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And not losing hope till the end.”
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Abstract

For the past few decades, nanomaterials have been an integral part of research involving
applications in various industries, ranging from pharmaceuticals, electronics, energy,
chemical, food, aviation, etc, owing to their unique optical, magnetic, mechanical,
electrical, and other physico-chemical properties. Two research areas in particular, where
nanomaterials have found an increased interest are environmental and biomedical
sciences, as hydrological tracers and drug delivery systems, respectively. The main focus
of this thesis is to synthesise, functionalise and characterise magnetic and polymeric
nanoparticles (NPs) for the potential use as hydrological tracers, drug delivery systems and
biosensors.

The use of tracers has been well established to monitor and manage hydrological systems
such as brooks, streams and rivers. However, the availability of a limited number of
potential tracers such as salts, isotopes and dyes, makes studies of hydrological processes a
challenge. Furthermore, traditional tracers find limited use due to the lack of multiplexed,
multipoint tracing and background noise, among others. In this regard, DNA-based tracers
possess remarkable advantages including, being environmentally friendly, stable, and
with high sensitivity, in addition to showing great potential in providing an ideally
unlimited number of unique tracers capable of multipoint tracing. Though some studies
present magnetic DNA-based tracers for hydrological applications, these utilise a single
type of DNA to functionalise one type of iron-oxide NP (IONP). Therefore, there exists
a gap in research that could show the possibility to produce multiple magnetic tracers
by functionalising different IONPs with different DNA. Additionally, there are no reports
investigating the variation of magnetic properties of the tracers with the functionalisation
process.

In this work, DNA-based tracers aimed at hydrological applications were developed.
To make the tracers magnetic, to facilitate recovery, IONPs were incorporated in the
core of the tracers. These IONPs were synthesised using co-precipitation and thermal
decomposition techniques that yielded particles with sizes ranging from 9 to 20 nm,
spherical and cube shaped, with different physico-chemical properties. Particle size and
shape, among other factors, have a crucial role in determining the magnetic properties
of the tracers and in turn their magnetic harvesting for separation and analysis.
Synthesising IONPs via thermal decomposition enables precise control over the particle’s
size, morphology, and eventually, their magnetic properties. Time-based growth for
IONPs, synthesised via thermal decomposition of iron-oleate precursor, showed that
iron-oleate started to decompose around 300 °C following burst nucleation and the reaction
subsequently entered growth regime with a rapid increase in particle numbers at 310 °C.
The reaction stabilised at 320 °C, where the particles underwent changes in morphology,
owing to surface diffusion and Ostwald ripening.
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The surface of IONPs was further modified with selected ligands to vary surface
charge and hydrophilicity. Tetramethyl ammonium hydroxide and sodium citrate
provided negative surface charges resulting in zeta potentials of -10 to -50 mV, while
cetyltrimethylammonium bromide imparted a positive zeta potential (+30 mV). Thereafter,
IONPs were functionalised with trimethoxysilylpropyl-N,N,N-trimethylammonium
chloride, before DNA functionalisation, to provide a positive surface potential (>13
mV) that facilitated DNA binding. Thereafter, the IONPs were functionalised with three
different double stranded DNA (T21, GM5 and GMS6) to explore the possibility of producing
multiple tracers, each having its unique tag. A subsequent coating of silica, encapsulated
and protected the DNA from loss to the surroundings. Magnetic characterisation showed
high saturation magnetisation (>75 emuy/g) for the IONPs after each functionalisation step.

Further, the IONPs were used for biosensing applications, utilising the concept of
magnetophoresis — motion of magnetic particles in a constant magnetic field gradient.
IONPs were coupled with silver NPs that impart optical characteristics of localised
surface plasmon resonance, resulting in dual magneto-plasmonic properties, into dimeric
NP (DNP). Time based growth studies showed that silver nucleated heterogeneously
on multiple sites on the IONP surfaces in the initial stages of the reaction, forming
satellite/raspberry-like morphology. As the reaction proceeded, the particles attained a
dumbbell-like shape due to the reorganisation of silver resulting from surface diffusion
and Ostwald ripening. Furthermore, the effect of the silver precursor (silver acetate)
concentration on the physico-chemical properties of DNPs showed increased plasmonic
response and decreased magnetisation with increasing concentration. Time-based
magnetic separation studies (using the concept of magnetophoresis) showed the potential
of DNPs to be used as sensors. Two separate particle populations were obtained after
exposing the particles to the magnetic field for 24 h. Larger particles separated after ~10
h showing greater separation velocities, while the smaller particles had longer separation
times. By analysing separation times for different particle populations in different samples,
the presence of target analyte can be detected.

Another field, where NPs find immense use in medicine, is cancer treatment, as NP-based
targeted drug delivery systems aid in reducing spread of drug toxicity to the healthy
tissue, thereby increasing the effectiveness of the delivered drug in killing cancer
cells. Stimuli-responsive NGs have received interest, due to their ability to swell or collapse
in accordance with changes in stimuli such as temperature, pH, ionic strength, light,
and electric and magnetic fields. Poly(N-isopropylacrylamide)-co-poly(acrylic acid)-based
stimuli-responsive NGs, that possessed both temperature and pH-based stimuli response,
were synthesised in this work, with hydrodynamic size ranging from 120 to 400 nm.
NGs are usually synthesized using precipitation polymerization at temperatures above
the volume phase transition temperature (VPTT) of the formed NG and these reactions
are extremely sensitive to synthesis parameters, including, reactant concentrations,
surfactant concentration, amount of initiator and reaction temperature. There exists a gap
in research investigating the effect of oxygen in the reaction atmosphere on the synthesis
of pNIPAm-pAAc-based NGs. The growth of NGs was studied via three different synthesis
routes, exploring different reaction parameters, namely, surfactant amount (sodium
dodecyl sulphate), reaction atmosphere (continuous and intermittent N, atmosphere)
and stirring modes (magnet bar and impeller). A decrease in NG size was observed
using continuous flow of N,, compared to the ones where N, was introduced at the
time of initiator addition. NGs prepared under continuous N, environment had a lower
polydispersity index (0.2) than the ones prepared in an intermittent NV, environment (0.6 -
0.7). The size of the NGs increased (35 to 85 % decrease in hydrodynamic size) on decreasing
sodium dodecyl sulphate concentration from 4.2 to 2.1 mM.
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To understand the stimuli response from temperature and pH, it is important to study the
extent of incorporation of pNIPAm and pAAc in the NG matrix. Most studies investigating
this are not associated with NGs, but microgels, and they do not highlight, in detail, the
effect of pAAc on the physico-chemical properties of the NGs. Hence, to address this, as
well as, to exploit the fact that the cancer region has an acidic microenvironment, the
effect of pH response of the NG has been investigated by varying pAAc content in the NG.
The size of the NGs increased (230 to 400 nm) with increasing AAc concentration from
10 to 30 mole%. Additionally, the NGs showed increased pH-based collapse (measured at
synthesis and pH = 3.5) with increasing pAAc concentration from 10 mole% (6.8 % collapse)
to 25 mole% (51.3 % collapse). Furthermore, loading and release studies were performed
at different conditions of temperature and pH, using a model protein drug, cytochrome
C (Cyt ). High loading (L.E. = 87.4 %) and encapsulation (E.E. = 254.5 ug/mg) efficiencies
were measured for NGs synthesised in a continuous N, environment, whereas, NGs that
were prepared in an intermittent N, environment showed low L.E. (30.8 %) and E.E. (181
ug/mg). Biocompatibility studies, conducted on the NGs using a whole blood model, showed
excellent cell viability. The NGs did not activate the complement system and induced little
or no release of pro-inflammatory cytokines/chemokines, suggesting good biocompatibility
and potential as a candidate for drug delivery vehicles.

Both, inorganic and polymeric NPs have been produced in this work employing
various synthesis techniques. One of the major challenges faced in the world of
nanoscience is reproducibility of NP synthesis. High reproducibility is crucial to ensure
similar production batches, thereby reducing any significant deviations in particle
quality. The issue of repeatability and reproducibility was faced in this work as well,
particularly with particle synthesis and functionalisation. NP quality was examined
using various characterisation techniques and measurements were repeated to reduce
deviation during analysis. Additionally, multiple sets of experiments were performed
and optimised to reduce any undesired uncertainties. The physico-chemical properties
of the NPs studied in this thesis, were mapped using a wide array of characterisation
techniques. NP sizes have been measured using transmission electron microscopy and
dynamic light scattering, while the zetasizer was used for measuring particle surface
charge (zeta potentials). IONP surface functionalisation was measured using attenuated
total reflection-Fourier transform infrared spectroscopy and the magnetic properties were
investigated using a superconducting quantum interference device and vibration sample
magnetometry. Ultraviolet visible spectrophotometry was used for studying the loading
and release of Cyt C from NG. To examine successful functionalisation and encapsulation of
the DNA with the IONPs and in silica, respectively, quantitative polymerase chain reaction
analysis was conducted.

This work aimed at providing NPs that have the potential to be used in the applications
of hydrological tracing and targeted drug delivery. Thus, the NPs studied within this
work provide a contribution to the ever expanding search for unique materials for
environmental and biomedical applications.
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“It isn’t the mountains ahead to climb that wear you down. It’s
the pebble in your shoe.”

— Muhammad Ali

“Knowing is not enough, we must apply. Willing is not enough,
we must do.”

—Bruce Lee

Motivation

According to the Oxford English Dictionary, ‘Nano’, stemming from classical Latin — nanus,
or its ancient Greek etonym — nanos, meaning “dwarf”,’ is an umbrella term encompassing
several technical and scientific fields, processes, and properties at the nanoscale or
microscale.? According to the definition given by The International Organization for
Standardization (ISO), a NP is a nano-object having at least one dimension in the nanoscale,
which is in the range-100 nm.* We, unknowingly or otherwise, encounter NPs in our daily
lives in some form or another, such as, antimicrobial silver NPs in bandages, titanium oxide
NPs in sun screen lotions, carbon nanotubes in sports equipment (bikes, tennis rackets,
etc.), to mobile phones and other electronic gadgets.

Nanotechnology deals with the manipulation of structures of matter at the nanoscale,
as stated in one of the most important lectures by physicist — Richard Feynman, at the
American Physical Society at the California Institute of Technology in 1959, where he
presented his thoughts on the ability to manipulate individual atoms and molecules.? This
makes the field of nanoscience revolutionary, transformative, powerful, and potentially
beneficial technology to help address critical international development sectors including
improved water purification systems, energy systems, biomedicine, food & nutrition, and
information & communications technologies.’

The principle motivation to perform research on NPs is founded in the so-called
quantum-size effect. Larger accumulations of atoms and molecules behave in more
of a statistical or aggregate manner, where the quantum mechanical properties get
averaged away. However, at nanoscale, particles with sizes somewhere between single
atoms/molecules, show pronounced size and shape dependent optical, electric and
magnetic behaviour.b For instance, gold loses its familiar yellow colour at nanoscale as
gold NPs (AuNPs) show localised surface plasmon resonance (LSPR) giving the particles
their unique colours, that is dependent on particle size and morphology.” Thus, AuNPs
can be finely tuned for medical applications of imaging and targeted laser destruction
of the tumor as means to avoid harming healthy cells.® Similarly, IONPs show unique



1.1. ENVIRONMENTAL APPLICATIONS

magnetic property of superparamagnetism, i.e. having high magnetic susceptibility and
zero coercivity, that is desired for various industrial applications. Furthermore, NPs have
a higher percentage of surface atoms, giving a higher surface to volume ratio, which may
result in an increased chemical reactivity and affect mechanical and electric properties
that are desirable in catalysis.’

1.1 Environmental Applications

Dealing with one of the most valuable resources on the planet - ‘water’, makes hydrology an
extremely important field of study. It consists not only of studying the natural distribution
and movement of water, but is also concerned with the impact of human activities on
water quality and with problems in water management. Furthermore, one of the crucial
global challenges faced by humanity is environmental pollution, which imposes negative
impacts on human health, sustainable social and economic development.’’ A prerequisite
to tackling this issue is to trace the source and migration pathways of pollutants in water,
soil and atmosphere.’? For e.g., human settlements are usually located in regions around or
near surface water sources or an aquifer, and increasing population density and industries
in these areas, often results in serious issues with regards to the quantity and quality
of available water. This deems important to determine groundwater table elevation and
groundwater flow direction in aquifers within and in regions surrounding residential
areas. Thus, groundwater flow direction is an important parameter in investigating the
pathway of pollutants originating from residential areas as well as in determining the areas
to be protected.

Tracer tests are a widely used technique to investigate flow paths and travel times of
solutes, particulates and contaminants in environmental waters.’-’2 However, there are
a limited number of potential tracers available to hydrologists to study these dynamic
processes. Traditional tracers, such as natural dissolved salts, stable isotopes, potassium
bromide, and fluorescent dyes,!’!3!4 have been reported to suffer from interference of
background noise, high analysis costs, potential environmental contamination, signal
contamination among others. Furthermore, application of tracers at larger scales/solvent
volumes results in dilution effects that pose issues with their detection limits thereby
becoming an important constraint.’”

To overcome these limitations, a new tracing systems based on DNA nanomaterials, namely
DNA tracers, has already been developed. DNA tracers have been reported to be specific
(i.e. bearing unique identifiers that do not suffer from interference due to background
noise), environmentally friendly, ultrasensitive to detection and multiplex capable (i.e.
enabling concurrent usage of a large number of species at a given time).’%16-18 Importantly,
DNA tracers can be repetitively and thus exponentially amplified, using quantitative
polymerase chain reaction (qPCR), theoretically pushing the detection sensitivity down to
one molecule.’®?° Hence, tracers containing DNA require a detection amount that is orders
of magnitude lower than that of traditional tracers. These tracers will pave the path for
monitoring hydrological processes, currently limited by the availability of multiple unique
tracers. Furthermore, the use of DNA as a tag is a precursor to ultra-high sensitivity in
detection.
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1.2. BIOMEDICAL APPLICATIONS

The rationale behind functionalising magnetic nanoparticles (MNPs) with DNA lies in -
fast and easy magnetic separation, better sample handling, absence of sample volume
limitations, and sample up-concentration.’>?! To prevent the free DNA from adsorbing
onto sediment particles, decay and/or biological uptake by microorganisms, the DNA
needs to be protected.?’?3, Studies have been performed that encapsulate DNA and
functionalise IONPs with DNA, however, in these studies, a single type of DNA has
been used for the fabrication of the tracer. More importantly, there is no report of
how the magnetic properties of the tracers change during the functionalisation process.
Particle size and shape of the IONPs, among other factors, have a crucial role in
determining the magnetic properties of the tracers and in turn their magnetic harvesting
for separation and analysis.’® Therefore, knowing how the magnetic properties alter along
the functionalisation route—from IONPs to DNA based magnetic tracers, with an aim to
understand structure-properties relations for the tracers, is extremely important.

1.2 Biomedical Applications

Erik Drexler was the first scientist, who greatly believed that nanotechnology might have
a great potential in medicine.?# His vision was to utilize nanotechnology in diagnosing and
treating injuries and diseases, owing to the negligible size of the molecules at nanoscale.
He thought that nanotechnology might be able to help in surgery as well, especially cancer,
where he stated -

“The immune system may not be able to recognize that a cancer cell is abnormal,
because it’s not able to look at enough different characteristics to identify the cell
properly. If injected into the body, a nano machine with an on-board computer
could look at 20 different characteristics of a cell before doing anything to it”.

Following this, there have been several drug delivery systems and diagnostic devices
that have been introduced to the market, bringing a revolution in the field of medicine
and medical practice. Early detection of many diseases, particularly cancers, is the
key to successful treatment of the disease. However, traditional diagnostic and imaging
techniques can not detect tumors in early development stages and have limited ability in
differentiating benign and malignant lesions.?’ As new advancements are seen in cancer
diagnostics, termination of cancerous cells is equally important. Targeted drug delivery is
one possible approach in treating cancer that focuses on delivering the cancer killing drug
to the intended cancerous region only, thereby avoiding healthy cells and tissue.?6

Stimuli-responsive NGs have been shown to have great potential in biomedical applications
such as drug delivery. These NGs undergo volume-based swelling or collapse on exposure
to stimuli (temperature, pH, ionic charge, light, magnetic field, etc.), releasing the drug
payload to the surroundings in the process. Owing to the complexity of the physiological
microenvironments, NGs responding to a single stimuli might not be suitable to achieve the
desired goals, therefore, materials that are responsive to dual physical or chemical stimuli
are highly desired for biomedical applications. pNIPAm-pAAc-based NGs provide such
dual stimuli-response with pNIPAm and pAAc providing thermal and pH-based responses,
respectively.
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1.2. BIOMEDICAL APPLICATIONS

Being one of the most widely studied thermo-sensitive polymers for bio-applications,
pNIPAm-based NGs undergo entropically driven reversible coil-to-globule transition above
the VPTT, that lies around 36°C for these systems, thereby making them ideal candidates
for biomedical applications such as drug delivery.?’?® pNIPAm-pAAc-based NGs are
usually synthesized using precipitation polymerization at temperatures above the VPTT
of the formed NG.?%-%! The reaction is complex and few studies have been conducted to
understand the growth of pNIPAm-based gels.*>33 In addition, to understand the stimuli
response from temperature and pH, it is important to study the extent of incorporation
of pNIPAm and pAAc in the NG matrix. However, most studies are not associated with
NGs, but, microgels. Furthermore, they do not highlight in detail, the effect of pAAc on the
physico-chemical properties of the NGs, as well as, release of drugs from these NGs.

Besides polymeric NPs, inorganic NPs, such as iron-oxide and silver NPs, have also
been extensively used in biomedical applications owing to their superparamagnetic
and plasmonic properties, respectively. In addition, magneto-plasmonic NPs combine
the worlds of magnetism and photonics at nanoscale, thereby exhibiting plasmonic
and magnetic phenomena simultaneously.’ Besides their application in magnetic
hyperthermia (MHT),**¢ magnetic NPs provide other functions, such as contrast
for magnetic resonance imaging (MRI)®%4 or magnetic-based targeting and drug
delivery.## On the other hand, plasmonic NPs present optical sensing ability for
applications as biosensors,*># and imaging agents.?#>46 From a theranostics approach, the
magneto-plasmonic assembly has gathered particular attention over the past few years due
to its multifunctional potential for biomedical applications.>*
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“The task is not so much to see what no one has seen; but to
think what nobody has yet thought, about that which everybody
sees.”

