container
using a NdFeB permanent magnet (cubic 10 mm magnet). Known volumes of air were
loaded to the underwater SMPs using a gas syringe (Agilent, 50 puL) under different
magnetic fields and using two surfaces, glass and PMMA. The gradient magnetic field

was calculated by the equation 6.1

Magneto collection, merging and manipulation of underwater air bubbles were
investigated by pre-depositing known volumes of air bubbles on the bottom of glass,
PMMA and PDMS containers filled with water. 4.0 mg of the SMPs was introduced
into the containers in the same way as mentioned above and the magnet was displaced

together with the SMPs to collect, merge and manipulate the deposited air bubbles.

The synchronisation effect of the magnet and the de-bubbler while horizontal
translocation under the magnetic field was characterised by measuring the velocities of
the de-bubbler and the magnet. The moving (manual) velocities of the magnet and the
air bubble attached to the SMPs, were tracked by video analysis, through the Image-J
software coupled with a manual tracking plugin.'® This was used to track the motion of
the de-bubbler and the magnet within short time ranges, which allowed obtaining

velocity values.

7.2.2 Fabrication of the microfluidic devices and removing of the air bubble in the
channels.

The microfluidics devices were fabricated by the following protocol. The layers of the
PMMA microfluidics device (Figure 7.2a) were assembled together and sealed by
thermocompression bonding in a roller laminator (Vivid Matrix Duo Laminator MD-
460/MD-650, Vivid, United Kingdom) at 105 °C. PMMA sheets were cut by a CO»
Laser System (VLS2.30 Desktop Universal Laser System, VERSA Laser, USA)
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equipped with a 10.6 pm CO» laser source ranging in power from 10 to 30 W. 1.1 mm
thick PMMA (ME303010, clear, Goodfellow, United Kingdom) was used for the
channel layer of the device and 175 pm thick PMMA (ME303016, clear, Goodfellow,
United Kingdom) was used for the bottom and top cover layers. The microchannel
dimensions were 1.5 mm width x 40.0 mm length x 1.1 mm height. All the cartridges
included a 2.0 mm diameter inlet and outlet (on the top PMMA layer) in order to move
the liquid thought the channel. To facilitate the loading of the SMPs, two side channels
(1.0 mm width x 2.5 mm length x 1.1 mm height) with two additional inlets (2.0 mm

diameter) were added to the design of the cartridges.

The glass base microfluidics device (Figure 7.2b) was built by multiple-layer
lamination. Microfluidic channels (1.5 mm width x 40.0 mm length x 1.1 mm height)
were cut by a Graphtec cutting Plotter CE6000-40 (CPS Cutter Printer Systems, Spain)
on sheets of Pressure Sensitive Adhesive layers (127 pm thick ARcare® 8939, Adhesive
Research, Ireland) and by CO> Laser System (VLS2.30 Desktop Universal Laser
System, VERSA Laser, USA) on sheets of 1.1 mm thick PMMA substrate (ME303010,
clear, Goodfellow, United Kingdom). A glass slide (25 x 75 mm, Deltalab, Spain) was
used as the bottom base of the device and the top cover was cut on sheets of 380 um
thick PMMA substrate (ME303001, clear, Goodfellow, United Kingdom). All the
cartridges included a 2.0 mm inlet and outlet in order to move the liquid thought the
channel. To facilitate the loading of the magnetic beads, two side channels (1.0 mm
width x 2.5 mm length x 1.1 mm height) with an additional inlet (2.0 mm diameter)
were added to the design of the cartridges. The assembly and lamination of the Glass,
PSA and PMMA layers, one on top of the other, generated the complete microfluidic

network.

SMPs (~ 1.0 mg) were introduced into the microfluidic channel (filled with water) by
the inlet chamber and then, the deposited air bubbles were collected by the SMPs, when
translocating the magnet. The collected air bubbles were transported towards the outlet
chamber and released by removing the magnetic field. The bubble removal efficiency
(BRE) for calculated by equation 7.1:

i—f
BRE =— X 100% equation 7.1
l
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where, i and f denote the initially contaminated amount of bubbles and the amount of
bubbles after the de-bubbler operation. The images and the videos were recorded with
a Sony IMX586 Exmor RS 48 megapixel lens with 12X macro lens. The videos and the
images were analysed by Image-J software and the objects tracking was done by the

manual tracking Image-J plugin.

Figure 7.2. Dimensions and materials of the microfluidic devices with (a) PMMA bottom and

(b) glass bottom surfaces.

7.3 Results and Discussion

7.3.1 Characterisation of the magneto-driven underwater superaerophilic de-
bubbler

For an ideal smooth surface immersed in water media, the surface wetting of a gas
bubble correlates with the wettability of the water sessile droplet in air medium. The

contact angle for a water droplet in the air (WCA 0y) and the contact angle for a bubble
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in water medium (BCA 0y) can be deduced by the Youngs equation in equation 7.2 and

equation 7.3, respectively, !