— Erwin Schrédinger

“Have no fear of perfection, you’ll never reach it.”

- Salvador Dali

Aim & Outline

The aim of this PhD work was to synthesise NPs for potential environmental application
— as hydrological tracers, and biomedical application — as drug delivery systems and
biosensors. As far as the environmental application is concerned, the idea focuses on
producing different DNA-based tracers, each having its own DNA signature, proving the
possibility to synthesise infinite number of unique tracers. Magnetic IONPs form the core
of the tracers, that are further functionalised with different ligands and DNA, before being
encapsulated in silica shell (to protect the DNA), as shown in Figure 2.1. Emphasis has
been on the synthesis, growth and functionalisation of IONPs, together with investigating
the effect of surface functionalisation, on the physico-chemical properties of the IONPs
and the variation in NP magnetism with surface coating. Three different IONPs have been
used to tune the magnetic properties of the tracers, in addition to using three different
DNA molecules, showing the possibility to synthesise different tracers, each having their
unique signature. Tracers showed magnetic separation behaviour and the successful
encapsulation of the DNA within silica was measured using qPCR.

IONP = ====== { Magnetic moiety: For easier separation of tracers ‘
Ligand-I |- ----- { Surface functionalization for phase transfer ‘
Ligand-IT |- = { Surface functionalization acting as DNA anchor point ‘
| DNA |— - + Tracer moiety
- Silica Shell == --- { Encapsulation and protection of the tracer ‘

Figure 2.1: Schematic showing the hydrological tracer design, having the IONP
core functionalised with DNA and encapsulation in silica shell. (Note: The image is a
representation of the tracer and does not indicate that the particles will have the exact
morphology.)



The IONPs were further used as seeds to grow silver on the surface via heterogeneous
nucleation and epitaxial growth, resulting in dumbbell-shaped morphology of the
magneto-plasmonic dimeric DNPs. These DNPs were synthesised for their potential
applicability as biosensing devices. IONPs made up the magnetic part of the particles while
Ag provided the plasmonic properties. The effect of concentration of silver salt precursor,
on the physico-chemical properties of the particles, was studied. Separation studies were
performed on the DNPs using ultraviolet visible spectrophotometry (UV-Vis), under a
constant magnetic field gradient generated by a magnetophoresis set-up.

For targeted drug delivery application, stimuli-responsive NGs were synthesised using
free radical precipitation polymerisation. pNIPAm and pAAc were selected as the
monomers for the NGs, as they impart temperature and pH-based stimuli-response to
the NG, respectively. Time-based growth study was performed to study the formation of
PNIPAm-pAAc-based NGs by varying selected reaction parameters, primarily surfactant
amounts and reaction atmosphere, to investigate their effects on the physico-chemical
properties of the NGs. In addition, the effect of the extent of AAc incorporation in the NG
matrix on the physico-chemical properties of the NG was studied, as shown in Figure 2.2.
The potential of these NGs as drug delivery vehicles was evaluated by performing loading
and release of Cyt C, a model protein drug, at different conditions of temperature and pH,
using NGs with varying pAAc incorporation within the matrix (Figure 2.2). Furthermore,
biocompatibility studies were conducted on the pNIPAm-pAAc based NGs using a human
whole blood model, which is an ex vivo model allowing to study the complexity of
complement activation by closely mimicking the in vivo conditions.

Stimuli-Responsive NG

AAc Mole %
—_—

Acidic pH
—
>VPTT

—— pNIPAm
— pAAc

Drug Loading Drug Release due to Volumetric Collapse
W Drug

Figure 2.2: Schematic showing the effect of different amounts of pAAc incorporation on the
physico-chemical properties of the pNIPAm-pAAc-based NG.

Increasing AAc Mole %
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Outline

Figure 2.3 summarizes the entire outline of the thesis, that is broadly based on three NP
systems, namely: TONPs’, ‘stimuli-responsive NGs’ and DNPs’ (Ag@IONPs). Within the
scope of this thesis, a brief overview is given to IONPs, DNPs and NGs along with different
methods to synthesise these particles and their physico-chemical properties in Chapter 3.
Various NP synthesis, functionalisation and characterisation techniques employed in this
work have been described in Chapter 4. Chapter 5 highlights the different mechanisms
for NP nucleation and growth, together with NP functionalisation. The applicability of
IONPs as hydrological tracers is mentioned in Chapter 6. Similarly, Chapter 7 focuses on
biomedical applications of targeted drug delivery and biosensing using NGs and DNPs,
respectively.

Nanoparticles (NPs) | | Potential Applications |
1

Iron-Oxide NPs:
Synthesis, Growth &
Functionalisation

Stimuli-Responsive
NGs:
Synthesis, Growth &

Stimuli-Response

Magneto-Plasmonic

e [Biosensors|
Synthesis, Growth & 1! 10sensors » anuscrip
Functionalisation r [
[ b
1o N
e S 4 b

Ch-5

Ch-6

Ch-7

Figure 2.3: Schematic showing the outline of the entire thesis describing the NPs used in
this work, as well as, their intended field of applications.
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“Nothing in life is to be feared, it is only to be understood. Now
is the time to understand more, so that we may fear less.”

— Marie Curie

“Science is simply common sense at its best.”

- Thomas Huxley

Introduction

The word nanotechnology was first used by a Japanese professor, Norio Taniguchi in
1974, who defined it in connection with possible applications in semiconductor processes.’
However, the revolutionary invention of nanoscale imaging and manipulation techniques,
the Scanning Tunneling Microscope (STM) - invented by Gerd Binning and Heinrich Rohrer
in 1981, and the Atomic Force Microscopy (AFM) — invented by Gerd Binning, Calvin Quate
and Christoph Gerber in 1986, allowed for the advancements in the field of nanoscience.
These tools not only allowed the scientists to image surfaces, but also to move individual
atoms as previously predicted by Richard Feynman.?

A nanomaterial can be defined as having at least one of its dimensions in the nanometer
scale, ranging from one to normally 100 nm.? Hence, a nanoparticle has all three
dimensions in the nanoscale, nanotubes or nanowires have two, while nanofilms have one
dimension in the nanoscale. The use of metallic NPs seemed to date back to the 14" and
the 13*" centuries BC by the Egyptians and the Mesopotamians for glass-making.# The red
colouration of the glass was analysed to result from the presence of cuprous oxide NPs and
evidences of such occurrences were found until the 6t century BC.

This chapter briefly describes the three different types of NPs used in the thesis, namely,
iron-oxide NPs (IONPs), magneto-plasmonic dimeric NPs (DNPs) and stimuli-responsive
nanogels (NGs). The formation of NPs is expressed from the viewpoint of classical theory
of nucleation and growth. Different synthesis methods and NP functionalisation to obtain
IONPs and NGs have been illustrated, along with their physico-chemical properties of
superparamagnetism, and temperature and pH-response, respectively.
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3.1. IRON-OXIDE NPS

3.1 Iron-Oxide NPs

Magnetic NPs (MNPs) have an increasing interest from both fundamental and technological
point of view, since the pioneering works of Louis Néel about 70 years ago. Co, Fe, Ni,
Ti, iron-oxide, along with some ferrites (BaFe;;0;9 and CoFe;0,), are the most widely
used MNPs, however, among these, IONPs (typically Fe,;03 or Fe;0,) are primarily used in
biomedical field.>¢ This stems from the fact that they possess remarkable properties, such
as being superparamagnetic (i.e. high coercivity, low Curie temperature and high magnetic
susceptibility), having low toxicity, etc., that differ greatly from the bulk material. These
properties can be finely tuned through control over size, surface/interface structure,
and nature and strength of interactions, allowing to design and synthesize a variety of
MNPs for a wide range of applications.” Being superparamagnetic is of the most desirable
characteristics of IONPs that hasled to an increased demand for these particles in the world
of nanoscience.

3.1.1 Superparamagnetism

IONPs have garnered significant interest in the biomedical field for their intrinsic magnetic
and biodegradable properties.® These NPs are superparamagnetic as opposed to the bulk
material. Bulk iron-oxide consists of multiple magnetic domains, with their own magnetic
moments, that arrange themselves in a closed loop to minimize free energy, resulting in
net zero magnetisation (in the absence of an external applied magnetic field). Therefore,
magnetisation (/) can be expressed as a vector sum of magnetic moments of all atoms
present per unit volume of any bulk ferromagnetic material. In the presence of an external
magnetic field, these domains align in a particular direction, increasing the material’s
magnetisation with field strength till it reaches a saturation value (#/;). On removal of
the external applied field, the reversal in magnetisation takes place by either Brownian
motion (rotation of particle as a whole) or Neel mechanism (rotation of atomic moments
inside particles collectively). However, not all domains return to their previous aligned
states leading to remnant magnetisation (1/,) which can be removed by applying an
opposite coercive field, giving rise to magnetization hysteresis loop. This is referred to as
ferromagnetism — material retains magnetism after removal of magnetic field, as opposed
to paramagnetism — material loses its magnetism on removal of magnetic field.

A single NP can be considered to contain just one domain, where the thermal energy
at room temperature is sufficient to spontaneously reverse the particle’s magnetisation
on removal of the external field without displaying hysteresis. The particle size required
to achieve superparamagnetism has been widely estimated to be below 20 nm (Figure
3.1),° where the barriers for magnetization reversal fall into the magnitude of thermal
energy and superparamagnetic fluctuation effects. Vanishing of the remanence, coercivity
and hysteresis loss is experienced when the relaxation time () is smaller than the
characteristic time of measurement (r,,).?, where the former is defined by Equation 3.1.

K.,V
kp

T, = To €XP 3.1)
where, K, is the anisotropic constant, V' is the mean particle volume, ks is the Boltzmann
constant, and 7'is the temperature. Therefore, as V decreases, so does the thermal energy to
reverse magnetisation (i.e. KgT > K'V). This behaviour is termed as superparamagnetism
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3.2. MAGNETO-PLASMONIC NPS
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Figure 3.1: Dependence of coercivity on particle diameter with maximum coercivity being
attained at a particle diameter of ~20 nm. Adapted with permission from Hergt et al.’

and IONPs are superparamagnetic at room temperatures. This unique property allows the
NPs to return back to dispersed state in suspension when the magnetic field is removed
and not aggregate as there exists no residual intermagnetic force.!? This magnetic property
also makes the MNPs useful for many applications including data storage, spintronics,
molecular and cellular isolation, magnetic resonance imaging (MRI) and hyperthermia
treatment of cancer.’? Having said that, IONPs might form aggregates in the absence
of surface coatings due to weak magnetic forces between the particles resulting from
magnetic dipole-dipole interactions or exchange interactions between particles in close
proximity.’® Therefore, the use of different ligands is important to prevent particle
aggregation and obtain a homogeneously dispersed population.’ These IONPs can further
be combined with plasmonic NPs such as silver, to yield multifunctional nanomaterials
exhibiting both plasmonic and magnetic phenomena.”

3.2 Magneto-Plasmonic NPs

Magneto-plasmonic NPs combine the worlds of magnetism and photonics at nanoscale.
Plasmonic NPs present optical sensing ability for applications as biosensors’>!6 and
imaging agents!”?? owing to their unique property of localised surface plasmon resonance
(LSPR). LSPR is an optical phenomenon occurring by entrapment of light wave within
conductive NPs that have sizes smaller than the wavelength of incident light.?° The
interactions between the incident light (photons) and surface electrons in the conduction
band produces coherent localized plasmon oscillations with a resonant frequency
that is strongly dependant on the composition, size, geometry, dielectric environment
and particle-particle separation distance of NPs.?’ A LSPR red shift (towards higher
wavelength) is observed for Au and AgNPs as the particle size increases, while blue-shift is
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observed with decreasing particle size. This is due to the increase in the distance between
valence bands on increase in particle size, that further results in increase in wavelength
of electromagnetic wave emitted.?? Besides size, LSPR shift can also result from particle
shape, aggregation, dielectric properties of the medium, to name a few.?3

From a theranostic approach, the magneto-plasmonic attachment has gathered particular
attention over the past few years due to its multifunctional potential for biomedical
applications.?4 Magneto-plasmonic NPs, thus, combine multiple theranostic strategies in
a unique structure, including multimodal photothermal therapy,? biosensing,?® magnetic
separation?” and targeted therapy?®, with magnetic and plasmonic features. At nanoscale,
size and surface effects play a key role in shaping NP properties that are affected by
interparticle electromagnetic or magnetic dipolar interactions and intraparticle chemical,
structural and electronic couplings. Studies have shown that the magnetic and plasmonic
properties differ in hybrid (combination of the two) NPs and their bare counterparts.?-5?
Usually, a decrease in the magnetisation is seen in the magneto-plasmonic NPs compared
to the bare NPs resulting from a ‘dead layer’ or magnetic disordered layer, at the free
surface or the interface of the NPs.?*3% Thus, understanding the formation of MP NPs
is critical in understanding their combined magnetic and plasmonic properties. Studies
have mostly been performed with AuNPs, however, AgNPs have been shown to have better
sensitivity (LSPR shift) compared to AuNPs, thereby making them suitable candidates for
the application of biosensing.%?

The formation magneto-plasmonic NPs takes place via epitaxial growth on the seed through
heterogeneous nucleation.“’ The morphology of these NPs can be controlled by various
reaction parameters, such as, seed size, seed concentration, solvent polarity, concentration
of growth species, reaction temperature and crystalline lattice spacing, that might result
in core-shell, dumbbell, flower-like morphology, as shown in Figure 3.2.2044 Growth of a
crystalline species (Ag) on another crystalline NP (IONP) would result in a dumbbell NP
given that there is a large enough lattice mismatch.#045

3.3 NP Formation

The techniques to synthesise NPs is broadly classified by two approaches - top-down’ and
’bottom-up’. The former consists of breaking up large pieces of material by wear to generate
NPs, whereas the latter consists of building the NPs atom-by-atom or molecule-by-molecule
to form larger particles. The top-down approach usually results in a broad particle size
distribution (PSD) and, hence, is commonly used in the ceramic industry when size and
shape are not essential for its application.#6 On the contrary, the bottom-up approach
provides better control over particle size and morphology yielding NPs with narrow PSD.
This is particularly important while addressing biomedical applications as the applicability
of these NPs primarily depends on morphology, size, and surface properties.

The size and morphology of the IONPs can be affected by several factors, such as the
presence of surfactants, reactant concentrations, reaction temperature and time.*”48
Furthermore, particle size and morphology affects critical application aspects including
blood circulation time, cellular uptake, and biodistribution. Although studies have focused
on the shapes of NPs for anticancer drug delivery,>*° their effect on biodistribution
of IONPs and their interactions with biological systems has not been extensively
investigated.”
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Figure 3.2: Transmission electron microscopy (TEM) images of a variety of MP
nanostructures. i Bare Au NPs. ii Solid solution AuFe NP, Energy Field TEM mapping
at the Au N-edge (83 eV). iii MP nanodome with 20 nm Fe core and 20 nm Au layer. iv
Au nanostar with superparamagnetic core outlined by the dashed circle. v Asymetric
SiO,-coated Ag-Fe,03 hetero-dimers. vi Flower-like Au@iron-oxide core-shell NPs. Inset
Au nanocrystals seeds. vii Au@iron-oxide core-shell NPs. viii Fe;0,-decorated Au NPs.
Adapted with permission from Peddis et al.” Copyright (2021) Springer Series in Materials
Science.

NPs’ size is another important factor determining their average circulation time followed
by clearance from the body by different systems. For instance, particles having diameters
<10 nm are removed by renal clearance, while particles with diameter >200 nm are
concentrated in the spleen or absorbed by the phagocytic cells of the body.>? Therefore, NPs
in the range 10 to 200 nm in size are ideal for biomedical applications owing to their longer
circulation times, which ease their elimination and increase the effect of permeability
and retention in tumor tissues.’? Moreover, IONPs with diameters <2 nm are not suitable
for medical uses because they may induce toxic effects that can damage intracellular
organelles. #5853

3.3.1 Supersaturation

The thermodynamic background behind nucleation lies with the reduction of free
energy of the system by forming solid phase and supersaturation is the prerequisite for
spontaneous crystallisation process. The system needs to be above the solubility curve
for crystallisation to occur and most processes utilize the metastable zone as it allows for
better control over the process (Figure 3.3). The state of supersaturation can be attained by
either decreasing the temperature of the system (reducing solute solubility at a particular
concentration) or increasing solute concentration in the system. Supersaturation, S, can
be defined in terms of activity of the solute in the system as depicted by Equation 3.2.

5=2 (3.2)

a*
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where, « is the solute activity in an arbitrary state and «* is the activity at equilibrium.
Although the definition of supersaturation might differ from source-to-source, the basic
concept of chemical potential difference between the two phases - the driving force for
crystallisation, remains the point of origin. Once supersaturation is established (above
solubility curve), the metastable zone allows for nucleation of the solute species.
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Figure 3.3: Concentration vs temperature curve for a solid showing the stable, metastable
and the liable zones separated by the solubility curves. Adapted with permission from
Mullin et al.>* Copyright (2001) Elsevier.

3.3.2 Nucleation and Growth

LaMer and Dinegar proposed a theory, also referred as the ’classical nucleation and growth
theory’, to explain crystal formation based on the mechanisms of nucleation-growth of
sulfur particles.>® The process of crystallisation starts with nucleation which is important in
determining the final size and size distribution of the population. Therefore, the ability to
exert any control over nucleation is necessary towards fabrication of particles with desired
properties, that can be achieved by controlling supersaturation. Nucleation may occur
spontaneously or it may be induced artificially by agitation, mechanical shock, friction and
extreme pressures within solutions and melts, as shown by the early experiments.>6->7

3.3.2.1 Homogeneous Nucleation

Nucleation is homogeneous when nuclei are formed in solution spontaneously. The excess
free energy change (AG) for homogeneous nucleation can be expressed as:

AG = AGs + AGy (3.3)

where, AGg represents the energy cost to create a solid-liquid interface and is positive,
increasing proportionally to the surface area of the crystallite. AGy is a negative quantity
representing excess free energy of the metastable solution over the solid deposition, that
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Figure 3.4: a) The dependence of the cluster free energy, AG, on the cluster radius, r,
according to the classical nucleation theory (CNT). The curve has a maximum free energy
AG at a critical cluster size, r., which defines the first stable particles — the nuclei. b) The
principle of NP nucleation as per LaMer’s mechanism of nucleation derived from CNT. The
theoretical qualitative curve describes the monomer concentration as a function of time.
Adapted with permission from Polte et al.’® Copyright (2015) Royal Society of Chemistry.

is proportional to the volume of the crystallite. Thus, Equation 3.3 can be formulated as:>*

4 .
AG = Ay + VAG, = 4mry + gwr“AGu (3.4

Where, V is the volume of nuclei, 4 is the surface area of nuclei, AG, is the free energy of
transformation per unit volume, r is the radius of the nuclei, and v is the interfacial tension
between the developing crystalline surface and the supersaturated solution in which it is
located. Since the two terms on the right-hand side of Equation 3.4 are of opposite sign and
depend differently on r, the free energy of formation, passes through a maximum as seen
in Figure 3.4a). This maximum value, AG., corresponds to the critical nucleus, r., and for
a spherical cluster, is obtained by finding the maximum of AG as follows:

% = 8y + 47l AG, = 0 (3.5)
—2y
re = AG, (3.6)

Thus, from Equations 3.4 and 3.6, AG. can be expressed as:

3 2
AG, — 16wy Amwyre

3(AG,)?2 3 3.7)

A stable nuclei can be formed only when the excess free energy balances the energetic cost
of creating a surface. As can be seen from Figure 3.4, the surface energy term is greater than
the volume-dependent term, making stabilisation of clusters energetically unfavourable in
the system due to overall increase in the free energy. A stable nuclei can form only when
a critical size is attained resulting in negative slope of the AG curve. The critical size (r.),
therefore, represents the minimum size of a stable nucleus. Particles smaller than r. will
dissolve, while particles larger than r. will continue to grow.
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3.3.2.2 Heterogeneous Nucleation

In heterogeneous nucleation, nuclei are formed in the presence of foreign particles and as
a result of this, the interfacial energy term has to be modified to include the contributions
from both, the crystal-solution interfacial energies and the crystal-substrate interfacial
energies. Typically, the interfacial energy between the crystal nucleus and the substrate is
lower than the crystal in contact with the solution, resulting in lower effective interfacial
energy of the system and, hence, energy barrier for nucleation. This decrease in the
activation barrier depends on the contact angle, 6, between the clusters and the foreign
substance surface, as given by Equation 3.8.

AGcm‘t,hct = ¢AGCTit1hO7TL (38)

Where, ¢ is defined as:

(2 + cosf) (1 — cos)?

4 (3.9)

¢ =

Three different scenarios can occur depending on the affinity of the crystal to the substrate
(contact angle, ) as summarised below.

Casel: 9 =180°cosf=-1,9=1

AGerit het = AGerit,hom — cOmplete non-wetting

As there is no affinity of the nucleating species towards the substrate, the energy required
for nucleation is same as for homogeneous nucleation.

CaseIl: 9 =0-180°, ¢ =<1

AG crit,het < AGerit,hom — partial wetting

As some degree of affinity is shown towards the substrate, the energy required for
nucleation is lower than for homogeneous nucleation.

Caselll: #=0,9=0

AG it et = 0 — complete wetting (seeding)

This hints at the presence of pre-existing crystals (often of the same material) in the solution
that provide nucleation and binding sites for the growth of the species.

Once a stable nucleus forms in a supersaturated solution, subsequent crystal growth occurs
via continuous addition of building units (atoms, molecules or ions) on the surface of the
crystal and their incorporation into the lattice sites.

3.3.2.3 Growth

The fundamental driving force for nucleation, as well as growth is the the same —i.e. lower
chemical potential of the growth units as constituents of the solid than as corresponding
solution species, however, they follow different energy landscapes. This results from
the fact that solid crystals are already formed prior to growth stage, hence, further
incorporation of solute species into the lattice requires lower energy than for nucleation.
This phenomenon is clearly shown by LaMer diagram (Figure 3.4 b) by conceptually
separating nucleation and growth stages with regards to supersaturation. Nucleation
begins once critical concentration is reached followed by reduction in supersaturation as
nuclei are formed. No more nuclei are formed once supersaturation falls below the critical
value, but supersaturation continues to drop by the growing species until the solution
reaches an equilibrium state, i.e., saturation.>’
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Crystal growth is a dynamic process with continuous attachment and detachment of
growth species taking place simultaneously. The diffusion-reaction theory states the
crystal growth occurs in two steps: the first involving a diffusion process by which solute
molecules are transported from the bulk of the solution to the solid surface, and, the second
involving first-order reaction by which these solute molecules arrange themselves into
the crystal lattice. If the incorporation of the growth species is rapid, the transport of
species from the bulk to the diffusion layer controls the growth process and is said to be
diffusion-controlled denoted by Equation 3.10. Similarly, if the transport of the species is
rapid, the growth is said to reaction-controlled denoted by Equation 3.11.

D0 kaA(C - Ci) (3.10)
dt

dm

==k AC-CY) (3.11)

Where, m= mass of the solid deposited in time ¢, k; = mass transfer coefficient based on
diffusion, k, = rate constant for surface reaction process, A = surface area of the crystal,
C; = solute concentration in the solution at the crystal-solution interface, C* = equilibrium
saturation concentration, C = solute concentration in the supersaturated solution.

The classical model of crystal growth assumes that growth species enter kink sites either
directly from the solution or after adsorbing and diffusing through the terrace.®® The
molecules nucleate on a flat terrace generating two-dimensional islands (kinks) that
further form steps as shown in Figure 3.5. As the ions incorporate on the kink sites,
propagation of steps takes place and continues till the crystal edges are reached thereby,
completing the surface layer. 2D nucleation, together with lateral growth of the islands
on the surface, is known as ‘birth and spread mechanism’ that is strongly dependant on
supersaturation.f! At sufficiently high supersaturation, multiple nucleation can occur on
the surface generating high number of active sites for growth. If the lateral growth rate of
the nuclei is high in comparison to the rate of nucleation, the surface is smooth. For even
higher supersaturation, growth units can attach at any location (terraces, kinks or steps),
resulting in rough crystal growth.
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Figure 3.5: Schematic diagram of the substrate surface described by the Kossel-Stranski
“terrace-step—kink” model showing the different nucleation sites. Adapted with permission
from Bahrig et al.5? Copyright (2014) Royal Society of Chemistry.
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3.4 Non-classical Nucleation and Growth

Although classical nucleation theory presents a robust theoretical background, there exist
some instances based on which the theory has been criticised. These arise from the lack
of information on the structural characteristics of the clusters or the comprehensive
insight into the pathways leading from the solution to precipitated solid.5® It withholds
certain assumptions regarding clusters, for instance, neglecting interactions between
and size-dependency of surface energy, that simplify the thermodynamic framework.5
In view of these criticisms, along with advancements in characterisation techniques
(cryo-TEM, in situ atomic force microscopy (AFM), small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS)) and theoretical modeling (density functional
theory and molecular dynamic simulations), increasing number of studies have proposed
alternative nucleation hypotheses.5®

Particle-based nucleation pathways, via aggregation and reorganisation of solution species,
have been suggested that refer to these solution species as pre-nucleation clusters
(PNCs). PNCs are described to comprise of either, clusters with disordered orientation,
or multi-ion complexes, leading to ‘cluster-mediated pathway’ and ‘complex-mediated
pathway’, respectively.®> The former hypothesis states formation of small-sized clusters
that subsequently interact to form stable nuclei through aggregation (Figure 3.6 b)).
Whereas, in complex-mediated pathway, complexes are first formed by ionic interactions
between metallic ions that have not fully reduced (Figure 3.6 c)). These further aggregate
and reduce, to form nuclei. Therefore, contrary to CNT hypothesis, formation of PNCs
do not lead to immediate growth, but, aid in nucleation through aggregation and
reorganisation. The experimental observations of this multistep mechanism (aggregation
and reorganisation) has been further supported by dynamic simulations.5¢
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Figure 3.6: Schematic illustrations of three routes for the nucleation and seed formation
of colloid metal nanocrystals. a) Classical ‘burst’nucleation and seed formation. b)
Cluster-aggregation mediated nucleation and seed formation. ¢) Nucleation and seed
formation through aggregation of complexes. Adapted with permission from You et al.5
Copyright (2016) Elsevier.
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3.5 NP Synthesis

NP size, shape and morphology affect the physico-chemical properties of the IONPs, that
in turn, affects their applicability in biomedicine and environmental applications.6”-69
Therefore, different novel routes are continuously researched with the aim to attain precise
control over NP size and PSD. Table 3.1 lists the advantages and disadvantages of some of

the synthesis methods.”

Table 3.1: Advantages and disadvantages of selected synthesis routes for IONPs.

Synthesis Route

Advantages

Disadvantages

Co-precipitation

Thermal decomposition

Hydrothermal

Microemulsion

Sol-Gel

Chemical vapor condensation

Microwave

Spray pyrolysis

Laser pyrolysis

Biological

Convenient, high yield,
easy control of particle
size and composition

High monodispersity,
narrow size distribution

Easy control of particle
size and shape

Monodispersed particles
various morphology possible

Energy efficient,
high production rate,
fast yield

Small scale synthesis

Short reaction time,

high yields,

excellent reproducibility,
easy handling

Predictable size, shape and
composition

Small particle size,
narrow size distribution

Selectivity and precision for
nanoparticle formation,
cost effective,

eco-friendly

Extensive agglomeration,
poor morphology and
particle size distribution

Expensive,
organic solvents,
high temperature

Long reaction times,
high reaction temperature,
high pressure

Not efficient,
difficult to scale up

Limited efficiency,
high cost

Low yeild,
difficult to control size and
particle size distribution

Expensive,
unsuitable for scale-up,
poor reaction monitoring

Particle aggregation,
costly

Complicated,
very expensive

Limited knowledge,
difficulty in controlling size
and properties
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The IONPs in this work have been synthesised using co-precipitation and thermal
decomposition routes, therefore, these methods are briefly described in the sections below.

3.5.1 Co-precipitation

Co-precipitation is by far the most common route for the synthesis of magnetic iron
oxide nanoparticles (IONPs), as cheap and environmentally friendly precursors and
simple experimental procedures facilitate IONP production in many labs.”” The synthesis
is carried out in aqueous solution containing ferric (Fe3*) and ferrous (Fe?*) salts as
precursors, to which a base is added at moderate temperatures, resulting in IONPs as
shown by reaction below.”?

Fe*t 4+ 2Fe3t + 8OH ™ — FesO4 + AH20 (3.12)

Even though the co-precipitation reaction is widely used, the mechanism of the reaction
is still poorly understood, due to a severe lack of information on how intermediates
are formed. This often leads to difficulties in obtaining reproducible syntheses, as the
intermediates can remain present to a varying degree products.”? Hence, optimising
co-precipitation syntheses remains challenging as particle formation mechanisms are
not well understood. This is partly due to the rapid particle formation (within seconds)
providing insufficient time to characterise initial precipitates.”” Although, some studies
have been conducted to examine the growth kinetics of the process at multiple pH regimes
using weaker bases that slows the reaction kinetics.”>’# Various surfactants, such as
polyethylene glycol (PEG), sodium oleate,”” dodecylamine,’® gluconic acid”” and even gold
shell”® have been used to obtain uniform particle distribution.

3.5.2 Thermal Decomposition

The co-precipitation method utilises a simple and solvent-free process, yielding hydrophilic
IONPs, however, low control of the synthesis process results in IONPs with a broad size
distribution, and batch-to-batch inconsistency in IONP size, crystallinity, morphology, and
other physico-chemical properties. To obtain precise control over the particle’s size, shape
and morphology, and eventually magnetic properties, IONPs can be synthesized using
thermal decomposition route. This refers to the decomposition of iron precursors such as
acetylacetonate, stearate, oleate or pentacarbonyl in the presence of stabilizing ligands in
an organic solvent at high temperatures.”*? The finer control over particle size originates
from temporal separation of nucleation and growth windows that promotes narrower size
distributions in comparison to the more prevalent co-precipitation route.?* Though precise
control over particle shape, size and morphology is achieved thermal decomposition, the
particles are in organic phase (usually toxic) that limits their use in environmental and
biomedical applications.®®%4, Hence the particle surface needs to be coated or modified
with appropriate ligands before they can be utilised for further applications.
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3.6 Surface Modification

NPs have a large surface-to-volume ratio resulting in high surface energies, promoting
aggregate formation to minimize their surface energies. Moreover, IONPs have high
chemical activity, and are readily prone to oxidation in air (especially magnetite), usually
leading to loss of magnetism and dispersibility. Therefore, providing proper surface
functionalisation and developing effective protection strategies to keep the stability
of magnetic IONPs is extremely vital. These strategies can comprise either grafting or
coating with organic molecules, including small organic molecules, surfactants, polymers,
biomolecules, or with an inorganic layer, such as silica, noble metals, metal oxide or metal
sulfides as shown by Figure 3.7. From a practical point of view, in most cases, the protecting
shell not only stabilises the particles, but can also be used for further functionalisation
steps.®

Nanoparticles functionalization - surface coating

Organic Inorganic
Polymers
surfactants compounds

: F X W )

Figure 3.7: Schematic representation of the main strategies followed to modify the surface
of IONPs. Adapted with permission from Wallyn et al.%¢ Copyright (2019) MDPL

Bioactive
molecules

Surface coating on IONPs can be achieved using one-step (in situ) or multi-step
(post-synthesis modification) techniques.®® The former involves functionalisation
during NP synthesis as reported for dextran functionalised IONPs synthesised via
co-precipitation.8” Whereas, the multi-step functionalisation involves attaching the
ligand onto the surface of IONPs after their synthesis.®¥8° Depending on the desired
functionalisation, as well as final particle applicability, different ligands for instance,
PVP% chitosan,”? CTAB,*? and Na-citrate,”® can be used. Silica is another inorganic
material that has received considerable interest for IONP coating, owing to its excellent
biocompatibility, non-toxicity, and stability.?* Furthermore, silica is generally inert
showing high colloidal stability due to its low isoelectric point and lower van der Waals
force than other metal oxides, and allows for further conjugation with different functional
groups and the potential coupling of biomolecules for biomedical applications.”” This
enables flexibility in the applicability of silica functionalised IONPs to be used as, for
instance, core-shell nanocomposites for adhesion of nucleic acid,’®®” or concurrent
functionalisation with chitosan and photoluminescence: Ce?*, Th3* doped GdOF
luminophore, for in vivo toxicity assessment.% It is also necessary to modify the surface of
IONPs to transfer them from organic to aqueous medium and vice-versa as discussed in
the following sub-section.
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3.6.1 Phase Transfer

Phase transfer can primarily be achieved using two pathways; partial or complete
replacement of the existing hydrophobic ligand with the hydrophilic ligand referred to
as ‘ligand-ligand exchange’, or modification of the existing hydrophobic ligand with a
hydrophilic ligand.’ Several reports have shown that the phase transfer of these NPs
may be achieved using specific ligands, such as, tetra methyl ammonium hydroxide
(TMAH), hexadecyltrimethylammonium bromide (CTAB), poly-ethylene glycol (PEG),
sodium citrate (Na-citrate) and so on, guided by the synthesis route and intended
downstream application.?%0-102

Researchers have shown that CTAB'? controls particle shape and size as it adsorbs on
the surface of the particles reducing the surface energy by adsorbing onto the surface,
along with preventing aggregation owing to electrostatic repulsion. However, CTAB is toxic
and, therefore, is detrimental to cell cultures and tissues. On the contrary, Na-citrate!??
being non-toxic, biodegradable, highly soluble in several solvents, hydrophilic, and
biocompatible, is a suitable ligand. Na-citrate provides anionic charge arising from the
carboxylic and hydroxyl functional groups.

Other studies have used biocompatible polymers - chitosan!® and polyvinylpyrrolidone
(PVP)!% to modify the surface of IONPs. Chitosan has one amino and two hydroxyl groups
that rapidly attach onto particle surface, producing biocompatible, hydrophilic, and high
stability of IONPs. In cases, where the effect of particle’s size, shape and morphology on
functionalisation needs to be investigated, selecting the same phase transfer methodology
for all the particle types deems necessary. In order to achieve this, developing repeatable
and tunable protocols becomes important.??

3.7 Stimuli-responsive Nanogels

The term ’nanogels’, was introduced by Kabanov et al. in 1999 describing them as three
dimensional networks of chemically or physically cross-linked hydrophilic polymers.?%
Nanogels (NGs) are widely used as drug delivery systems owing to their extreme water
retention capacity, high loading and entrapment efficiencies, good stability, along with
the possibility to make them sensitive to their environment such as temperature, pH,
ionic strength, electric or magnetic fields, etc.?97-1% Stimuli-responsive NGs can react in a
dynamic way to a specific microenvironment and have the potential to achieve on-demand
drug delivery with excellent spatial, temporal and dosage control.’’?