cos 0,, = M equation 7.2
Yiv

cos 0y, = M equation 7.3
Yiv

whereas, Vsv, vsi, and yiy are the free energies of the solid-vapour, solid-liquid and liquid-
vapour interfaces, respectively. Therefore, the correlation between the water and the
bubble contact angles can be theoretically determined using the equation 7.4, for an

ideal smooth surface.
0, = 180° — 6, equation 7.4

The FTIR spectra of bare Fe and SMPs (Cg-Fe) was analysed to check the modification
of the octyl hydrocarbon chain on the Fe surface. As depicted in Figure 7.3 (Cs-Fe), the
high intense distinguish peaks frequency at 2850, 2941, and 2965 cm™! are due to the
stretching vibrations of CH> in alkyl chains.?® The peak at 1460 cm™ can be attributed
to the CH> bending vibrational peak of the coated molecules. As well, the stretching
vibrational peaks at 866, 990 and 1115 cm™ in the SMPs spectrum were assigned to
Si-C, Si-O-Fe and Si-O bonds respectively, demonstrating the binding of the alkyl chain
through the silane group to the particles surface. The common peaks of residual water
OH stretching and bending were found in both Fe and SMPs at the positions of
3430/3340 cm™ and 1630/1660 cm™'.2°23 However, the intensity of the O-H peaks was
reduced in the SMPs spectrum due to the hydrophobic alkyl groups, inhibiting the

absorption of residual water to the surface of the Fe particle.
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Figure 7.3. FTIR spectra of bare Fe microparticles (black spectrum) and the chemically
modified SMPs (Cs-Fe) (red spectrum).

According to the SEM images (Figure 7.4 a and b) of the bare (Fe) and chemically
modified (SMPs) particles, the roughness texture of the surface of the bare Fe changed
to a smooth texture in the SMPs, proving the successful long chain hydrocarbon coating
on the particles. As depicted in the Figure 7.4c, the SMPs size distribution is in the 0.7
- 5.5 pm range, with the higher percentage in the 1 - 4 pm range. Moreover, some

aggregation of particles can be seen in Figure 7.4d.
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Figure 7.4. SEM images of (a) Fe particles, (b) SMPs. (c) Size distribution of the SMPs and
SEM picture of the SMPs. (d) SEM of an aggregate of SMPs.
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Thus, a superhydrophilic surface in air behaves as a superaerophobic surface
underwater, while a superhydrophobic surface in air presents superaerophilic properties
underwater.?* Figure 7.5a, shows this behaviour, where the WCA ~ 152 ° was converted

to the BCA ~ 19 ° for the superhydrophobic magnetic particles.

The immersion of the chemically modified iron particles (Cs-Fe) in water, under the
gradient magnetic field, facilitated the formation of self-assembled microstructural
spikes over the surface, as shown in the top image of Figure 7.5b. The particle-particle
and the particle-external field magnetic interactions affected the self-assembly of the
particle system differently with the value of the externally applied magnetic field. These
interactions depend on the magnetisation, dimensions, shape of the magnetic particles
and shape of the magnet, as well as, the distance and the orientation of the magnetic
components.?® These octyl alkyl modified, soft ferromagnetic particles were fabricated
keeping a high saturation magnetisation, 220 Am? kg'!, compared to the saturation
magnetisation of Fe (239 Am? kg'), Figure 7.5¢c. These modified magnetic particles
showed superhydrophobic properties, Figure 7.5a (left side image), maintaining a static
water contact angle of ~ 152 °, due to the non-favourable interaction between polar
water molecules and the non-polar octyl alkyl in magnetic particles. As shown in Figure
2b top image, the superhydrophobic particles system with the attraction of air
underwater, self-assembled under the induced magnetic field, by forming a crown-
shaped microstructure, called from now on as “particle-air Crown (P-aCrown)”. It was
found that for a 4.0 mg of SMPs ~ 12 pL air volume (plastron) was transported to the
water medium from the water-air interface when immersing the SMPs. At this state, the
air layer was confined within the magnetic self-assembled structure, following the spike
pattern because of the high magnetic forces towards the underwater supererophilic
particles. Nevertheless, in reduced magnetic fields, the magnetic force towards the
particles was minimised, and due to that, the P-aCrown reassembled its structure and
the air layer deformed to a spherical bubble, minimising its surface area, as depicted in
Figure 7.5b, bottom image. Moreover, the particles shifted upwards due to their bouncy
forces and remained attached to the air-water interphase of the bubble due to the lateral
capillary forces, forming a bubble marble.?® Further reduction of the magnetic field (38
mT, for 4.0 mg of SMPs) or switching off the magnetic field facilitated the relaxation
of the particle-air system and the detach of the air bubble from the glass surface, since

the bouncy force of the bubble dominated the behaviour of the system at that stage. The
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superhydrophobicity/underwater superaerophilicity and high magnetisation of the Cs-
Fe particles promoted the remote manipulation of underwater air bubbles with different

shape states under the tuneable external magnetic field.

Magnetic moment (Am? kg™')
o

1 | 1 |
2 mm

' Air ~152°  waterm, ~19° | | S —

1 1 | 1

| | | |

| pa— | | |

1 I | 1

s i e e e e g s W 1 | 1

1§ |

280 : ! 1

(C) ——Fe 230 Am? kg™ 1 1

210 {——Cy-Fe RARD RN : Reducing :

1404 | MF i

1 1

70 I -

300K 1 38mT 2mm

I . 1

I 1

| |

| |

| 1

| |

I |

noH (T)

Figure 7.5. (a) Water droplet contact angle in air medium (Air M), WCA ~ 152 °, and air bubble
contact angle in water medium (Water M), BCA ~ 19 ° over a Cs-Fe deposited thin layer. (b)
Magneto tunable, underwater superaerophilic particle-air system de-bubbler, showing images
of the particle-air P-aCrown assembly under the influence of two magnetic fields. (¢) SQUID

analysis of the superhydrophobic Cg-Fe and the commercial Fe particles.