3.7.1 NG Synthesis

Based on the initial phase of the reaction medium, polymerisation can be classified as
homogeneous (single phase) or heterogeneous (multi phase). The former represents a
reaction system in which all the reaction components are soluble in the solvent, whereas,
the in the latter, the formed polymer is usually insoluble in the solvent. Depending on
this criteria, different types of polymerisation exist, namely, bulk, solution, suspension,
emulsion, dispersion and precipitation polymerisation.’? Among these, precipitation
polymerisation is usually used for synthesising pNIPAm-based NGs as described in the
following sub-section.
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3.7.1.1 Precipitation Polymerisation

The synthesis of pNIPAm-based NGs via precipitation polymerisation in aqueous medium,
has been extensively reported. The reason for synthesising the NGs by this method can
be attributed to the thermo-responsive nature of pNIPAm, whereby it undergoes volume
phase transition at temperatures above VPTT. Hence, as the polymerisation proceeds above
VPTT, the formed pNIPAm precipitates out forming a heterogeneous phase (monomer
dissolved in solvent phase and precipitated polymer phase). However, to prevent pNIPAm
from dissolving in the solvent at T < VPTT, a crosslinker is use.’’! As the polymer is formed
during the course of the reaction, it collapses on itself after attaining a critical length,
creating precursor particles. These particles grow further by either aggregation with other
precursor particles, incorporated into existing particles, monomer addition or capturing
growing oligonucleotides. The charge provided by the initiator stabilises the precursor
particles. Precipitation polymerisation also allows for high control over particle size by
using a surfactant, that provides additional ionic stabilisation to the precursor particles
yielding polymer-based NGs.>’

3.7.2 Stimuli Responses
3.7.2.1 Temperature-based Response

Thermoresponsive drug delivery is among the most investigated stimuli-responsive
strategies, and has been widely explored in oncology. The reason why thermoresponsive
polymers are appealing, as ‘smart materials’, is the fact that they apparently precipitate
from a solution on either increasing or decreasing the temperature.’? Temperature-based
response is usually governed by a nonlinear sharp change in the properties of at least
one component of the NP, with temperature, that can trigger the release of the drug.
Ideally, thermoresponsive NGs should retain their load (drug) at body temperature (~37
°C), and rapidly cause release within a locally heated tumour (~40-42 °C) to counteract
rapid blood-passage time and washout from the tumour.'?¢

In particular, polymers that reveal lower critical solution temperature (LCST) behavior
in water are of tremendous interest for many applications evolving from their ability
to alter hydrophilic/hydrophobic behaviour upon temperature variation.’’314 Several
polymers, such as poly(N,N-diethylacrylamide)’?>!16 and polyampholytes!!”-!18 exhibit
LCST behavior, however, among these, poly(N-isopropylacrylamide) (pNIPAm) is one of the
most extensively investigated polymer for its LCST behavior.?? The increased interest in
PNIPAm arises because its LCST occurs at near physiological conditions, thus, rendering
this neutral water soluble polymer suitable for biotechnological applications.’?® Most
widely reported value of LCST ~ 32 °C can be traced back to 1968 where Heskins and Guillet
reported the LCST to be ~ 31 °C and monomer volume fraction ¢ ~ 0.16.7%

In the case of NGs, the system of cross-linked polymer chains undergo volume based
swelling or collapse as a response to temperature. Hence, the temperature at which
this volume based transition occurs is referred to volume based transition temperature
(VPTT). PNIPAm-based NGs undergo entropically driven reversible coil-to-globule phase
transition above the VPTT, owing to the hydrophilic amide and hydrophobic propyl
groups, that lies around 36 °C for these systems, thereby making them most widely
studied thermo-sensitive polymers for biomedical applications of targeted drug delivery.’??
The VPTT of pNIPAm-based NGs can be altered by copolymerizing NIPAm with other
hydrophobic or hydrophilic monomers,’?324 and acrylic acid (AAc) is one such hydrophilic
monomer that also imparts pH response to the polymer,’%325 as discussed later.
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3.7.2.2 pH-based Response

One of the conventional cancer treatment methods is chemotherapy, however, due to the
multi-drug resistance of tumor cells to drugs and nonspecific drug delivery, the efficacy
of this therapy is greatly limited.’?6 Furthermore, nanocarriers face challenges in clinical
applications, such as nonspecific release, poor tumor permeability and insufficient drug
concentration that impact the effectiveness of tumor treatment.’?”/28 Extensive study
on stimuli-responsive nanocarriers is being going on that are designed according to the
specific microenvironment of tumor tissue and among them, the pH-sensitive drug delivery
system is one of the research hotspots.’?>3¢ Furthermore, it is seen that the biological
microenvironment surrounding cancer cells tends to be acidic compared to that of normal
blood (pH = 7.4), providing optimum conditions for cancer growth.’3132 This results from
the large amounts of lactic acid secreted by the tumour cells through hypoxic glycolysis,
resulting in pH dysregulation in the tumor cells. Compared to normal cells (pH = 7.4),
the extracellular pH values of tumor cells are lower (pH = 6.0-7.2) that are further
reduced (pH = 4-6) within tumor cells.’3? Therefore, the pH gradients between the tumor
microenvironment and the normal physiological environment can be used to design a
pH-sensitive drug delivery system to regulate drug delivery and release.* Various types
of pH-sensitive drug delivery systems have been developed, such as liposomes, micelles,
hydrogels, and nanoparticles.!3>-138

Owing to the complexity of the physiological microenvironments, NGs responding to a
single stimuli might not be suitable to achieve the desired goals, therefore, materials
that are responsive to more than one physical or chemical stimuli are highly desired
for biomedical applications. PNIPAm-pAAc-based NGs provide exactly such dual stimuli
response with temperature and pH.”*® The pH responsiveness of pAAc stems from the
carboxyl groups that at lower pH (pH < 4.5-6.0 — pK, of AAc) resulting in NG collapse and
swelling at higher pH ( > pK,) due to dissociation of carboxyl groups.’3* Additionally, pAAc
is nontoxic and has high adhesion to biological tissues.’#’

Nanogel Loaded with Drug Cancer Microenvironment ' /

‘—— pNIPAm Drug Release in conditions of Acidic
—— pAAc pH and Elevated Body Temperature '
@ Drug
Cancer Cells \ J

Figure 3.8: Schematic diagram showing the release of drug, loaded in dual
stimuli-responsive pNIPAm-pAAc-based nanogel, to the cancer microenvironment at
release conditions of elevated temperature and low pH.
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3.8 Summary

This chapter gives an insight into the world of magnetic IONPs and polymeric
stimuli-responsive NGs discussing their synthesis, functionalisation and physico-chemical
properties. The formation of IONPs from the view of classical nucleation and growth
theory has been presented, covering the concepts of supersaturation, homogeneous and
heterogeneous nucleation, and crystal growth. Furthermore, various synthesis techniques
to obtain IONPs were highlighted, with particular focus on the co-precipitation and
thermal decomposition methods. Thereafter, surface modification techniques have been
mentioned, that, not only provide particle stabilisation, but also alter the properties of
the IONPs through surface functionalisation. The latter sections of the chapter capture
synthesis and physico-chemical properties of stimuli-responsive NGs. Temperature and pH
stimuli-responsive NGs have been mentioned, that are gaining popularity as targeted drug
delivery systems.
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“To improve is to change; to be perfect is to change often.”
— Winston Churchill

“Everything should be made as simple as possible, but not
simpler.”
— Albert Einstein

Methodology

This chapter includes the experimental details for the synthesis, functionalisation and
characterisation of the inorganic and polymeric NPs. The first part deals with the synthesis
of magnetic IONPs, magneto-plasmonic dimeric NPs (DNPs) and stimuli-responsive
NGs. IONPs were synthesised using co-precipitation and thermal decomposition
routes, that were further used as seeds for growing Ag on the surface of IONP,
yielding DNPs. Stimuli-responsive NGs were synthesised via free radical precipitation
polymerisation by varying different reaction parameters such as surfactant concentration,
reaction atmosphere and monomer—co-monomer mole ratios. The second part deals
with the functionalisation of the above synthesised NPs. The IONPs were functionalised
using various ligands to, either, make the particles hydrophilic, or modify their surface
charge. The NGs were loaded with Cyt C, to further study its release from the NG matrix.
The third part describes the experimental details for the characterisation of the NPs.

4.1 Synthesis of Iron-oxide NPs

4.1.1 Co-precipitation

The synthesis process has been adapted from previously reported studies and
involves weighing 84.6 mg of MilliQ water (Simplicity® Millipore water purification
system-Darmstadt, Germany) in a beaker and adding 15.4 mL of 25 wt% ammonia
solution (NH,4(aq)) solution (Merck Life Sciences AS) to prepare a 1 M solution.! Separately,
8.0 g of iron(I)chloride tetrahydrate (FeCl,.4H,0, >99 %) and 21.6 g of iron(II)chloride
hexahydrate (FeCl;.6H,0, >99 %, Acros Organics®-Geel, Belgium) were weighed and
dissolved in 100 mL MilliQ water in a volumetric flask. 10 mL of this solution was added
to 100 mL of 1 M ammonia solution dropwise using a burette and the reaction being kept
under vigorous stirring. The NPs were obtained using magnetic separation by several
washing cycles with water. These particles have been referred to as ‘Mag’ in this thesis
and a schematic of the experimental setup is shown in Figure 4.1.
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Figure 4.1: Schematic showing the co-precipitation synthesis route for iron-oxide NPs.

4.1.2 Thermal Decomposition

Spherical (SNPs) and cubic (CNPs) IONPs were synthesised using thermal decomposition
of iron-oleate precursor at elevated temperatures in inert (argon) atmosphere. The
temperature of the reaction was raised using a temperature controller (MRC® Heating
mantle 100 mL with analog control and Digital 4 programs x 16 segment programmer) for
precise control of the heating rate.

4.1.2.1 Iron Oleate Preparation

The iron-oleate complex was prepared using our previously reported protocol.? In essence,
5.40 g of FeCl;:6H,0 and 18.25 g of sodium oleate (Na-oleate, >97 %, Tokyo Chemical
Industry, Japan) were dissolved in a mixture of solvents consisting of ethanol (40 mL),
deionized water (30 mL) and hexane (70 mL), in 250 mL round bottom flask. The resulting
solution was refluxed at 70 °C for 4 h under vigorous stirring using a bar magnet. The
resulting dark red organic phase, containing iron oleate complex, was transferred to
a separator funnel and washed three times with MilliQ water. The remaining hexane
solution was evaporated in a Heidolph rotary evaporator (T = 70 °C) to yield a highly viscous
dark red liquid of iron oleate, as shown in Figure 5.2 b.

4.1.2.2 Spherical IONPs

The growth of IONPs is governed by the decomposition of iron-oleate precursor at
high temperatures, which in turn influences the choice of a high boiling point solvent,
octadecene (ODE, technical grade 90 %, Sigma-Aldrich®-Schnelldorf, Germany). The
synthesis protocol, adapted and modified from previous works conducted by our group,
utilizes oleic acid (OA, technical grade 90 %, Sigma-Aldrich®-Schnelldorf, Germany) as the
reducing and stabilizing agent? A typical synthesis process involved mixing iron-oleate (1.6
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Figure 4.2: a) Setup for the synthesis of iron-oleate and IONPs. Image of b) dark red
iron-oleate precursor.

g), OA (600 pL) and ODE (25 mL) in a three-necked glass reactor, placed over a heating
mantle fitted with a cooling water condenser. The reaction was carried out under argon
atmosphere. The temperature of the reactor was ramped from room temperature to 320 °C
at 3 °C/min. The reaction was maintained at 320 °C for 45 min after which the solution was
cooled to room temperature. The NPs were then washed using hexane and precipitated
out using a mixture of isopropanol and hexane. The particles were magnetically separated
and washed three times using acetone before finally redispersing in toluene (10 mL). A
schematic of the synthesis process is shown in Figure 4.3.

4.1.2.3 Cubic IONPs

Adapted and modified from previous work, in a typical synthesis, iron-oleate (0.833 g),
Na-oleate (213 mg) and ODE (14 mL), were heated in a three-necked glass reactor placed
on a heating mantle, fitted with a cooling water condenser, to 325 °C at 2.8 °C/min under
argon atmosphere, as shown in Figure 4.3.° The reaction was maintained at 325 °C for 45
min after which the NPs were cooled to room temperature. NPs were then washed using
hexane and precipitated out using a mixture of isopropanol and hexane. The particles were
magnetically separated and washed three times using acetone before finally redispersed
in toluene (10 mL).
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Figure 4.3: Schematic representing the synthesis route of IONPs via thermal
decomposition.

4.2 Synthesis of Dimeric NPs

Both, SNPs and CNPs, were used as seeds for the growth of Ag on the surface of IONPs. DNPs,
synthesised using SNPs and CNPs, are referred to as Ag@SNP’ and Ag@CNP’, respectively.
The seed-mediated synthesis of DNPs used was modified from the procedure reported
by Zhang et al* using oleylamine (99 %, Sigma-Aldrich®-Schnelldorf, Germany) as the
stabilizing agent and silver acetate (AgAc, >99:0 %, Sigma-Aldrich®-Schnelldorf, Germany)
as the reducing agent. In a typical synthesis, IONPs (10 mg), oleylamine (354 uL), toluene
(10 mL) and silver acetate were mixed in a round bottom flask. The amount of AgAc
was varied as shown in Table 4.1. The mixture was heated to 72 °C under inert (argon)
atmosphere and the reaction was carried out overnight. The product was allowed to cool
to room temperature before adding methanol in order to precipitate the particles. The
particles were washed with acetone before finally redispersing them in toluene (10 mL).

Table 4.1: Varying amount of silver acetate for the synthesis of DNPs.

Seed | IONP | AgAc
(mg) | (mg)
SNP | 10 7.7

SNP | 10 11.2
SNP | 10 15.7
CNP | 10 11.2
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4.3 Stimuli-Responsive Nanogels

PNIPAm-pAAc-based nanogels NGs were synthesised using free radical precipitation
polymerisation. pNIPAm provides a temperature-based response, whereas, pAAc imparts
PH responsiveness to the NGs.

4.3.1 Recrystallisation of NIPAm

To remove impurities that could inhibit the polymerisation reaction, N-isopropyl-
acrylamide (NIPAm, Sigma-Aldrich®-Schnelldorf, Germany) was recrystallised using a
previously reported protocol by our group.® In a typical process, 5 g of NIPAm was dissolved
in 50 mL of n-hexane in a one-necked round bottom flask maintained at 110 °C using an oil
bath. The reaction was allowed to proceed for 2 h following which, the reactor was put over
an ice bath for 30 min, to allow recrystallisation of NIPAm. The solution was then filtered
using a ¢-90 mm filter paper and kept for overnight drying. After drying, the recrystallized
NIPAm was stored at -20 °C to prevent absorption of moisture.

4.3.2 Synthesis of Nanogels

The NGs were synthesized using precipitation polymerization as previously reported by
our group.” The monomers NIPAm and acrylic acid (AAc, Sigma-Aldrich®-Schnelldorf,
Germany) were used to synthesize the NGs using N-N’-methylene-bisacrylamide (BIS,
Sigma-Aldrich®-Schnelldorf, Germany) as cross-linker; sodium dodecyl sulphate (SDS,
Sigma-Aldrich®-Schnelldorf, Germany) was used as surfactant and the reaction proceeded
by adding potassium persulphate (KPS, Sigma-Aldrich®-Schnelldorf, Germany) as an
initiator. In a typical reaction, NIPAm (181 mg) and BIS (14.5 mg) were added to a
round bottom flask that was maintained at 70 °C. Thereafter, 10 mL of SDS, with different
molarities (4.2, 3.5, 2.8 and 2.1 mM), was added to the flask and the reaction mixture was
stirred for 1 h to ensure the collapse of all NIPAm monomeric units. After 1 h, AAc (124 mL
of 1.46 M) and KPS (400 mL of 103 mM) were added in quick succession and the reaction
was allowed to continue for 3 h.

To investigate the effect of reaction environment (atmosphere), three different modes of
synthesis were applied namely, a) Continuous-Stirring - maintaining continuous flow of N,
with stirring using a magnetic bar, b) Flashing-Stirring — N, purging during addition of the
initiator with stirring using a magnetic bar, and c) Flashing-Impeller — N, purging during
addition of the initiator with stirring using an impeller. Figure 4.4 represents the schematic
of the three synthesis techniques used based on N, usage and the method of stirring. All
the synthesised NGs were dialysed overnight using a molecular weight cut-off (MWCO) 14
kDa dialysis membrane, to remove any unreacted monomers and residual reactants. The
dialysed NGs were further freezedried to remove the solvent and stored at 4°C for further
analysis.

Furthermore, to investigate the pH stimuli response of the NGs with increased
incorporation of pAAc units in the NG matrix, NGs were synthesised using continuous-
stirring method. The mole ratios of the monomer (NIPAm), co-monomer (AAc) and
crosslinker (BIS) were varied for the different NG samples, as shown in Table 4.2.
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Figure 4.4: Schematic showing the synthesis of nanogels via a) Continuous-Stirring, b)
Flashing-Stirring, and ¢) Flashing-Impeller techniques.

Table 4.2: Varying monomer, co-monomer and crosslinker concentrations to study the
effect of incorporation of poly-acrylic acid (in the nanogel matrix) on the pH response of
the nanogel

Sample Mole Ratio NIPAm AAc BIS

NIPAmM:AAC:BIS (mg) (uL) (mg)
AAc_10 85:10:05 181 129 145
AAc_12.5 82.5:12.5:05 181 166 14.9
AAc_15 80:15:05 181 205 154
AAc_17.5 78.5:17.5:05 181 247 159
AAc_20 75:20:05 181 292 164
AAc_22.5 72.5:22.5:05 181 340 17.0
AAc_25 70:25:05 181 391 176
AAc_27.5 68.5:27.5:05 181 446 183
AAc_30 65:30:05 181 506 19.0
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4.4 NP Functionalisation

This section first describes the phase transfer of IONPs, synthesised via the thermal
decomposition route, from organic to aqueous medium using different ligands. Following
this, the surface charge modification of the IONPs, with trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride (TMAPS), is described. The NPs were further functionalised
with different DNA and encapsulated in silica to produce DNA-based magnetic hydrological
tracers.

4.4.1 Phase Transfer of IONPs

The synthesis and storage of IONPs, obtained via the thermal decomposition route, was
done in an organic phase, that is not ideal for biomedical and environmental applications.
Therefore, the NPs need to be transferred to the aqueous phase before they can be used for
these applications. In order to achieve this, the NPs were functionalised with ligands, such
as tetramethylammonium hydroxide solution (TMAH), cetyltrimethylammonium bromide
(CTAB) and sodium citrate dihydrate (Na-citrate).

4.4.1.1 CTAB Functionalisation

CTAB was used to transfer the IONPs from toluene to water following a modified procedure
previously reported by Kim et al.’ In a typical process, 10 mL of the IONP solution was
added to a glass vial and precipitated out by the addition of 40 mL methanol. A disc magnet
was kept on the side of the vial causing the particles to separate from the solution. The
supernatant was discarded and the particles were washed three times with acetone, to
ensure removal of any residual solvent, and left to dry. Separately, 1 g of CTAB and 20 mL
of MilliQ water was added to a 100 mL single-necked round bottom flask resulting in a
milky-white mixture. The solution was stirred vigorously while heated to 40 °C to properly
dissolve CTAB, that caused the liquid to turn transparent. 2 mL of chloroform was added
to the dry IONPs and redispersed by ultra-sonication. The chloroform solution was then
added to the CTAB solution in the round bottom flask and stirred magnetically for 30 min
to ensure proper mixing. The mixture was heated to 60 °C and maintained for 10 min
under stirring to evaporate the chloroform. The reaction solution was then cooled to room
temperature, transferred to a glass vial and the CTAB-capped nanoparticles were separated
using a disc magnet. The supernatant was discarded and the particles were washed three
times with MilliQ water to remove any excess CTAB. The particles were finally redispersed
in 5 mL MilliQ water for further analysis.

4.4.1.2 Na-Citrate Functionalisation

The procedure to functionalise IONPs with Na-citrate was modified from Bandyopadhyay
et al® 10 and 50 mM of Na-citrate solutions were prepared using 10 mL MilliQ water. 5
and 10 mg SNPs were separately precipitated from toluene using methanol and cleaned
three times with acetone. 10 ml Na-citrate solution was added to the precipitated SNPs
and the suspension was sonicated for 2 h in a bath sonicator. Afterwards, the NPs were
magnetically separated and cleaned thrice with MilliQ water before redispersing them in
10 mL MilliQ water.
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4.4.1.3 TMAH Functionalisation

Phase transfer of SNPs and CNPs using TMAH was performed by modifying a previously
developed method.” Typically, 50 mg of SNPs and 25 mg of CNPs were separately
precipitated from toluene using methanol and washed three times with acetone in a glass
vial. 2 mL and 1 mL TMAH solution was added to the SNPs and CNPs, respectively, and the
vials were placed in a bath sonicator for 10 min. Afterwards, the vials were put on shaking
at 300 rpm for 2 h after which the particles were magnetically separated and cleaned three
times with water. Finally, the phase transferred IONPs were redispersed in 1 mL MilliQ
water in an Eppendorf tube.

4.4.2 Surface Charge Modification

Before the IONPs could be functionalised with DNA, their surface needed to be positively
charged.! TMAH functionalised SNPs and CNPs, along with Mag, were used for DNA
functionalisation. Ligand, TMAPS, was selected to functionalise the IONPs that would result
in positively charged particles. In a typical process, a known amount of IONPs (Table 4.3)
were taken and cleaned three times with isopropanol before finally dispersing in 1 mL
isopropanol in a 1.5 mL Eppendorf tube. A known volume of TMAPS (Table 4.3) was added
to the IONP solution and put on overnight shaking. The samples were collected, cleaned
three times with isopropanol and redispersed in 1 mL isopropanol.

4.4.3 DNA Functionalisation and Silica Encapsulation

In a process to functionalise IONPs with three different DNA (T21, GM5 and GM6), a known
quantity of IONPs, functionalised with TMAPS (Table 4.3), were added to 20 pL of DNA (100
uM) in a 1.5 mL Eppendorf tube. The solution was kept at rest and allowed to react for
4 min. The DNA functionalised NPs were then magnetically separated and cleaned three
times with MilliQ water and finally redispersed in 0.5 mL MilliQ water. After successful
binding of DNA, 1 uL. TMAPS was added to 0.5 mL NP solution followed by 1 uL tetraethyl
orthosilicate (TEOS) and the samples were left on shaking for 4 h. 8 pL of TEOS was
further added to the solution after 4 h and the shaking was continued for 4 days after
which the particles were magnetically separated and cleaned thrice with MilliQ water and
redispersed in 0.5 mL MilliQ water.

Table 4.3: The amount of IONPs taken for surface functionalisation with TMAPS and three
different DNA (20 pL for all three DNA - T21, GM5 and GMS6), respectively.

TMAPS Binding DNA Binding
IONPs | IONP Amount TMAPS | IONP Amount DNA (100 uM)
(mg) (uL) (mg) (uL)
Mag 50 10 0.75 20
SNPs 20 40 0.36 20
CNPs 10 20 0.30 20

46 CHAPTER 4. METHODOLOGY



4.5. DRUG LOADING AND RELEASE

4.5 Drug Loading and Release

Cyt C was used to perform loading and release studies from NGs synthesized via
continuous-stirring and flashing-stirring methods. Breathing in technique was used to load
Cyt C inside the NGs, wherein, a freeze-dried NG sample was suspended in the drug
solution.>8 Cyt C was absorbed in the NG matrix as the hydrophilic NG swelled in the drug
solution. In a typical study, 1.7 mg of freeze-dried NG sample was measured in a glass vial
and 2 mL of 0.5 mg/mL Cyt C solution was added. The mixture was kept for shaking at
300 rpm for 2 h following which the sample was dialysed for 24 h in MQ water using a 14
kDa molecular weight cut-off (MWCO) membrane tubing to remove unbound drug from the
system. The sample was then re-suspended in 5 mL MilliQ water for release measurements.

The loading efficiency (L.E.) was calculated based on Equation 4.1, by obtaining the UV-Vis
absorbance peaks at wavelength of 409 nm.

L.E. = Abound 0 4.1
total
where, Apouna and A;o:q; represent the UV-Vis absorbance value of Cyt C after dialysis and
before dialysis, respectively, measured at wavelength of 409 nm.

The encapsulation efficiency of the NG was calculated using Equation 4.2 as follows:

_ L.E. X Mgy

EE. = Mo X 100 (4.2)

where, My, and My are the masses of Cyt C' (ug) and NG (mg) used during loading
experiments.

4.6 Characterisation

4.6.1 Transmission Electron Microscopy

High resolution images were recorded using a JEOL 2100 transmission electron microscope
(Tokyo, Japan) operating at 200 kV. TEM grids were prepared by placing several drops
of the dilute solution on a Formvar carbon-coated copper grid (Electron Microscopy
Sciences, Hatfield, Pennsylvania, USA) and wiping immediately with Kimberly-Clark wipes
to prevent further aggregation of the particles resulting from solvent evaporation.

4.6.2 Attenuated Total Reflection-Fourier Transform Infrared

The attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were
recorded using a Vertex 80v vacuum FTIR spectrometer and the spectra, between 600 and
4000 cm~!, were recorded using OPUS software with 50 scans at a resolution of 4 cm—1.
The relative spectral absorbances were normalized with respect to the highest absorbance
value obtained. For the growth kinetic studies of SNPs, sample aliquots were taken at
defined temperatures during the reaction and the samples were analysed without further
cleaning. On the other hand, for the phase transferred samples, NPs were cleaned three
times using MilliQ water before analysis.
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4.6.3 Super Conducting Quantum Interference Device
Magnetometry

DC magnetization measurements were performed with a superconducting quantum
interference device (SQUID) magnetometer (H,,,, = 5.5 T, T = 5400 K). The sample, in the
form of powder or liquid, was placed in a capsule, in order to prevent any movement of
the NPs during the measurements. All the magnetic measurements were normalized by the
mass of the magnetic component of the sample. Magnetization measurements were carried
out as a function of temperature from 5 to 300 K using ZFC-FC (Zero Field Cooled-Field
Cooled) protocols with an applied field of 25 Oe. Room temperature magnetic properties
were investigated using a vibrating sample magnetometer (model 10—MicroSense, H,,,,.. =
20 kOe).

4.6.4 Dynamic Light Scattering and Zeta Potential Measurements

The dynamic light scattering (DLS) analysis for measuring size distribution and zeta
potential of the NGs was performed using a Malvern Zetasizer Nano-ZS instrument
(Malvern Instruments Ltd., Worcestershire, UK). All the NG solutions were made using
MilliQ water and results were averaged over triplicate measurements.

4.6.5 Quantitative Polymerase Chain Reaction Analysis

In order to determine the amount of DNA successfully incorporated in the silica shell,
sample volumes in 400 yL MilliQ water were sent to IHE Delft for qPCR analysis and stored
cool upon arrival. Prior to qPCR, samples were dispersed, and vortexed three times at
3000 rpm for 30 s and sonicated for 10 s (Hielscher UP200 St Vial Tweeter sonicator). Then,
MilliQ water was added to a total volume of 1000 pL. In order to remove free DNA (not
covered by silica), 1.25 uL commercial bleach was added, and the mixture was vortexed for
15 s. After 1-2 min, the particles were magnetically separated, washed twice with MilliQ
water, and finally resuspended in 1 mL MilliQ water. This stock solution is referred to as
DO. From DO, four tenfold dilutions (D1-D4) were prepared and DNA concentrations were
determined from the two most dilute samples (D3 and D4). Thereto, 20 uL. D3 and D4 were
taken out and, in order to dissolve particles and release DNA, 1 uL of fluoride buffer (2.3
g of (NH,)HF; and 10 mL ammonia solution (1.9 g of ammonia in 10 mL water), called
Buffered Oxide Etch (BOE) was added and allowed to stand for 10 min. From this, 4 uL of
D3 or D4 was taken to which 16 yL of prepared PCR mix was added. In the case of DNA
tracer T21, the PCR mix composed of 2 uL 10X PCR buffer, 0.8 pL MgCl, buffer, 1 uL dANTP
mix, 1 pL Taq polymerase, 10.65 uL. DEPC treated water, 0.125 uL F-primer and R-primer,
and 0.3 pL of probe, composed of a FAM fluorophore and a black hole quencher. In case of
the other two tracers, again 4 yL of D3 or D4 was taken and 16 pL of PCR mix was added,
composed of 15.75 puL Kpap Sybr Fast qPCR Master Mix (2X) Universal (Kapa Biosystem),
0.125 yL of both F-primer and R-primer. Samples were then inserted in a JPCR apparatus
(BioRad Mini-Opticon, Santa Clara, USA) and the measurement cycle of T21 was 3 min at 95
°C followed by 40 cycles of a two-step thermal profile (15 s at 95 °C, 60 s at 60 °C. The cycles
of the other two tracers was 6 min and 40 s at 95 °C followed by 41 cycles of a three-step
thermal profile (14 s at 95 °C, 27 s at 58 °C, 25 s at 72 °C).

48 CHAPTER 4. METHODOLOGY



4.6. CHARACTERISATION

4.6.6 Nuclear Magnetic Resonance

'H NMR spectra were recorded in a Bruker Advance Neo 600 MHz instrument (Coventry,
UK). All samples were prepared in heavy water (D,0) keeping the reagent concentrations
the same as that in the NG synthesis. 0.8 mL suspension was taken from each sample and
the spectra were recorded with 128 scans at 25°C. Chemical shifts (§) were reported in ppm
and the reference peak for D,O was locked at § = 4.80.

4.6.7 Vibration Sample Magnetometry

Magnetic measurements of IONPs, phase transferred IONPs and NGs systems were
carried out using MicroMag”™ 3900 Vibrating Sample Magnetometer (VSM). Magnetization
measurements were performed at room temperature with maximum applied magnetic
fields of 1 T. The magnetization data obtained, as a function of applied field, was normalized
by the mass of the sample used for comparative study.

4.6.8 Ultraviolet Visible Spectrophotometry

Ultraviolet visible spectrophotometry (UV-Vis) was used for studying the loading
and release of Cyt C from NG samples using Shimadzu® UV-2401PC Recording
Spectrophotometer (Kyoto, Japan). Absorbance at 490 nm was recorded for Cyt C while
performing loading and release studies of the drug from the NGs, at different temperature
and pH conditions.

Additionally, UV-Vis was also used in conjunction with magnetophoresis setup, provided
by SEPMAG® - Biomagnetic Separation System (Barcelona, Spain), to determine particle
separation velocities during a period of 24 h, as shown in Figure 4.5. The UV-Vis based
separation study was performed at two different wavelengths of 350 and 450 nm, to check
for the preciseness of the technique and any ambiguity that might arise in the separation
profiles.
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Figure 4.5: SEPMAG® magetophoresis setup in conjunction with UV-Vis a) Thermofisher
Scientific UV-Vis Spectrophotometer fitted with the SEPMAG® magnetophoresis setup
inside. b) SEPMAG® magnetophoresis device showing the slot for cuvette, as well as, the
slit for the passage of UV beam. ¢) Distribution of magnetic field gradient, generated inside
the SEPMAG® device.
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“I learnt very early the difference between knowing the name of
something and knowing something.”

—Richard Feynman

“Real science can be far stranger than fiction and much more
satisfying.”
- Stephen Hawking

Nanoparticle Growth

This chapter summarises the results of the synthesis of inorganic and polymeric
NPs from Paper I, Paper II? and Manuscript III. The chapter is divided into two
sub-sections. The first section deals with the synthesis of IONPs using co-precipitation
and thermal decomposition routes, yielding particles with different size, shape and
morphology. Nucleation and growth studies were conducted on the IONPs obtained from
thermal decomposition of iron-oleate precursor, and these NPs were further used to
nucleate silver on the surface, resulting in DNPs. The second sub-section deals with the
synthesis of stimuli-responsive polymeric NPs, referred to as ‘nanogels (NGs)’, via free
radical precipitation polymerisation.

5.1 Iron-Oxide Nanoparticles

One of the solution-based methods to synthesise IONPs is via co-precipitation of iron
salts in a basic environment as described in Chapter 4 (Figure 4.1). This approach results
in high particle yield without the need to use high temperatures and long reaction
times. Additionally, the process utilizes water as a solvent, thereby eliminating use
of any toxic organic solvents. NPs obtained from co-precipitation are referred to as
magnetite—‘Mag’ and Figure 5.1 a) shows their TEM image and 5.1 b) their particle size
distribution (PSD). Even though co-precipitation (without surfactant) has advantages, the
process does not allow for precise control over the particle size, shape and morphology,
and the magnetic properties of the particles. A more controlled particle size originates
from temporal separation of nucleation and growth regimes promoting narrower size
distributions in comparison to the more prevalent co-precipitation route.
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Figure 5.1: TEM images of the obtained a) Mag NPs (co-precipitation), c¢) spherical NPs and
e) cubic NPs (thermal decomposition). Particle size distribution histograms for b) Mag, d)
spherical and f) cubic NPs.

Spherical (SNPs) and cubic (CNPs) NPs were synthesised using thermal decomposition
of iron-oleate precursor at elevated temperatures in an inert (argon) atmosphere. The
molar ratio of the metal precursor (iron-oleate) to reducing and/or stabilizing agents
[sodium oleate (Na-oleate) / oleic acid (OA) ratio] influences the size, shape and morphology
evolution of the IONPs. On the other hand, the size of the NPs was clearly determined by
the reaction time, temperature, and reducer/stabilizer concentrations.? Figures 5.1 c) and
e) show the TEM images and Figures 5.1 d) and f) PSD of SNPs and CNPs, respectively. IONPs
from thermal decomposition show narrower PSD, as well as, low polydispersity index (PDI)
(SNP=0.08, CNP=0.09), compared to Mag (PDI=0.24), stating highly monodisperse particles.?

5.1.1 Growth of Spherical Iron-Oxide Nanoparticles

The synthesis of SNPs starts with the production of iron-oleate that decomposes® to yield a
blackish dispersion of magnetic SNPs on heating in argon as shown in Figure 5.2 a). TEM
images in Figures 5.3 a—-e) show the evolution of SNPs as a function of reaction time and
reaction temperature. No particles were seen 65 min into the reaction (220 °C) as seen in
Figure 5.3 a). However, a few particles could be observed at 250 °C as shown in Figure 5.3
b). This could be attributed to stochastic growth arising from premature decomposition
of iron-oleate resulting from heterogeneous nucleation at surface walls or via creation of
pockets of supersaturation. Homogeneous nucleation occurs via ‘Burst Mechanism’ above
300 °C, that ends rapidly as the reaction enters the growth regime. There is a rapid increase
in the number of particles at 310 °C that can be distinctly seen from representative TEM
image in Figure 5.3 ¢). As the reaction proceeds, rapid consumption of the monomer causes
the supersaturation to decrease and only the nuclei larger than the critical size grow to
form final NPs till the reaction temperature reaches 320 °C. The reaction is maintained
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at 320 °C for 45 min (Figures 5.3 d) and e)), in which the particles grow and attain a
narrower size distribution, as also shown by Hyeon et al.® Supersaturation is high enough
for diffusion-controlled growth that promotes narrowing of the particle size distribution
by allowing the smaller particles to grow rapidly compared to the higger particles, owing
to the higher surface energies of the smaller particles.!
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Figure 5.2: a) Blackish dispersion of magnetic spherical IONPs, synthesised via thermal
decomposition of iron-oleate and b) magnetic separation of the particles under the
influence of a magnet.

Narrow PSD of SNPs is obtained as a result of distinct separation of the nucleation and
growth regions resulting in final particle size of ~14 + 3 nm [before cleaning (Figure 5.3
e))] and ~19 + 2 nm [after cleaning (Figure 5.1 c¢))]. The polydispersity of the particles
is seen to decrease as NP size increases with the particles becoming more spherical
with reaction time and achieving a final PDI of ~0.2 (Figure 5.3 f)). The decrease in
polydispersity along with the increase in mean particle size are characteristic of this growth
regime. Ostwald ripening may dominate in the later stages of the growth process that
acts contrary to diffusion-controlled growth as it allows larger particles to grow on the
expense of the smaller ones, thereby broadening PSD.” The presence of Ostwald ripening
was further confirmed by developing a mathematical model based on the three growth
mechanisms, namely, diffusion-controlled growth, coagulation due to Brownian collisions,
and Ostwald ripening. The simulation data matches well with the mean of the PSD from
the experimental data and fits well when Ostwald ripening is included in the mechanism.!

Decomposition of iron-oleate begins around 250 °C, as observed through FTIR analysis
(Figure 5.4), forming Fe?*. The gradual disappearance of the carboxylate bands (1608, 1519
and 1444 cm~!) as a function of reaction time culminating in complete disappearance
at end of reaction, as shown in Figure 5.4 b), stating successful decomposition of
the metal-oleate complex, further supporting our classical nucleation-growth model
comprising burst nucleation and diffusion-controlled growth.!
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Figure 5.3: a-e) TEM images of spherical IONPs aliquots at different stages of the synthesis
reaction. f) Size/PDI vs spherical IONPs synthesis reaction times. (RT = Room Temperature,
Rxn = Reaction).