The stability of the SMPs was tested by settling the particles under different types of
solutions (H20O, PBS, 0.01 M HCIl, 1 M HCI, 0.01 M NaOH and 1 M NaOH). The
magneto attracted underwater SMPs strongly repelled water, due to the low surface
energy molecular arrangement of the surface of the particles. Figure 7.6 shows the
stable air trapping ability of the SMPs under H>O and PBS up to 24 h. In these non-
ionic and high ionic density conditions (pH ~ 7), SMPs maintained their superaerophilic
stability and showed no oxidation of the particles or degradation of the long chain
carbon coatings of the SMPs, for the time investigated and they could be reusable under
these conditions. At alkaline solutions, 0.01 M (pH ~ 12.1) and 1 M (pH ~ 13.9) of
NaOH, the SMPs behaved as well as superaerophilic, and showed stable behaviour up
to 24 h. However, it was observed that some particles lost their superaerophilicity at

extremely high pH conditions (pH ~ 13.9), due to the degradation of the long carbon
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chains on the surface of the particles. Nevertheless, the bubble attraction ability of the

SMPs system was tested to be stable up to 10 days, under the mentioned solutions.

In acidic conditions, pH ~ 2.1, the SMPs were stable up to 1 h, losing their
superaerophilicity soon after. On the other hand, at pH ~ 0.2, extremely high acidic
conditions, the SMPs were unstable, oxidising the iron particles as could be observed
in Figure 7.7, by the formation of hydrogen gas. To avoid this behaviour, the same long
chain carbon molecule was used to modify iron oxide (Cg-Fe3Os4) nanoparticles
(SMNPs). Then, the SMNPs stability was tested under these acidic solutions. The
synthesis and the characterisation of the SMNPs can be found in a previous Chapter 6,
section 6.2.1.22 As shown in the Figure 7.7, the SMNPs presented a stable behaviour in
the pH ~ 2.1 acidic medium up to 24 h, and even after 10 days. Nevertheless, they were
just stable for 15 min in highly acidic solutions, pH ~ 0.2, where the SMNPs rapidly
started to loss their superaerophilicity and began to dissolve, forming FeCls/FeCl..
Therefore, this underwater bubble trapping and manipulation protocol can be used for
rapid operations, less than 15 min, in highly acidic solutions, and shows good stability

in slightly acid, neutral and basic solutions for long periods of time.

H,O (pH- 6.8) PBS (pH- 6.9) 0.01 M NaOH 1 M NaOH

Figure 7.6. Superaerophilic stability of the SMPs under water, PBS solution, alkaline solutions
0of 0.01 M (pH~12.1) and 1 M (pH ~ 13.9) NaOH. The particles were discharged to the surface
of the water by removing the magnetic field in each solution after 15 min, 60 min and 24 h.
Then, they were re-submerged inside the solution under the magnetic field followed by the
loading of air volumes of 20, 40, 40 and 40 pL respectively, to demonstrate their

superaerophilicity. Scale bar: 1 mm.
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Figure 7.7. Superaerophilic stability of the SMPs (Cs-Fe microparticles) and the SMNPs (Cs-
Fe304 nanoparticles) under acidic solutions of 0.01 M (pH ~ 2.1) and 1 M (pH ~ 0.2) HCI. The
particles were discharged to the surface of the water by removing the magnetic field in each
solution after 15, 60 and 24 h. Then, they were re-submerged inside the solution under the
magnetic field followed by the loading of air volumes of 20, 40, 40 and 40 pL respectively, to

demonstrate their superaerophilicity. Scale bar: 1 mm.

7.3.2 Gas loading/attraction of SMP under the magnetic field

The maximum air bubble loading capacity of the magnetic P-aCrown (4 mg of SMPs)
was investigated by loading air into underwater P-aCrown, which was settled at the
bottom surface of a glass vial, under 353 mT. As depicted in Figure 7.8a, the maximum
air bubble capacity was found to be 60 pL. Further addition of air, provoked to the air
bubble to leave the P-aCrown system but leaving a small portion of air within the P-
aCrown spikes (12 - 20 pL depending on the P-aCrown shape). The bubble started to
leave the P-aCrown system when the bouncy force (Fu()) of the bubble exceeds the
adhesion force (Faggp)) of bubble-SMPs and the bubble-substrate surface force (Fa(gs))
(here glass). Besides that, the stress between the upward bouncy force (Fu) and
downward adhesion forces (Faegp), Fas)), stretch and break the bubble. The bubble
substrate and the SMPs adhesion forces depend on the surface tension of the liquid,
contact diameter and the contact angle hysteresis of the bubble.?” The mentioned forces
acting on the bubble and on the SMPs are highlighted in Figure 7.8b. Moreover, a
higher loading capacity, 130 pL, was observed when using lower surface energy

substrates compared to the glass such as PMMA, due to the higher adhesion force of
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the bubble-substrate surface under water. In particular, when using the bare PMMA
surface (without magnetic P-aCrown) it was possible to observe up to 40 uL air bubbles
stack to the surface, whereas in the bare glass surface, air bubbles were unable to get
stack (0 puL) due to the high surface energy and the inherent underwater repulsion of

the air bubbles, as demonstrated using the equation 5.