54 CHAPTER 5. NANOPARTICLE GROWTH



5.1. IRON-OXIDE NANOPARTICLES

a) b)

0.9

0.8 17

e Fe_Oleate
= 65 min (220°C)
0.7 w75 min (250°C)

Normalised Transmittance

—— 95 min (3109C)
—— 100 min (3200C)
e 105 min (320°C)
—— 110 min (320°C)
145 min (320°C)
400 600 800 1000 1300 1400 1500 1600 1700 1800
‘Wavenumber (cm™) ‘Wavenumber (cm™)

Figure 5.4: FTIR spectra showing the decomposition of iron-oleate and the growth of SNPs
via thermal decomposition, at different reaction times and temperature.

5.1.2 Growth of Silver on Spherical Iron-Oxide Nanoparticles

Pre-synthesised SNPs were used as nucleating sites (seeds) for the synthesis of dimeric
Ag@SNPs. To perform growth studies, aliquots of the reaction samples were taken out
at intervals of 1, 3, 5, 7, 10 and 12 h, which were examined under TEM/SEM. Figures 5.5
a-f) show the formation of dimeric NPs with Ag nucleating and growing on the surface
of IONPs. The deposition of Ag on the surface of IONPs was also tracked using EDS
measurements. These results are included in Figures 5.5 g-i). Figure 5.5 g) shows the
EDS elemental mapping data after 1 h of reaction, marking Fe, O and Ag containing
regions. During the initial stages of the reaction, SNPs are seen with no dimeric growth
of Ag, however, small Ag particles are scattered over the IONP surface, across the whole
sample. Multiple small nodes of Ag start being visible around the SNPs, after 3 h reaction,
as seen in Figure 5.5 h). The occurrence of these nodes indicates that Ag is not present as
a single island but, forms multiple small islands on the surface of SNPs indicating multiple
regions of deposition in contrast to one particular site (Figure 5.5 h). This is attributed to
the difference in lattice spacing® between Fe (~0.49 nm) and Ag (~0.23 nm) as can be seen
from Figure 5.6. These nodes grow further as Ag deposits on them via surface diffusion,
as well as diffusion of Ag from the solvent to the particle. Figures 5.5 d-f) show the TEM
images of the obtained SNP-Ag NPs after 7, 10 and 12 h of reaction, respectively. There
is a homogeneous distribution of SNPs, whereas Ag nodes seem to exist in different sizes
over the SNPs. The disappearance of smaller Ag nodes and growth of larger ones can be
credited to Ostwald’s ripening, prevalent at the later stages of the reaction. However, it
should be noted that in addition to surface diffusion, Ag from smaller nodes might also
redissolve in the solution and be redeposited on another SNP. Additionally, as all the
particles are continuously in rigorous state of motion, Ag nodes diffusing into the solvent
may contribute to different Ag@SNPs in their constantly changing vicinity. Thus, there is
a non-homogeneous distribution of Ag on the SNPs.
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Figure 5.5: SEM images following the growth of Ag@SNPs ata) 1h,b)3h,¢)5h,d) 7h, e)
10 h and f) 12 h. EDS elemental mapping of Ag@SNPs at time g) 1 h,h) 3h andi)5h.

Figure 5.6: TEM image of dimeric magneto-plasmonic NPs showing lattice spacing of 0.49
nm and 0.23 nm for silver and iron-oxide NPs, respectively.
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5.1.2.1 Effect of AgAc Concentration

To investigate the effect of AgAc content on the physico-chemical properties of the DNPs,
AgAc amounts were varied during particle synthesis. The DNPs were characterized using
VSM and UV-Vis and the respective results are shown by Figures 5.7 a) and b). VSM
data suggests a decreasing saturation magnetization trend with increasing AgAc content,
whereas, an increase in the UV-Vis absorbance peak is seen with greater AgAc content.
These results suggest a higher degree of Ag deposition on IONPs, forming more dimeric
NPs, as more AgAc is used during synthesis. A decrease in saturation magnetization (1),
between the bare IONPs and their dimeric counterparts is seen as represented in Table 5.1.
The decrease is most probably caused by the addition of non-magnetic Ag onto the IONP
surface that affects particle mass but not M;. Therefore, the higher the amount of AgAc, the
greater is the decrease in M, and simultaneously, the plasmonic response of the particles
increases due to more Ag deposition. A balance between the magnetic and plasmonic
properties needs to be established to exploit the benefits of both the components of DNPs.
Therefore, 11.2 mg Ag Acetate salt concentration was selected for magnetophoresis studies
described in Chapter 7.
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Figure 5.7: VSM and d) UV-Vis of NPs showing the decrease in magnetisation and increase
in plasmon response with increasing amounts of AgAc, respectively.

Table 5.1: Saturation magnetisation and LSPR peak of IONPs and DNPs.

Particles M, LSPR Peak

emu/g nm

SNPs 74.33 -

CNPs 3.57 -
AgNPs - 442
Ag@SNP 7.7 AgAc  25.13 431
Ag@SNP 11.2 AgAc  16.88 432
Ag@SNP 15.7 AgAc  13.6 432
Ag@CNP 11.2 AgAc - 432
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5.2 Stimuli-Responsive Nanogels

The synthesis of pPNIPAm-pAAc-based NGs using free radical precipitation polymerisation is
reported in this section. To study the effect of different reaction parameters on the growth
of the NGs, the concentration of dodecyl sulphate (SDS), as well as, nitrogen atmosphere,
were varied during the NG synthesis. Furthermore, the effect of increasing pAAc content
in the NGs on their physico-chemical properties was also investigated.

5.2.1 Growth of Nanogels

Figure 5.8 a) shows the variation of NGs’ hydrodynamic size with synthesis temperature at
different SDS concentrations. NGs synthesized by the three methods — continuous-stirring
method (NGs_CS), flashing-stirring (NGs_FS) and flashing-impeller (NGs_FI), show an
increasing hydrodynamic size on decreasing the SDS amount from 4.2 to 2.1 mM. SDS
provides colloidal stability to the precursor particles during nucleation by electrostatic
stabilization.’ Additionally, higher concentration of SDS led to denser packing around the
incipient nucleation (oligomer) centers, thus, limiting the growth of NGs. This finding is
also in agreement with the results obtained in previous studies conducted by our group,
where SDS concentration was one of the central factors determining the size of the NGs.!’
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Figure 5.8: Variation of synthesized nanogel sizes as a function of a) SDS concentration and
b) temperature (at 4.2 mM SDS).

The heating and cooling phase transition curves, shown in Figure 5.8 b), are used to
determine the VPTTs of the respective NG systems (at 4.2 mM SDS), presented in Table
5.2. The curves have a sigmoidal fit, showing collapse from 25 to 40 — 45°C, owing to
the shift in the balance of hydrophilic and hydrophobic forces that cause coil-to-globule
transition upon the increase in temperature. At elevated temperatures, entropically-driven
release of bound water takes place due to breakage of hydrogen bonds, and water
is excluded from the molecular aggregates as polymer-polymer interactions exceed
polymer-solvent interactions. The polymer chains, thus collapse, attaining a globular
structure resulting in phase separation.’’ NGs_CS, among the three systems, show collapse
over a narrower temperature window. Low PDI for NGs_CS (Table 5.2) infers narrower
PSD and monodisperse population compared to NGs_FS and NGs_FI, that might result in
more uniform and consistent volumetric collapse of the NG system as a whole.
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Table 5.2: VPTT and PDI of NGs synthesized by different methods using 4.2 mM SDS.

Nanogels VPTT PDI
Q)
NGs_CS 363+01 02=+0.0
NGs_FS 37.8+01 0.7+0.1
NGs_FI 37.7+01 0.6+0.2

Figure 5.9 a) shows the size of the NGs synthesised by the three synthesis methods. An
initial increase in size is seen, for all the methods, before stabilizing at the final particle
size. On the contrary, PDI shows a decreasing trend as the reaction proceeds (Figure 5.9 b))
showing that the samples achieve monodisperse population at the end of the reaction.
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Figure 5.9: Variation of a) size and b) PDI, as a function of reaction duration for NGs
synthesised via the Continuous-Stirring (CS), Flashing-Stirring (FS), and Flashing-Impeller
(FI) methods.

CHAPTER 5. NANOPARTICLE GROWTH 59



5.2. STIMULI-RESPONSIVE NANOGELS

5.2.2 Effect of Acrylic Acid

Figures 5.10 a and b show the variation of NG sizes and zeta potentials with respect to
mole% of AAc. An increasing trend is observed in NG size with increasing AAc mole%
(from 10 to 30 mole%), indicating a higher relative incorporation of AAc in the NGs. Figure
5.11 shows the 'H NMR spectra of NGs synthesized with increasing mole % of AAc. As the
amount of AAc mole % increases, corresponding increase is seen for NMR peaks around
2.2 and 1.8 that correspond to pAAc incorporated in the NGs.

The size of the NGs show collapse with change in pH on going from basic towards acidic
pH (Figure 5.10 b)). As AAc deprotonates at higher pH and becomes negatively charged,
repulsion between the polymeric chains occurs. The maximum stretching of the polymeric
chain with deprotonation depends on the percent ionization of the carboxylic groups.
Therefore, a higher amount of AAc in the NG matrix is expected to promote swelling of
the structure.
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Figure 5.10: Hydrodynamic diameter and zeta potential of the NGs_CSs at a) 25 and 45°C,
and b) pH = 3.5 and 7.4.
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Figure 5.11: 'H NMR spectra of NGs_CS synthesized with increasing mole% of AAc from 10

to 30.
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5.3 Summary

Different inorganic and polymeric NPs were synthesised and their growth was studied
by varying selected reaction parameters. IONPs were primarily synthesised via the
co-precipitation and thermal decomposition (of iron-oleate) routes resulting in IONPs
with different morphology, with a size range of 10-20 nm. SNPs and CNPs, synthesised
using thermal decomposition of iron-oleate precursor, resulted in particles having narrow
PSD and low PDI (SNP=0.08, CNP=0.09). Whereas, IONPs from co-precipitation (Mag) had
broader PSD and higher PDI of 0.24, implying higher polydisperse population than both,
SNPs and CNPs.

Nucleation and growth of SNPs occurs via burst nucleation, with the decomposition
of iron-oleate precursor around 300 °C, following which the reaction quickly enters
the growth regime. Diffusion-controlled growth dominates during the early stages (high
supersaturation) of the reaction, while Ostwald ripening takes over in the later stages of
the reaction (low supersaturation). On using SNPs as seed for the nucleation and growth
of silver on the surface of IONPs, results is dimeric NPs. AgNPs nucleate on SNPs via
heterogeneous nucleation and subsequent epitaxial growth leads to dumbbell morphology,
owing to the lattice mismatch between Fe (~0.49 nm) and Ag (~0.23 nm).

Free radical precipitation polymerization was used to synthesise stimuli-responsive,
PNIPAmM-pAAc-based nanogels NGs. The effect of surfactant (SDS) concentration and
reaction atmosphere, on the growth of NGs was investigated. Smaller sizes were obtained
with 4.2 mM SDS concentration and the size increased with decreasing amounts of SDS,
until 2.1 mM concentration. Furthermore, the effect of increasing mole% of AAc on the
physico-chemical properties of the NG was also studied. An increase in the size was
observed with increasing AAc mole%, ranging from 256 + 2 nm to 415 + 3 nm for AAc
mole% of 10 and 30, respectively. The potential applicability of these NPs as hydrological
tracers and targeted drug delivery systems will be explored in the following chapters.
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“Water and air, the two essential fluids on which life depends,
have become global garbage cans”

- Jacques-Yves Cousteau

“We never know the worth of water until the well is dry.”

—Thomas Fuller

Hydrological Tracers

This chapter summarises the results of Paper I, describing the functionalisation of IONPs
for their use as potential hydrological tracers. The three different IONPs, namely, SNP, CNP
and Mag, were used to make the tracers magnetic. Furthermore, the synthesised IONPs
were functionalised using different ligands before they could be functionalised with DNA
(tracer moiety). In the case of IONPs synthesised using thermal decomposition of iron
oleate (SNPs and CNPs), the particles needed to be transferred from organic to aqueous
phase before they could be used for environmental applications. Furthermore, the charge
on the surface of IONPs had to be adjusted before they could be functionalised with DNA.
In order to protect the DNA from degradation and loss to the surroundings, the DNA
functionalised IONPs were encapsulated in a silica shell.

This chapter, thus, highlights the functionalisation of IONPs with various ligands as well
as DNA resulting in tracers that can be used for hydrological applications as depicted in
Figure 6.1. The first part focuses on the surface functionalisation of IONPs, the second on
DNA functionalisation, while the third focuses on silica encapsulation.

6.1 Surface Functionalisation of IONPs

Using DNA as the tracer moiety allows for the synthesis of a potentially unlimited number
of unique tracers, each having its own bar code. Using magnetic IONPs in the tracers
enables for easy recovery of the tracers downstream, thereby minimizing losses. Mag,
SNPs and CNPs have been used as the magnetic components forming the core of the tracer
particle. Each type of IONP provides different magnetic and surface properties, thus,
allowing flexibility in tracer design.
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Figure 6.1: Schematic representing the potential applicability of DNA-based magnetic

tracers for hydrology.

6.1.1 Phase transfer of SNPs and CNPs

Typically, there are two pathways by which IONPs can be functionalised with a hydrophilic
ligand; the first one involves complete replacement of the hydrophobic ligand with a
hydrophilic ligand (‘ligand-ligand exchange’), and the second involves modification of the

hydrophobic ligand by the hydrophilic one.

As both SNPs and CNPs were synthesised and stored using organic solvents, they needed to
be transferred to aqueous phase before they could be used in hydrological applications.
Various functionalisation strategies were used that further required application of
different ligands to transfer the IONPs into aqueous phase. Three different ligands,
namely, tetramethyl ammonium hydroxide (TMAH), sodium citrate (Na-citrate) and
cetyltrimethylammonium bromide (CTAB) were used to make SNPs and CNPs hydrophilic,
with their sizes and zeta potentials provided in Table 6.1. Although CTAB provided positive

potential, it is usually avoided due to its toxicity.?
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Table 6.1: DLS results showing the size and zeta potentials of the different phase
transferred SNPs using TMAH, Na-citrate and CTAB.

Iron-Oxide NPs  Ligand Size Zeta Potential
(nm) (mV)
SNPs Na-citrate 343 £5 -49.7 £ 0.1

CTAB 364 £ 10 +32.0 £ 0.0
TMAH 495 + 11 -10.0 + 2.5
CNPs TMAH 272 £ 20 -38.6 £ 2.8

To further understand the surface properties of the phase transferred NPs and the
functionalisation mechanism using Na-citrate and CTAB, a series of FTIR measurements
were conducted as shown in Figure 6.2 (TMAH study is discussed in the Section 6.1.2).
CTABresults in a positive zeta potential while Na-citrate and TMAH impart negative surface
charge to the NPs. The sharp absorption bands at 1383 and 1584 cm~! for pure Na-citrate
show the stretching of asymmetric and symmetric carbonyl groups (C=0) respectively.!
These vibrations are greatly reduced for the Na-citrate functionalised SNPs showing
interaction of the C=0 groups with the surface of the SNPs. Concurrently, the absence
of characteristic bands of the surface bound oleic acid (OA) asymmetric and symmetric
stretching of C-H at 2850 and 2923 cm 1, in the case of SNPs with Na-citrate, further suggest
complete replacement of OA. Therefore, this results in ligand-ligand exchange whereby
a small molecule (Na-citrate) easily displaces longer hydrocarbon chains of the surface
bound OA, leading to negative surface charge in an aqueous medium. The driving force
for ligand exchange and more effective binding of Na-citrate might be attributed to the
presence of multiple functional groups (or sites) in a Na-citrate molecule compared to just
one functional group in OA.®
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Figure 6.2: ATR-FTIR spectra of Na-citrate, CTAB and SNPs functionalised with Na-citrate
and CTAB in a) region 800-1600 cm~! and b) region 2800-3200 cm 1.

The absorbance bands for pure CTAB observed at 942 and 980 cm~! are assigned to C-N
bond and C-H stretching, respectively (Figure 6.2 a)). For SNPs coated with CTAB, the bands
at 942 and 980 cm ! are highly reduced and shifted in comparison to pure CTAB. This might
be caused by the interacting N* of CTAB with SNPs leading to reduced absorbance of its
own C-N bond stretching, thereby confirming SNPs’ functionalisation with CTAB. Although
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the intensity of the C-H stretching bands at 2850 and 2923 cm~! from surface bound OA,
is reduced, these overlap with CTAB C-H stretching bands in the same range. Therefore,
chemisorption of CTAB molecules on the SNP surface might happen, either via complete
removal of the OA, or by formation of inclusion complexes with OA.4

6.1.2 Surface Charge Modification

Once IONPs are successfully phase transferred to water, the surface charge needs to be
altered to positive before they can further be functionalised with DNA. Phase transfer
of SNPs and CNPs was first achieved with TMAH, to transfer the particles from the toxic
organic solvent (toluene) to aqueous phase, followed by functionalisation with TMAPS
(imparting positive surface charge to the NPs) as shown in Figure 6.3. As Mag NPs use
aqueous-based synthesis route (co-precipitation), there is no need to functionalise them
with TMAH and, hence, they can directly be functionalised with TMAPS.
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Figure 6.3: Schematic representing the surface functionalisation of different IONPs with
TMAH and TMAPs.

The ATR-FTIR spectra of TMAH and TMAPS functionalised NPs are shown in Figure 6.4.
The absorbance band at 1031 cm~! for TMAPS corresponds to the stretching of -Si-0-C-.°
This vibration is absent for both SNPs and CNPs functionalised with TMAH and TMAPS
owing to the interaction of the -N*(CH), groups of TMAH with -Si-O- of TMAPS during the
modification. Complete removal of OA can be concluded from the disappearance of the
asymmetric and symmetric C-H stretching band of OA at 2850 and 2923 cm~! (Figure 6.4
a)).

The sharp band at 920 cm~! for CNPs (Figure 6.4 c)) can be attributed to the out-of-plane
angular deformation of ~-C-OH of Na-oleate (present on the surface of CNPs).® Complete
disappearance of this peak is observed for spectra of CNPs functionalised with TMAH and
TMAPS showing removal of Na-oleate, which is in accordance with phase transferred SNPs
(where OA was removed). Other bands, observed at 1031 (Figure 6.4 ¢), 2876 and 2972 cm !
(Figure 6.4 d), for CNPs functionalised with TMAH and TMAPS have similar characteristics
as of SNPs functionalised with TMAH and TMAPS, showing analogous surface interactions
during phase transfer. From the FTIR spectra, it is however difficult to conclude if TMAPS
replaces TMAH completely for both SNPs and CNPs. However, it can be inferred that
TMAPS is the outermost ligand providing positive zeta potential after TMAPS coating for
Mag, SNPs and CNPs as shown in Table 6.2, arising from the amine functional group of
TMAPS.
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Figure 6.4: FTIR spectra of pure isopropanol, TMAH, pure TMAPS and the surface
functionalized a), b) spherical NPs and ¢), d) cubic NPs, with TMAH and TMAPS.