Another parameter to be considered in order to control the air loading capacity of the
de-bubbler is the applied magnetic field. The minimum magnetic field required to hold
a desired volume of air bubble for a fixed amount of SMPs is presented in Figure 7.8c.
In this case, 4.0 mg of SMPs were hold by an external magnetic field, in a glass surface.
A power trend line was observed while increasing the air volume at the minimum
required magnetic field. This effect can be explained considering the higher magnetic
force (Fmp)) needed to hold bigger volumes of air to counter strike on the higher
buoyancy forces (Fy(p)) at higher air bubble volumes. In this case, the air bubble was
attracted to the SMPs through the adhesion forces between air and the particles, while
the magnetic particles held to the glass vial surface via magnetic forces. At low
magnetic fields, the buoyancy force of the SMPs (Fy()) and bubble (Fy)) dominated
the de-bubbler behaviour. The SMPs travelled and settled alongside the water-air
interface in the bubble due to surface tension forces and capillarity. By further reducing
the magnetic field, the magnetic force (Fmp)) over the SMPs was reduced too, thus the
SMPs left the glass surface carrying the air bubble, with the SMPs inside of the bubble.
However, in a bit higher magnetic fields, the magnetic force dominated the SMPs
behaviour, over the buoyancy force of particles (Fy(p)) and capillarity thus, the bubble
left the de-bubbler by making a secondary bubble. This behaviour was explained
considering the higher buoyancy force of the bubble (Fy)) over the adhesion force
(Fa(gp)), which promoted the air bubble to leave the system. Both, behaviours are shown

in the Figure 7.9.
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Figure 7.8. (a) Air loading in a 4.0 mg SMPs (Cs-Fe) under 353 mT (MF value on the glass
vial surface) gradient magnetic field. (b) Simplified schematic diagram to show the main forces
on the air bubble on the SMPs, Fy ) bouncy force on air bubble, Fap) adhesion force between
air and the particles, Fas) adhesion force between air and substrate surface, Fy,) bouncy force
on SMPs, Fn) magnetic force on the SMPs, Fa(s) adhesion force between the particles and the
surface substrate, m mass of the SMPs, g acceleration due to the gravity on the SMPs. c)
Required minimum magnetic field to hold the desired air volume on a 4.0 mg SMPs de-bubbler,
(n=3). (d) Reshaping of the underwater de-bubbler with an attracted air bubble, while reducing
the magnetic field on high surface energy glass substrate (left) and on a low surface energy

PMMA substrate surface (right). (top — schematic illustration, bottom — behaviour of the SMPs
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attracted air bubble (30 uL) while reducing the magnetic field). Colours of the lines illustrate

the states of the air bubbles while reducing the magnetic field.

4 mm

—
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—

mT
Figure 7.9. (a) 60 pL air bubble leaving the SMPs (4.0 mg) at 54 mT magnetic field (MF). (b)
10 pL air bubble leaving the glass surface together with the SMPs (4.0 mg) at 16 mT.

The SMPs are in the range of 0.7 um to 5.5 pm. In order to investigate the possible
influence of the particle size on the system, the micron size ferromagnetic Cg-Fe
(SMPs) and the nano size (~ 11 nm) ferrimagnetic Cs-Fe3O4 (SMNPs) were compared.
The loading capacity of the air is increased in SMNPs (~ 80 puL) compared to the SMPs
(~ 60 pL) due to their higher surface area as shown in the Figure 7.10a. However, the
low saturation magnetisation of the nanoparticles (Figure 7.10b) significantly affects
bubble manipulation. In the SMNPs system, although the nanoparticles can be
deposited on the surface with air the bubble, the horizontal moving of the magnet with
the collected bubble was not efficient due to the low magnetic attraction forces. In this
case, higher magnetic field gradients would be required to manipulate the bubble

particle system.

The deformation of the air bubble within the SMPs, while reducing the magnetic field
is depicted in Figure 7.8d. The SMPs and the air bubble showed low attraction to the
glass surface due to the non-polarity of the particles and the underwater
superaerophobicity of the glass surface, respectively. Therefore, the particle-air system
reduced their surface area over the glass surface while reducing the external magnetic
field holding the SMPs. The shape of the de-bubbler reconfigured, as shown in the
Figure 7.8d-left, by increasing the particle-air bubble contact angle. When reaching

lower magnetic forces, the attraction force (due to the magnetic field) between the
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particles and the glass surface decreased, allowing the particles to leave the glass
surface with the attached air bubble. However, when using low surface energy
substrates, the bubble and the particles were strongly held to the surface due to their
higher bubble-substrate surface adhesion force (Faegs)) and particle-substrate adhesion
forces (Faps)). Therefore, in this second case, the variation of shape in the de-bubbler
was found to be insignificant, compared to the one of superhydrophilic or underwater

superaerophobic surfaces, as shown in Figure 7.8d-right for the PMMA surface.
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Figure 7.10. (a) Air loading capacity of 4.0 mg SMPs (Cs-Fe) and SMNPs (Cs-Fe;Os) under
353 mT (MF value on the glass vial surface) gradient magnetic field. (b) SQUID analysis of
the SMPs and SMNPs.

7.3.3 Underwater surfaces air de-bubbler: magneto targeted air collection,
merging and manipulation
The transportation properties and the transport efficiency of the accumulated bubbles

are important in underwater bubble removing applications. Figure 7.11a presents the
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air transportation capability of ~ 38 uL of air on a 4.0 mg of SMPs de-bubbler, using a
189 mT magnetic field on an underwater PMMA surface. The de-bubbler followed the
magnet without leaving any air bubble or particle fractions on the PMMA surface
during movement, providing an efficient magneto-driven bubble system. The magnet
driving velocity and the induced bubble system moving velocity were determined as
shown in the Figure 7.11b, and were found to be similar. The average velocity of the

magnet and the bubble were calculated to be 17.9 mm s and 17.7 mm s!, respectively.

The magnetic particles with the attracted air bubble hold to the magnet by magnetic
forces while the horizontal translocation of the magnetic field (movement of the
magnet) acted as the main driving force for the de-bubbler movement over the surface.
However, the de-bubbler retention force (F:) consisted of a bubble-surface adhesion
force (Fags)), a particle surface adhesion force (Faps)) and the aqueous environment fluid
dragging force (Fq) of water, which acted oppositely to the magneto driving force.
Therefore, the net driving force determined the efficiency of the de-bubbler movement.
In Figure 7.11a a PMMA surface was used as the bubble manipulating surface, where
comparable low Fags) and Faps), due to the underwater aerophobicity, and the weak polar
and non-polar interactions promoted the de-bubbler translocation. In this case, a
magnetic field of 189 mT was sufficient to hold the de-bubbler and, at the same time,
to translocate the magnet and generate a net driving force, Figure 7.11b. The
synchronising capability of the magnet and the de-bubbler under different magnetic
fields is depicted in Figure 7.12, where the magnet moved manually on a horizontal
plain. In a low magnetic field (29 mT), the magnet and the de-bubbler were not
synchronised due to the low magnetic attraction forces (red box). Over 61 mT, the de-
bubbler followed the magnet with a small delay (yellow box). Finally, at high magnetic
fields, over 203 mT, a good synchronisation was observed, with nearly the same

velocities of the magnet and the de-bubbler (green box).

On the other hand, for experiments performed using PDMS surfaces, Figure 7.13,
which shows the collection and translocation of air bubbles at different magnetic fields.
189 mT was inadequate to provide a sustained attraction between the magnet and the
de-bubbler, while translocating the magnet to generate a net driving force. (Figure
7.13a) Higher adhesion forces (Facs) and Fagps)), due to the underwater aerophilicity and
the favourable attraction of the non-polar particles and non-polar PDMS surface,

resulted on the de-bubbler to get stack on the surface, reducing the bubble movement
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efficiency. Nevertheless, by increasing the magnetic field to 256 mT (Figure 7.13), the
efficiency of the manipulation of the de-bubbler can be improved for the PDMS
surfaces. This approach could be applied for other low surface energy materials such as

polystyrene and polyurethane.”®
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Figure 7.11. (a) Translocation of a 38 pL air bubble (~ 11 pL at the initial state plus 27 pL of
collected air) on the underwater PMMA surface. (b) Comparable estimation of the driving

velocity of the magnet and the induced velocity of the air bubble (38 pL) with SMPs, while

192



transporting on the underwater PMMA surface. Magneto driven collection of air bubbles by
SMPs. (c) Merging and collection of different volumes of air bubbles pre-deposited on the
underwater PMMA surface (1, 2, 4, 8, 12 pL). A horizontal translocation of 189 mT gradient
magnetic field was used to manipulate the air bubbles with 4.0 mg of SMPs.

In order to investigate the behaviour of the air de-bubbler, air bubbles were strategically
positioned on an underwater PMMA surface. The volumes of the bubbles were set to
be 1, 2, 4, 8 and 12 puL as shown in Figure 7.11c. Then, 4.0 mg of the SMPs was
introduced into the underwater PMMA surface, with deposited air bubbles, by the
magnet. A horizontal translocation of the magnetic field (189 mT), by moving the
magnet, permitted the magnetic manipulation of the SMPs, which attracted the air
bubbles on its way, and removed them from the surface. Interestingly, the deposited
bubble moved to the SMPs de-bubbler rapidly, leaving the surface, overcoming the
adhesive force between the bubble and the surface, facilitating the growth of the bubble
deposited on the SMPs de-bubbler. Deposited bubbles have higher internal pressures
compared to the bubble in the air de-bubbler thus, they reduce their surface area by
merging into the SMPs, reaching a more energetically stable state. Moreover, the
underwater superaerophilicity of the SMPs allowed the attraction of the air bubble more
efficiently than the PMMA or the glass surfaces, which have lower aerophilicity or

aerophobicity, respectively.
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Figure 7.12. Synchronisation of the magnet and the air bubble (38 pL) under different magnetic
fields.
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Figure 7.13. Transport of an air bubble settled in a PDMS surface under magnetic field. (a) De-
bubbler did not move after magnet translocation due to the low magnetic field, 189 mT. (b) De-
bubbler moved with magnet translocation due to the higher magnetic field, 256 mT. (c)
Collection of deposited air bubbles of 0, 20 and 30 pL. Magnetic translocation of the bubbles
under a 256 mT gradient magnetic field. Translocation of the magnet and the bubble are shown

in green and red colours, respectively.