Table 6.2: DLS results showing the size and zeta potentials of the different phase
transferred SNPs using various TMAH and TMAPS.

IONPs Before TMAPS After TMAPS

(mV) (mV)
Mag -37.0 + 4.3 +21.7+ 7.0
SNP -39.3+17.1 +13.84+ 1.4
CNP -33.2+4.9 +15.0+ 0.0
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6.2 DNA Functionalisation and Silanization

With the aim to fabricate tracers bar-coded with unique double-stranded DNA (dsDNA),
three different dsDNA molecules, namely, T21, GM5 and GM6, were selected. Charge
density mapping between the TMAPS functionalized IONPs and the dsDNA is a precursor
to the successful binding of the dsDNA to the IONPs. Through a series of preliminary
experiments, the ratio of NPs to dsDNA was optimised to facilitate effective DNA binding
as shown in Figure 6.5 a). As more DNA is added to the TMAPS functionalised IONPs, the
positive potential starts to decrease and ultimately becomes negative with higher amount
of DNA (DNA has negatively charged due to its phosphate backbone). Successful binding
of DNA reverses the surface charge of the IONPs in all the cases as reported in Figure
6.5 b). This shows the robustness and adaptability of our protocol that can be applied
to different particle types as well as different DNA strands. A final coating of silica was
deposited after this step to ensure a protective shell around the DNA. The silica coated NPs
containing specific dsDNA and specific iron oxide NP cores were all found to have high
colloidal stability, indicated by high zeta potential values (< -30 mV) as shown in Figure 6.5
b).
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Figure 6.5: a) Variation of zeta potential for Mag NPs with different amounts of T21 dsDNA.
b) Zeta Potential of Mag, SNPs and CNPs after functionalisation with 20 xL DNA (T21, GMS5,
GMS6) and encapsulation with silica (Silica_T21, Silica_GMS5, Silica_GM6).
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6.3 Magnetic Properties

Ligands bonded to the surface of IONPs might influence their magnetic properties by
modifying the electronic structure and as a result, magnetic properties.”¢ In order to
investigate the effect of molecular coating on magnetic properties, field and temperature
dependence of magnetisation were investigated on bare magnetite (Mag) and at every stage
of functionalisation i.e. TMAPS (Mag TMAPS), DNA (Mag_DNA) and silica (Mag_Silica).
Even though SNPs and CNPs possess higher structural uniformity that might lead to
superior magnetic properties, the discussion of magnetic properties is limited to Mag, as
these NPs provide higher saturation magnetisation (77 + 8 emu/g) compared to SNPs and
CNPs.
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Figure 6.6: Field dependence of magnetisation for Mag, Mag TMAPS, Mag DNA and
Mag_Silica at @) 5 K and b) 300 K.

Field dependence of magnetisation recorded at 5 K (Figure 6.6 a) indicates that the coating
of Mag was successfully achieved without affecting the magnetic characteristics of the
magnetic core and both bare and coated samples present similar saturation magnetisation
(M,) values, and coercivity (H.). M vs H at 300 K (Figure 6.6 b) shows superparamagnetic
behaviour (i.e. remanence magnetisation, M, = 0, and H, = 0) for all the samples.

To comment on the interparticle interaction in the Mag samples, the variation of
interparticle interaction intensity (6m) vs magnetic field (at 5 K) was plotted as shown in
Figure 6.7.° Negative values (§m intensity) are indicative of dipolar interactions in all the
samples, that tend to slightly decrease with NP functionalisation.” In a sample of randomly
distributed NPs with average magnetic moment, x, (i.e. M, x V), the relationship between
average separation distance, d, and dipolar energy, £, is approximately given by Equation
6.1.

po(My x V)2

By~ ,
! dnd3

(6.1)
where 1 is permeability, M, saturation magnetization and V,, volume of nanoparticles.
Assuming that M, and V, are equal in all the samples, the observed reduction of dipolar
interactions (i.e. dipolar energy, £,;) means an increase of interparticle distance, indicating
the efficiency for the coating process.
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Figure 6.7: Interparticle interaction intensity (§m) at 5 K of Mag and functionalised Mag
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6.4 PCR Measurements

In order to assess the dsDNA loads in the tracer particles, qPCR measurements were
performed after bleaching any surface bound dsDNA (Figure 6.8).! Both, the silica and
IONPs, were dissolved in etch solution to release the encapsulated DNA.? A low cycle
threshold (C,) value, during dsDNA run (described in Chapter 4), indicates high DNA
concentration. The presence of large detectable quantities of DNA is therefore verified
for all the tracer types, indicated by statistically significant lower C; values compared to
NTC (negative control) as shown in Figure 6.8. The results shown are for samples diluted
30 times (starting concentration = 1.5 mg/mL), whereby further proving the applicability
of such tracers with high ultrasensitivity and negligible dilution problems.
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Figure 6.8: Cycle threshold (C;) value, measured using qPCR, for different IONPs
functionalized with different dsDNA.
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6.5 Summary

DNA-based magnetic hydrological tracers were successfully synthesised having different
magnetic cores, involving Mag, SNPs and CNPs, as well as, three different dsDNA (T21,GMS5,
GM6). SNPs and CNPs were phase transferred to water using TMAH, CTAB and Na-citrate.
The functionalised NPs show high stability denoted by high absolute values of the zeta
potentials, +32.0 & 0.0 mV for CTAB, -49.7 + 0.1 mV for Na-citrate and -38.6 + 2.8 mV (CNP)
for TMAH. Furthermore, the surfaces of all three IONPs were made positively charged
using TMAPS and subsequently functionalised with T21, GM5 and GM6 dsDNAs. DNA
functionalised IONPs were encapsulated in silica to protect the DNA from degradation and
loss to surrounding media. The obtained tracers had high electrostatic stability, shown
by high absolute values of the zeta potentials (< -30 mV) and retained their magnetic
properties after several functionalisation steps. PCR data proved successful DNA binding
and encapsulation in silica shell, thereby pointing at, not only, the possibility to produce
infinite unique tracers, but also, aiming at multipoint tracing. DNA from all the systems was
detected even at 30-fold dilution stating the high ultrasensitivity of the system to overcome
dilution challenges.
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“Always laugh when you can, it is cheap medicine.”

—Lord Byron

“Isn’tit a bit unnerving that doctors call what they do ‘practice’.”

— George Carlin

Drug Delivery Systems & Biosensors

This chapter summarises the results of Paper II' and Manuscript III, looking into the
potential applicability of NGs and IONPs for drug delivery and biosensing applications.
This chapter is divided into into two sections describing each of the two biomedical
applications. For drug delivery systems, loading and release studies were performed using
a model protein drug - cytochrome C (Cyt C), with the NGs. The NGs were synthesised via
the continuous-stirring and flashing-stirring methods, with varying degrees of AAc in the
NG matrix. To mimic cancerous regions and elevated body temperatures, the release of Cyt
C from the NGs was observed at 40 °C and at acidic pH. The second section of the chapter
deals with the application of biosensing, where SNPs and Ag@SNPs, were characterised
using the principles of ‘Magnetophoresis’.

7.1 Drug Delivery

This section highlights the potential of pNIPAm-pAAc-based NGs as drug delivery systems.
The biocompatibility of the NG was studied, followed by the loading and release studies of
Cyt C, and finally the drug release models commenting on the kinetics of drug release from
these NGs.

7.1.1 Biocompatibility Studies

NGs, synthesised using the continuous-stirring method (NGs_CS), were used for
biocompatibility studies using a whole blood model. Inflammatory responses in blood
during exposure to potential drug carriers and NPs can be determined by quantifying
pro-inflammatory cytokine production, the formation of the complement activation
product soluble Terminal Complement Complex (TCC) and activation of the Complement
Receptor 3 (CR3).2? Release of cytokines, such as chemokine IL-8 and pro-inflammatory
cytokines IL-13, IL-6 and TNF-«, have been suggested as potent biomarkers for predicting
the immunotoxic potential of NPs, due to high levels of induction being closely related
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to change in cellular mechanisms and toxicity.# Therefore, biocompatibility studies were
conducted on the pNIPAm-pAAc-based NGs using a human whole blood model, which is
an ex vivo model allowing to study the complexity of complement activation by closely
mimicking the in vivo conditions.®
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Figure 7.1: Cell viability of monocytes and granulocytes was maintained after NG
incubation in human whole blood cells. Loss of cell viability is accompanied by disruption
of plasma membrane integrity and increased PI permeability and nuclear staining.
Quantification of dead versus viable cells (PI intensity) was done by flow cytometry with
gating for the respective cell types.

Cell viability of monocytes and granulocytes in human whole blood was maintained after
exposure to the NGs, as compared to the PBS control and heat-killed cells, as shown in
Figure 7.1. TCC and CR3 activation was examined by measuring soluble TCC formation as
shown in Figure 7.2 a). Neither did NG exposure significantly increase the formation of
TCC in human whole blood cells nor activation of CR3 (Figure 7.2 b)). Therefore, it appears
that the NGs do not significantly activate the complement system in human whole blood
during the conditions examined.
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Figure 7.2: a) There was no significant increase in TCC formation during incubation of
NGs in blood, as determined by ELISA for soluble TCC in the plasma. b) Assessment of
CR3 activation in human whole blood cells by NGs as determined by Cd11b count. Error
bars represent standard deviation, statistical significance (***P < 0.001) compared to the
PBS control found by one-way ANOVA.

NGs also showed low production of cytokines, IL-13, IL-6, IL-8 and TNF-«, compared to the
baseline phosphate buffered saline (PBS) values and positive controls — Lipopolysaccharide
(LPS). However, a minor, but not significant, increase of IL-6 was noted with the highest
NG dose (100 ug/mL), and minimal, but statistically significant, reduction in IL-8 and
TNF-« was found for the intermediate NG doses (1 and 10 ug/mL). Previous research has
reported similar data using other cell based models,’® however, whether the minimal
decrease in IL-8 and TNF-q, relative to the PBS control is biologically relevant, can not be
determined without vastly increasing the number of donors to exclude potential statistical
sampling errors. Minimal effects on complement activation, cytotoxicity and production
of pro-inflammatory cytokines in human whole blood cells, suggests that the NGs have
good biocompatibility. On the other hand, there could be molecular processes induced by
the NGs that are not accounted for by this model, such as, production of other cytokines
or increased cellular stress mechanisms, coagulation effects and tissue reactions during
prolonged exposure in vivo. Hence, further investigation of these properties may bhe
considered in order to fully develop these NGs as drug carriers.
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Figure 7.3: Plasma levels of pro-inflammatory cytokines a) IL-13, b) IL-6, ¢) TNF-«, and d)
chemokine IL-8. Error bars represent standard deviations. Statistical significance (*P<0.05,
**p<(0.1, ***P<0.1) compared to the PBS control found by one-way RM-ANOVA with Dunette
post-test on log-transformed data (assuming log-normal distribution).
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7.1.2 Drug Loading & Release

Cyt C was loaded in the NGs by breathing-in technique, where the NG incorporates the
drug in the matrix as it swells on coming in contact with the drug solution. NGs with
larger sizes have the capacity to imbibe more drug inside their matrix as they swell on
coming in contact with drug solution, as shown in Figure 7.4. NGs, synthesised via the
continuous-stirring (NGs_CS) and flashing-stirring (NGs_FS) methods, were used to study
loading and release of Cyt C from the matrix. High loading (L.E.) and encapsulation (E.E.)
efficiencies of 87.4 + 12.2 % and 254.5 + 36.4 ug/mg, respectively, was obtained for NGs_CS.
Whereas, for NGs_FS, L.E. and E.E. increased with increasing AAc mole% reaching 70.3 +
7.8 % and 414.0 + 46.0 ug/mg, respectively, for 25 mole% AAc, as shown in Figure 7.5 a).

Dry Collapsed In Contact with
State Drug Solution

Release Conditions

. . . — PNIPAm
Breathing-in Mechanism —— pAAcC

@ Drug

Figure 7.4: Schematic showing drug loading via the (A) breathing-in mechanism and (B)
drug release via collapse of the stimuli-responsive NG.

Previous research has shown that the heme ligand, located in the lysine-rich region of Cyt
C, interacts with the negatively charged hydrogel units via Coulombic forces, resulting
in polymer-protein complex formation.” Therefore, increasing the number of carboxylic
acid groups (as more AAc units are incorporated in the NG matrix) might lead to a higher
number of binding sites for Cyt C thereby increasing drug loading.

As mentioned earlier, to mimic cancerous regions and elevated body temperatures, the
release of Cyt C from the NGs was observed at 40 °C and acidic pH, as shown in Figure 7.5
b). NGs_CS particles were continuously exposed to 40°C, while NGs_FS particles were first
subjected to pH = 3 for 30 h, followed by 40 °C and pH = 3. In the case of NGs_CS samples,
the Cyt C release profiles at 40 °C and at 40 °C with pH = 3.5 coincided to a significant
extent. It was seen that NGs_FS followed the release profile of NGs_CS for the initial part
and almost plateaued out after 2 h. Drug release from NGs_CS was observed to be faster
than NGs_FS with 50 % of Cyt C being released in the first 10 h as opposed to 27 % and
24 % for NGs_FS@AAc_10 and NGs_FS@AAc_15, respectively. The high release could be
attributed to a higher amount of Cyt C'in NGs_CS (L.E. = 87.4 + 12.2 %) resulting in a larger
drive for diffusion because of a larger concentration gradient.
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Figure 7.5: a) Loading and encapsulation effciencies of NGs_CS and NGs_FS. b) Release
profiles of Cyt C from NGs_CS and NGs_FS at different temperatures and pH values.

Table 7.1: Extent of collapse of NGs_CS with temperature and pH stimuli.

Sample Temperature-based collapse pH-based collapse
25 -40 °C [%] synthesis pH - ph = 3.5 [%]
NGs_CS@AAc_10 934+ 1.7 6.8 + 2.2
NGs_CS@AAc_15 919+ 29 41.7+11
NGs_CS@AAc_25 88.6 + 2.3 51.3+25

The temperature induces a greater collapse in the NGs compared to pH, as shown in Table
7.1. Therefore, as the release for NGs_CS is induced by temperature and pH, there is a
higher driving force (expelling the drug from the NG matrix) owing to greater NG collapse.
On the contrary, no Cyt C release is seen for NGs FS@AAc_25 when the system is exposed
to just acidic pH conditions, even though the system had higher L.E. The release from
this system occurs only after the temperature was raised above VPTT, to 40 °C. This fact,
together with the similar release profiles for NGs_CS (40 °C and at 40 °C with pH = 3.5),
further support the hypothesis that temperature has a greater impact on drug release than
pH. Furthermore, the diffusion of Cyt C progresses in three probable zones. The first being
transport of the drug from the NG matrix to the NG surface, second being transport of the
drug from the NG’s surface to the dialysis membrane, and the third, diffusion across the
dialysis membrane into the sink. Owing to the larger size of the AAc_25 NGs, the drug needs
to travel a larger distance (than for AAc_10 and AAc_15) to reach the NG surface before it
can diffuse out of the NG matrix. Thus, an additional driving force is needed to drive the
drug out of the NG matrix, provided by the temperature stimuli.
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7.2 Biosensors

Magnetic NPs (MNPs) have been used for separation processes in biomedical applications,
where magnetic-activated cell sorting (MACS) provides the means to separate cells of
interest from mixed cell populations. Particularly, two techniques can be used to separate
target cells from the medium,’® as mentioned below.

— Direct method: MNPs are first functionalised with appropriate affinity ligands before
being exposed to the target cells, where the NPs become bound to the target cells and
the solution containing the complexes is allowed to flow through a separating column
to which a magnetic field is applied.

— Indirect method: The affinity ligand is first added to the cell suspension that is
subsequently captured by the MNPs (bearing an affinity ligand against the primary
label) that can further be separated using an appropriate magnetic separator.

The magnetophoresis technique can be used for biosensing applications using MNPs
that have high surface functionality. On application of an external magnetic field, MNPs
move in the direction of the field with separation time depending on factors such as
solvent viscosity, NP size and magnetic field strength. For a constant field and solvent
viscosity, the velocity of separation varies directly with MNP size. These NPs can he
functionalized with a ligand having functional groups that are complementary to the
targeted antigen, thereby enabling attachment of the antigen to the MNPs and resulting
in NP self-assembly. Once the self-assembled NPs are exposed to the magnetic field, they
would separate out of the solvent with a particular separation velocity, compared to the
non-self-assembled NPs. The variation in separation time would be an indicator of the
presence of the antigen. Preliminary magnetic separation studies were conducted using
a modified magnetophoretic set-up inside UV-Vis spectrophotometer over a period of 24 h.

7.2.1 Magnetic Separation Studies

Figure 7.6 a) shows the magnetic Ag@SNPs aqueous solution in the UV-Vis cuvette prior to
exposure to the magnetic field. Due to the constant magnetic field gradient generated by the
magnetophoretic instrument, AG@SNPs were attracted and started separating in the UV-Vis
cuvette, as shown in Figure 7.6 b). As the NPs started to separate, their UV-Vis absorbance
decreased simultaneously, thereby further confirming NP separation in the presence of
the magnetic field (Figures 7.6 c) and d)). Similar separation profiles were obtained at 350
and 450 nm, having two distinct separation zones (Zone 1 and Zone 2), whereby Zone 2
appeared ~1 h after exposure to the magnetic field. The magnetic field acted more on
larger particles, thus pulling them with greater velocities as compared to smaller ones.
Therefore, larger particles have lower separation times than smaller particles, that have
lower separation velocities. Hence, over a period of time, the UV-Vis separation spectra
formed two distinct zones, resulting in two distinct sets of NP population consisting of
larger (Figure 7.6 e)) and smaller NPs (Figure 7.6 f)), found in Zones 1 and 2 respectively.