7.3.4 Air de-bubbler application in microfluidics channels

The air de-bubbler was implemented to resolve one of the biggest problems in the
microfluidics field, undesired air bubble accumulation in channels.? The novel magneto
driven air bubble removal protocol presented above was implemented in a microfluidic
device Figure 7.14a (top), as depicted in Figure 7.14a (bottom), schematic illustration.
~ 1.0 mg of SMPs was introduced into the marked inlet compartment and the particles
were remotely transported by the magnet to the targeted bubbles present in the main
channel. While the de-bubbler passed through the channel, the SMPs collected the
bubbles due to the underwater superarophilicity of the particles. Then, the collected
bubbles were released at the open outlet and the particles were finally recovered by the
magnet at the outlet. As a proof of concept, the removal of a single air bubble (~ 0.3

pL) attached to the PMMA microfluidic channel wall was carried out, Figure 7.14b.
194



The de-bubbler hold the air bubble due to the underwater superaerophilicity of the
particles and the high adhesion force between the air bubble and the (SMPs) particles.
A magnetic field of 478 mT provided enough magnetic force to attract the magnetic
particles towards the magnet during translocation, overcoming the adhesion forces and
to remove and efficiently transport the air bubble along the microfluidic channel. In a
second experiment, random multiple air bubbles of different volumes (~ 0.01-0.25 uL
range) and positions were loaded in the PMMA microfluidic channel, getting mainly
attached on the top and on the bottom surfaces of the channel, see Figure 7.14c. First,
the magnet, and so the de-bubbler, were positioned at the bottom side of the
microfluidic device and were moved at 478 mT across the microfluidic channel to
sweep (right to the left side) the air bubbles attached to the bottom surface of the wall.
77.3 % of the bubbles were removed at that point. Then, by moving the magnet to the
top side of the device, the air bubbles deposited on the top surface were swept (left to
the right side) by passing the de-bubbler at 457 mT, achieving 98.9 % total air bubble
removing efficiency. Figure 7.4c (right) shows a binary black and white representation
chart of the calculation as an example. Moreover, in order to test the performance of
the air de-bubbler in other type of surfaces, the system was tested in a microfluidic
device in which the bottom and the top surfaces were built by glass and PMMA,
respectively. Figure 7.14d shows how air bubbles, deposited at the bottom and top
surfaces, were swept by the air de-bubbler using 397 mT for glass and 457 mT for
PMMA magnetic fields displacements. It was observed that, the deposition of the air
bubbles in the top ceiling surface, PMMA, was higher (96.0 %) when compared to the
bottom surface, glass (surface energy ~ 58.40 mJ m), due to the low surface energy
and the reduced underwater aerophobicity of the PMMA (surface energy ~ 41.21 mJ
m™2). In this case, a 100.0 % of bubble removal efficiency was achieved by just one
single cycle of sweeping. The efficiency was calculated by the evacuated bubble

percentage during the magnetic sweeping.

It is worthy to mention here that the efficiency of bubble removal can be improved by
increasing the number of sweeping cycles and the amount of SMPs in the air de-
bubbler, as long as the SMPs do not block the channel. On the other hand, traces of
magnetic particles could get stack at the edges or corners of channels in devices with

more complicated channel configurations or when using microfluidic devices with
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lower surface energy surfaces. Nevertheless, these particles could be easily recovered

by using higher magnetic fields.
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Figure 7.14. (a) Image of the microfluidic device (top), schematic illustration of the mechanism
followed by the air de-bubbler in order to remove air bubbles in the microfluidic channel
(bottom). Arrows show the direction of the air de-bubbler through the channel. Images of
channels with deposited air bubbles before, during and after the application of the de-bubbler
system: (b) removal of a single air bubble from a PMMA microfluidic channel under a magnetic
field 0of 478 mT. (c) Removal of multiple air bubbles from a PMMA microfluidic channel under
a magnetic field of 478 mT. The magnet was moved through the top and the bottom surfaces
for the fully removal of all air bubbles. The right-side image presented the black and white
image analysis (bubbles are identified with the white colour border) of the de-bubbled to
calculate the efficiency of the bubble removal percentage. (d) Removal of multiple air bubbles
in a glass (bottom) and PMMA (top) surfaces microfluidic channel under 397 mT and 457 mT
magnetic fields, respectively. The magnet was moved through the top and the bottom surfaces

for the fully removal of all the air bubbles.

In this particular case, the influence of the de-bubbler on the performance of the
microfluidic device (e.g. flow rate) was low since the operation of the de-bubbler was
performed in a static mode: (1) liquid flow stops, (2) removal of the bubbles and (3)
restarting of the flow. In applications that require a dynamic removal of bubbles, the
de-bubbler could perturb the operation of the device. Therefore, for each application,
the SMPs passing through the channel will need to be considered and properly

evaluated. Nevertheless, this effect can be reduced by using a high surface area magnet
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that spread the particles on the channel surface. This would avoid their accumulation in
a single spot and so would minimise the inhibition or reduction of the flowing rate.
However, the friction effect on the liquid flowing through the channel could be reduced

due to the superhydrophobicity of the spread SMPs.

7.4 Conclusion

In summary, we successfully developed an efficient protocol to magnetically collect,
merge, transport, and evacuate free and deposited underwater air bubbles from
underwater surfaces and microfluidic channels. The de-bubbler consisted of
synthesised superhydrophobic magnetic particles with underwater superaerophilicity
and with high magneto responsive properties. The underwater superaerophilicity of the
particles allowed to trap the underwater air bubbles, while the ferromagnetic property
of the particles promoted the remote manipulation of the de-bubbler under a magnetic
field by targeting the deposited random air bubbles. The air bubbles collection, merging
and the transportation capabilities of the air de-bubbler were demonstrated for both,
bulk underwater surfaces and inside of microfluidic channels, acquiring a 98.9 %
bubble removing efficiency in the channel. Compared to the existing bubble removal
systems, the introduced protocol can be applied to deposited or free bubbles by
remotely guiding the de-bubbler with a single magnet. This simple underwater air
bubble manipulation and evacuation system will open an easy and cheap way to address
the inherent air bubble issue present in most of microfluidics applications without

integrating any advanced tools or processes.
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Fundamental studies on materials and their subsequent applicability advance the
development of the material sciences field and thus upstand human well-being and the
protection of the environment. The main deliverables through this thesis contribute to
the understanding of the properties and behaviour of magnetic materials, improving
their usability for future applications. For instance, the knowledge generated on
magnetic hydrogels in Chapter 3, provides the fundamental understanding of the
properties of differently synthesised magnetic alginate hydrogels (ex situ and in situ)
that would lead to the selection of the appropriate type of magnetic hydrogel synthesis
protocol for future applications such as controlled drug delivery systems. In Chapters 4
and 5, the synthesised novel alginate hydrogel-based platform facilitates simultaneous
rapid sensing of body fluid biomarkers and remote manipulation. The introduced
scaffolds contribute to the advance of novel sensing technologies for Lab-on-a-Chip
and Lab-in-a-bead. Finally, the magnetic particle systems presented in Chapters 6 and
7 expand the knowledge of usability of low surface energy magnetic particles for Lab-

on-a-chip and environmental applications.

Magnetic alginate hydrogel beads are one of the vastly reported magneto-driven
miniaturised nanocomposites, which are used for multiple applications, such as
medical, environmental or even as actuators in devices. In these beads, the magnetic
phase is integrated into the polymer matrix by direct blending, ex situ, or by in situ
nucleation, to obtain magneto driven hydrogel matrixes. However, these two types of
beads, which are fabricated through two different protocols in Chapter 3, show
divergent stabilities in non-identical ionic density aqueous media. For instance, the in
situ synthesised beads degrade rapidly, showing low stability behaviour in neutral pH/
low ionic density aqueous media. On the other hand, the ex situ synthesised beads are
stable in the same conditions, showing an opposite behaviour. The reason for that is the
generation of ionic by-products inside of the bead (in sifu) during the mineralisation of
the magnetic phase inside of the bead, which increases the ionic density in the bead.
Therefore, in order to stabilise the ionic density of the bead and so to reduce its ionic
density, water molecules penetrate inside of the bead through the alginate membrane,
when the bead is in a low ionic density aqueous media. These types of media are
commonly used in environmental and biological applications. At those conditions, in
situ synthesised beads start to degrade when the crosslinking bond strength exceeds the

maximum bead swelling capacity, due to the diffusion of water inside the beads,
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promoted by their high ionic density, which tries to stabilise with the media.
Nevertheless, they show advantages compared to ex sifu synthesised beads, like their

cheap, in one-step, fast fabrication method.

In order to overcome the inherent low stability behaviour of in situ synthesised beads,
a coating process to generate an extra alginate layer on the bead is necessary. This
investigation provides with a fundamental framework to understand the properties of
ex situ, in situ and modified in situ synthesised magnetic metal-oxide based alginate
hydrogels, directing the path to select the most adequate magnetic bead mode (ex situ,
in situ, and modified in situ) according to the required magneto-driven hydrogel
application. As an example, the findings of this investigation support the use of a
specific bead-fabrication protocol for, for instance, a required, controllable drug
delivery system, weather employing a quick or a prolonged release of molecules, for a

particular application.

It is interesting to point out that the in sifu synthesised nanoparticles, exhibit a low
particles size of ~ 3 nm when compared to ex sifu synthesised Fe3O4 nanoparticles, ~ 8
nm. This is explained considering the confinement of Fe** /Fe?" in the alginate hydrogel
matrix during the nucleation and growth of the Fe3O4 nanoparticles inside the bead. In
the future, further investigation of this effect would lead to formalise a model to control
the particle sizes with respect to the hydrogel conditions (monomer and cross linker
ratios), by introducing a universal method to synthesise specific particles in a hydrogel
media. In addition, these in sifu synthesised particles show a magnetite crystal phase
with a low tendency to oxidise due to the alginate coating. Their magnetisation values,
in combination with their low magnetic hysteresis, enable them to be used for magneto-

driven applications.

Magneto-driven colorimetric sensors provide remotely handling, guiding and
manipulating capabilities when the sensors are integrated into a Lab-on-a-Chip system.
In this regard, the functionalities of the sensor scaffold are important since directly
define the quality and the efficiency of the microfluidic device. In this regard, TiO2
nanotubes alginate scaffolds could be used as sensing optical materials due to the
secure, high loading capacity of the colorimetric and enzymatic assays, and the rapid

sensing. Then, these scaffolds can be used for the colorimetric detection of biomarkers
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in biological fluids (e.g. lactate and glucose), when integrating the required enzymatic
assay. As a proof of concept of this technology, a scaffold is fabricated by immobilising
enzymatic catalytic assays of LOX/GOX and HRP with TMB chromophore in a
TNT/alginate nanocomposite, Chapter 4. A rapid colorimetric signal (blue colour
optical signal read out) is observed for artificial sweat biomarkers in the TNT/alginate
hydrogel platform. Concerning the other reported scaffolds, TNT/alginate scaffold
shows high loading capacity of the sensor assays and rapid optical readout recording,
due to the contribution of the hydrogel and the superhydrophilicity of the TiO:
nanotubes. Moreover, the TNT/alginate scaffold can be combined with other materials,
such as paper, for the generation of a simple paper-based microfluidic device. The new
functionalities of this scaffold open new avenues to improve microfluidic paper-based
analytical devices by just incorporating alginate-based materials. Therefore, this
biocompatible colorimetric biosensor scaffold is a promising tool to implement real

time detection of sweat biomarkers in wearable devices.

Continuing with the development of novel magneto driven colorimetric sensors, the
next step is the addition of magnetic properties to the TNT/alginate scaffold, by
introducing a magnetic phase (Fe3O4 nanoparticles or Fe particles) into the hydrogel
matrix. Nevertheless, those types of particles destroys the colorimetric sensing property
of the scaffold since they interfere on the colour detection due to the inherent black
colour of the magnetic particles. Therefore, it is desirable to be able to fabricate a Cs-
Fe/ TNT/alginate scaffold containing both magnetic actuation and colorimetric sensing
properties. In order to do that a novel fabrication process is presented. The application
of a magnetic field while crosslinking the hydrogel scaffold, allows to confine the
superhydrophobic magnetic Fe particles to the bottom of the hydrogel bead without
interfering to the optical signal read out recording area on top. As well, the so-called
Janus bead exhibits soft magnetic properties while keeping an efficient biosensing
ability, Chapter 5. The most straightforward application is to be able to perform
colorimetric sensing in blood since direct colorimetric sensing of this biofluid is
complicated due to the interference of the red colour coming from the red blood cells
over the sensing scaffold. The Janus bead, acts as a membrane for red blood cell
filtering, preventing the entrance of cells within the scaffold. The scaffold is tested to
detect glucose levels in plasma and blood, and the expected blue colour response of the

bead was successfully generated without any interference from the red blood cells. This
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novel Janus bead shows multiple functionalities such as efficient biosensing, remote
handling capability under magnetic field and red blood cells filtering ability. Therefore,
it can be considered as a universal hydrogel scaffold for biosensing, named Lab-on-a-
bead system in the microfluidic field. This miniaturised system has a versatile
opportunity to be integrated into small-scale and large-scale devices with the above-
mentioned functionalities. Besides that, as an example, this system can be used to sense
analytes in unapproachable spots by remotely sending the bead to a specific location,
immobilising the required chemical assays within the bead. Then, after performing the
detection, the bead can be collected back by using the magnetic field, and perform the

signal reading.

The reduction of the surface energy of the magnetic particles differs the attraction
towards the solutions or polymer solutions when compared to the bare magnetic
particles, which are discussed in Chapter 3. Particularly, their surface wetting behaviour
facilitates these compelling systems to be applied in microfluidics as magnetic liquid
marbles, oil capturing systems, and bubble marbles. Spanning the studies within the
state of the art, an exclusive superhydrophobobic magnetic particles system is
introduced, called magneto twister, Chapter 6, which includes the properties provided
by magnetic liquid marbles in droplet microfluidics, such as the transportation of liquid
droplets. The floating superhydrophobic magnetic particle collide layer in water-air
interface, incurves downwards with the water-solid/water-air interface under the
magnetic field, where the observed bending is more pronounced with the increase of
the magnetic field value. The solid-water interface touches the depth of the water
container with the increment of the magnetic field, making a stable flipped conical
structured water interface, with a twister shape providing a stable magneto movable
system. This magneto twister is used to manipulate water droplets in a water
environment by just placing a water droplet over the twister and transporting the droplet
with the displacing of the applied magnetic field, facilitating water droplet translocation
in aqueous media. As well, this system successfully overcomes the instability and
unexpected destruction behaviour of the conventional magnetic liquid marbles by
providing a robust system while handling the droplets. Further, the applicability of the
magnetic twister, as a magnetic plug to separate liquids inside of an open surface
channel is successfully demonstrated. Finally, the magnetic twister is used to collect

and remove floating microplastic particles from the surface of water. Since the twister
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has a steep water-air interface slide is capable to move the particle towards the twister,
enabling the collection of particles and subsequent removal of the particles away by
just translocating the magnet underneath the twister. This unconventional magnetic
twister system opens up new pathways to utilise superhydrophobic magnetic
nanoparticles for water-air interface applications. For instance, water-miscible aqueous
droplets are transported over aqueous media without mixing, in a controllable manner,
by using this system, providing a versatile and facile way to manipulate two miscible

aqueous mediums.

Similar superhydrophobic magnetic particles can be applied to address one of the
fundamental problems in microfluidics, the deposition of air bubbles in the surface of
the channels when filled with aqueous solutions, Chapter 7. Low surface energy
magnetic particles are used as a smart material to trap, collect and eliminate deposited
air bubbles in aqueous systems, surfaces and in microfluidic channels. The underwater
superaerophilicity and the high magnetisation of the particles led to trap, manipulate
and to remove air bubbles in a controlled manner, without contaminating the aqueous
sample, in a simple way. This novel and versatile protocol secures bubble-free
underwater surfaces or microfluidics channels. The air bubbles collection and the
transportation capability is demonstrated for both a bulk underwater surface system and
inside of a microfluidic channel, acquiring ~ 99% bubble removing efficiency in the
channel. This simple underwater air bubble manipulation and evacuation system will
open up an easy and cheap way to address the air bubble issue without integrating any
advanced tools or mechanisms. Moreover, this protocol is also promising in many

underwater applications such as, removing deposited gas bubbles in electrodes.

In this thesis, several fundamental aspects of magnetic hydrogels and magnetic particle
platforms have been developed. The key objectives of this work were driven by the
urgent need of understanding applied magnetic materials to be used in applications such
as remotely manipulable microfluidics and body fluid sensing. The findings of this
thesis, concerning the different sub-objectives, generated new knowledge on the
behaviour and properties of alginate base magnetic hydrogels, on magneto driven body
fluid scaffolds and on magnetic particles systems, for their latter integration in

microfluidic devices.
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