CHAPTER 7. DRUG DELIVERY SYSTEMS & BIOSENSORS 83



7.2. BIOSENSORS

: b)

0 | 350 nm | a 450 nm |
0.80 w 0.60 w
- -
- L]
! . 0.50 - .
0.60 . .
b = Zone2 | 3 o040 .
= n = n
< " (] u
2 0.40 . 2 030 - =
° - 5 .
2 Zone 1 2 Zone 1
<« . < 0.20 1
0.20 - .
| |
. 0.10
-
L]
0.00 . : — 0.00 , : . ‘
10 100 1000 10000 10 100 1000 10000
Time (sec) Time (sec)

200inm

Figure 7.6: Schematic of Ag@SNPs a) before and b) after being exposed to the
magnetophoretic setup. UV-Vis spectra of Ag@SNPs measured over 24 h at ¢) 350 nm and
d) 450 nm. TEM images of Ag@SNPs taken from magnetophoresis study in e) Zone 1 and
f) Zone 2.
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7.3 Summary

The potential applicability of stimuli-responsive nanogels (NGs) and dimeric NPs in
the field of biomedicine was described in this chapter. NGs, synthesised using
continuous-stirring (NGs_CS) and flashing-stirring (NGs_FS) methods were loaded with a
model protein drug, Cyt C, with loading efficiencies (L.E.) of 87.4 + 12.2 % and 30.8 + 7.4 %
for NGs_CS and NGs_FS, respectively. The L.E. of NGs_CS can, however, be increased with
increasing acrylic acid mole% in the NG system, from 10 to 25 mole%, as Cyt C interacts with
the negatively charged hydrogel units via Coulombic forces, resulting in polymer-protein
complex formation. Therefore, an increasing number of carboxylic acid groups (as more
AAc units are incorporated in the NG matrix) might lead to a higher number of binding sites
for Cyt C, thereby, increasing drug loading. The release of Cyt C from the NGs, conducted
at 40 °C and acidic pH (pH= 3.5), showed similar release profiles for NGs_CS and NGs_FS for
the first 2 h, following which, 50 % drug release was observed for the continuous-stirring
system, whereas the NGs_FS showed only 27 %, in 10 h. The low release could reciprocate
from lower L.E. of the flashing-stirring system providing lower concentration dependant
drive for diffusion of Cyt C.

The magneto-plasmonic DNPs were used to demonstrate the magnetophoresis-based
separation, to investigate their potential in biosensing applications. The separation of
Ag@SNPs, carried out using the magnetophoresis-UV setup, resulted in two sets of particle
populations based on particle sizes (zone 1 and zone 2). The larger particles are separated
in the first hour of exposure to the magnetic field, while smaller particles separate with a
lower velocity. These NPs can be used for the purpose of biosensing by studying the change
in separation velocities (or time) of the bare IONPs and the IONPs attached to the analyte
(antigen).
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Abstract: To monitor and manage hydrological systems such as brooks, streams, rivers, the use of tracers is a well-
established process. Limited number of potential tracers such as salts, isotopes and dyes, make study of hydrological
processes a challenge. Traditional tracers find limited use due to lack of multiplexed, multipoint tracing and back-
ground noise, among others. In this regard, DNA based tracers possess remarkable advantages including, envi-
ronmentally friendly, stability, and high sensitivity in addition to showing great potential in the synthesis of ideally
unlimited number of unique tracers capable of multipoint tracing. To prevent unintentional losses in the environment
during application and easy recovery for analysis, we hereby report DNA encapsulation in silica containing mag-

netic cores (iron oxide) of two different shapes—spheres and cubes. The iron oxide nanoparticles having size range
10-20 nm, have been synthesized using co-precipitation of iron salts or thermal decomposition of iron oleate precur-
sor in the presence of oleic acid or sodium oleate. Physico-chemical properties such as size, zeta potential, magnetism
etc. of the iron oxide nanoparticles have been optimized using different ligands for effective binding of dsDNA, fol-
lowed by silanization. We report for the first time the effect of surface coating on the magnetic properties of the iron
oxide nanoparticles at each stage of functionalization, culminating in silica shells. Efficiency of encapsulation of three
different dsDNA molecules has been studied using quantitative polymerase chain reaction (qPCR). Our results show

and high signal amplification.

nanoparticles

that our DNA based magnetic tracers are excellent candidates for hydrological monitoring with easy recoverability

Keywords: Hydrological tracers, Magnetic iron oxide nanoparticles, DNA encapsulation, Phase transfer, Silica

Introduction

Tracer tests are a widely used technique to investigate
flow paths and travel times of solutes, particulates and
contaminants in environmental waters [1, 2]. However,
there are limited number of potential tracers available
to hydrologists to study these dynamic processes. Tra-
ditional tracers, such as natural dissolved salts, sta-
ble isotopes, bromide, and fluorescent dyes [1, 3], have
been reported to suffer from interference of background
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6 Department of Water Management, Delft University of Technology, PO
Box 5048, 2600 GA Delft, The Netherlands
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noise, high analysis costs, potential environmental con-
tamination, signal contamination among others. Fur-
thermore, application of tracers at larger scales/solvent
volumes results in dilution effects that pose issues with
their detection limits thereby becoming an important
constraint.

DNA tracers have been reported to be specific, (i.e.
bearing unique identifiers that do not suffer from inter-
ference due to background noise) environmentally
friendly, ultrasensitive to detection and multiplex capa-
ble (i.e. enabling concurrent usage of a large number of
species at a given time) [4-7]. Importantly, DNA trac-
ers can be repetitively and thus exponentially amplified,
using quantitative polymerase chain reaction (qPCR),
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licence, visit http://creativecommons.org/licenses/by/4.0/.



Sharma et al. Nanoscale Res Lett (2021) 16:24

theoretically pushing the detection sensitivity down
to one molecule [8, 9]. Hence, tracers containing DNA
require a detection amount that is orders of magnitude
lower than that of traditional tracers.

Foppen et al. and Sharma et al. were the first to test
DNA as an applied tracer in surface water. Foppen et al.
[10-12] compared the breakthrough and recovery rates
of six different free DNA tracers and a conservative tracer
in several stream channel experiments. These DNA trac-
ers showed consistent advective—dispersive transport
properties, but low mass recovery for the free DNA trac-
ers (3—53%) compared with the conservative tracer (67—
106%) [10]. This mass loss of the free DNA tracers was
attributed to adsorption onto sediment particles, decay
and/or biological uptake by microorganisms. Encapsulat-
ing DNA inside a protective shell was therefore suggested
in order to enhance the longevity of the tracer.

To our knowledge, there are four types of encap-
sulated DNA tracers reported in the literature—(1)
DNA wrapped and stabilized by a combination of poly-
amidoamine (PAA), a cationic homopolymer and a
poly(ethylene) glycol (PEG)-poly(amidiamine) (PAA)-
PEG copolymer (Garnett particle) [13], (2) iron oxide
nanoparticles (IONPs) plus DNA, encapsulated by poly-
lactic acid (PLA) (Sharma particle) [12], (3) silica core,
surrounded by a layer of DNA and protected again by
silica (Paunescu particle) [14, 15] and (4) magnetite with
DNA wrapped around them and protected by silica cover
(Puddu particle) [4]. In case of the latter two, DNA is
encapsulated within silica shells, that have been shown to
be heat and radical resistant, whereby isolating the DNA
completely from the environment. However, in these
studies, a single type of DNA has been used for fabrica-
tion of the tracer. More importantly, there is no report of
how the magnetic properties of the tracers change during
the functionalization process. This is important to under-
stand since the rationale behind incorporating magnetic
nanoparticles (MNPs) lies in fast and easy magnetic
separation, better sample handling, absence of sample
volume limitations and up-concentration. Studies so far
have focussed only on magnetite as the core of the tracer.
Particle size and shape of the IONPs among other factors
have a crucial role in determining the magnetic proper-
ties of the tracers and in turn their magnetic harvesting
for separation and analysis.

To obtain a precise control over the particle’s size,
shape and morphology and eventually, their magnetic
properties, IONPs can be synthesized using thermal
decomposition route. This refers to decomposition of
iron precursors such as acetylacetonate, stearate, oleate
or pentacarbonyl in the presence of stabilizing ligands
in an organic solvent at high temperatures [16—-19]. The
finer control over particle size originates from temporal
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separation of nucleation and growth windows that pro-
motes narrower size distributions in comparison to the
more prevalent co-precipitation route. However, the
obtained nanoparticles (NPs) in the former case are in
organic phase that limits their use in environmental
and biomedical applications [20-22]. Several reports
have shown that the phase transfer of these NPs may
be achieved using specific ligands such as tetra methyl
ammonium hydroxide (TMAH), hexadecyltrimethylam-
monium bromide (CTAB), poly-ethylene glycol (PEG),
sodium citrate (Na-citrate) and so on, guided by the
synthesis route and application downstream [23-25].
Phase transfer however influences subsequent function-
alization steps of tracer synthesis, such as binding of
the DNA to the core, tracer encapsulation, etc. In cases,
where the effect of particle’s size, shape and morphology
on functionalization needs to be investigated, selecting
the same phase transfer methodology for all the particle
types deems necessary. In order to achieve this, devel-
oping repeatable and tunable protocols becomes utmost
important.

Further, functionalization steps can impact the mag-
netic properties of the final tracer particle, whereby
affecting their applicability downstream. In fact, the
molecular coating can strongly influence surface mag-
netism of the particles, altering the magnetic properties
[26, 27]. An understanding of how the physico-chemical
properties vary subsequently with the functionalization
route is believed to be a precursor in understanding the
final functional properties of the tracers. However, such
reports are missing in literature. Herein, we report a
robust approach to synthesize spinel IONPs via co-pre-
cipitation and thermal decomposition routes, followed
by functionalization with three different types of double-
stranded DNA (dsDNA). The type of the dsDNA used
for functionalization provides for the uniqueness of the
tracer. Thereafter, we silanize the DNA functionalized
IONPs to encapsulate the DNA inside a protective shell,
thereby producing customizable, hydrological tracers
bearing unique DNA tracer moieties. Our work reports,
for the first time, how the magnetic properties alter along
the functionalization route—from IONPs to DNA based
magnetic tracers, with an aim to understand structure-
properties relations for the tracers.

Method Section

Iron(II)chloride tetrahydrate (FeCl,.4H,0,>99%),
1-octadecene (ODE, technical grade 90%), oleic acid
(OA, technical grade 90%), sodium citrate dihy-
drate (Na-citrate, > 99%), tetramethylammonium
hydroxide solution (TMAH, ACS reagent) and tetra-
ethyl orthosilicate (TEOS, reagent grade 98%) were pur-
chased from Sigma-Aldrich® (Schnelldorf, Germany).
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Cetyltrimethylammonium bromide (CTAB,>99%) and
iron(III)chloride hexahydrate (FeCl;.6H,0,>99%) were
bought from Acros Organics® (Geel, Belgium). Trimeth-
oxysilylpropyl-N,N,N-trimethylammonium chloride
(TMAPS, in 50% methanol) and sodium oleate (>97%)
were purchased from aber® (Karlsruhe, Germany) and
Tokyo Chemical Industry (TCI, Japan), respectively.
Ammonium hydroxide solution (25 wt%) was bought
from Merck Life Sciences AS. The 3 dsDNA namely, T21,
GMS5 and GM6 were supplied by Biolegio B.V. (Nijmegen,
Netherlands) and further details regarding the dsDNA
can be found in the Additional information 1 (SI, Mate-
rials and Methods). All the chemicals were used as
received without any further purification or modification.
All solutions were prepared using distilled de-ionized
water (MilliQ water), having a resistivity ~ 18.2 MQ/cm
at 25 C, taken from Simplicity® Millipore (Darmstadt,
Germany) water purification system.

Synthesis of IONPs

Co-precipitation

The synthesis process has been adapted from previously
reported studies and involves weighing 84.6 mg of Mil-
liQ water in a beaker and adding 15.4 mL of 25% (wt)
NH,OH solution to prepare a 1 M solution [4]. Sepa-
rately, 8.0 g of FeCI2.4H20 and 21.6 g of FeCl;-6H,0O
were weighed and dissolved in 100 mL MilliQ water
in a volumetric flask. 10 mL of this solution was added
to 100 mL of 1 M ammonia solution dropwise (using a
burette), the reaction being kept under vigorous stir-
ring. The NPs were obtained using magnetic separation
by several washing cycles with water. These particles have
been referred to as ‘Mag’ in this report.

Thermal Decomposition

Spherical and cubic IONPs were synthesised using ther-
mal decomposition of Fe oleate precursor at elevated
temperatures in inert (argon) atmosphere. The tem-
perature of the reaction was raised using a temperature
controller (MRC® Heating mantle 100 mL with analog
control and Digital 4 programs x 16 segment program-
mer) for precise control of the heating rate.

Iron Oleate The iron-oleate complex was prepared using
our previously reported protocol [28]. In essence, 5.40 g
of FeCl;-6H,0 and 18.25 g of sodium oleate were dis-
solved in a mixture of solvents consisting of 40 mL etha-
nol, 30 mL deionized water and 70 mL hexane, in 250 mL
round bottom flask. The resulting solution was refluxed
at 70 °C for 4 h under vigorous stirring using a bar mag-
net. The resulting dark red organic phase, containing iron
oleate complex, was transferred to a separator funnel
and washed three times with MilliQ water. The remain-
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ing hexane solution was evaporated in a Heidolph rotary
evaporator (T=70 °C) to yield a highly viscous dark red
liquid of iron oleate.

Iron Oleate: Spheres (SNPs) The synthesis protocol,
adapted and modified from previous works conducted by
our group, involved mixing 1.6 g of iron oleate, 600 uL OA
and 25 mL 1-octadecene (ODE) in a three-necked glass
reactor, placed over a heating mantle fitted with a cooling
water condenser [28]. The reaction was carried out under
argon atmosphere. The temperature of the reactor was
ramped from room temperature to 320 °C at 3 ‘C/min. The
reaction was maintained at 320 “C for 45 min after which
the solution was cooled down to room temperature. NPs
were then washed using hexane and precipitated out using
a mixture of isopropanol and hexane. The particles were
magnetically separated and washed thrice using acetone
before finally redispersing in a known volume of toluene.

Iron Oleate: Cubes (CNPs) Adapted and modified from
our group’s work, in a typical synthesis, 0.833 g of iron
oleate, 213 mg sodium oleate and 14 mL ODE were heated
in a three-necked glass reactor placed on a heating man-
tle, fitted with a cooling water condenser, to 325 C at 2.8
‘C/min under argon atmosphere [29]. The reaction was
maintained at 325 ‘C for 45 min after which the NPs were
cooled to room temperature. NPs were then washed using
hexane and precipitated out using a mixture of isopro-
panol and hexane. The particles were magnetically sepa-
rated and washed thrice using acetone before finally redis-
persing in a known volume of toluene.

Growth Kinetics

We characterized the growth of SNPs obtained from the
decomposition of iron oleate precursor in ODE. Small
sample volumes were taken at defined time intervals and
analysed using transmission electron microscopy (TEM)
and Fourier transform infrared (FTIR) spectroscopy
without further cleaning.

We have developed a mechanistic model and carried
out kinetic Monte Carlo simulation to understand the
growth kinetics of the NPs following our previous work
[30]. Our simulation data matched the mean of the par-
ticle size distribution (PSD) obtained from analysing the
TEM images of SNPs presented in this work. The details
of the simulation are reported in the Additional informa-
tion 1 (Sect. 2).

Phase Transfer and Functionalization of IONPs

Phase transfer of SNPs and CNPs was carried out using
either CTAB, Na-Citrate or TMAH. The detailed pro-
cedure can be found in the Additional information 1



Sharma et al. Nanoscale Res Lett (2021) 16:24

(Sect. 3). Once the NPs were successfully phase trans-
ferred, they were redispersed either in MilliQ water or
isopropanol before further analysis or functionalization.
For Mag, direct functionalization was carried out, since
the NPs were already dispersed in aqueous phase.

A known amount of IONPs in water (Mag, SNPs and
CNPs) were taken and cleaned thrice with isopropanol
before finally dispersing in 1 mL isopropanol in a 1.5 mL
Eppendorf tube. 10 pL of TMAPS was added to the IONP
solution and put on overnight shaking. The samples were
collected afterwards, cleaned thrice with isopropanol and
redispersed in 1 ml isopropanol.

In a process to functionalize IONPs with dsDNA, a
known quantity of IONPs functionalized with TMAPS
(Table 1) was added to a predetermined amount of
dsDNA (optimized through preliminary experiments) in
a 1.5 mL Eppendorf tube. The solution was kept at rest
and allowed to react for 4 min. The DNA functionalised
NPs were then magnetically separated and cleaned three
times with MilliQ water and finally redispersed in 0.5 mL
MilliQ water.

After successful binding of dsDNA, 1 uL TMAPS was
added to 0.5 mL NP solution followed by 1 uL TEOS and
the samples were left on shaking for 4 h. 8 uL of TEOS
was further added to the solution after 4 h and the shak-
ing was continued for 4 days after which the particles
were magnetically separated and cleaned thrice with Mil-
1iQ and redispersed in known volume of MilliQ water.

Characterization Techniques

Transmission Electron Microscopy (TEM)

High resolution images were taken using the JEOL 2100
transmission electron microscope (Tokyo, Japan) oper-
ating at 200 kV. TEM grids were prepared by placing
several drops of the dilute solution on a Formvar carbon-
coated copper grid (Electron Microscopy Sciences) and
wiping immediately with Kimberly-Clark wipes to pre-
vent further aggregation owing to evaporation at room
temperature.

Table 1 Showing the amount of IONPs taken for surface
functionalization with TMAPS and dsDNA respectively

IONP TMAPS (pl) IONP dsDNA (T21,
amount amount GM5, GM6)
(mg) (mg) (uh)

Mag 50 10 0.75 20

SNPs 20 40 0.36 20

CNPs 10 20 0.30 20
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Attenuated Total Reflection-Fourier Transform Infrared
(ATR-FTIR)

The attenuated total reflection-Fourier transform infra-
red (ATR-FTIR) spectra were obtained using a Vertex 80v
vacuum FTIR spectrometer. OPUS software was used
to record spectra between 600 and 4000 cm ™! using 50
scans at a resolution of 4 cm ™. The spectral absorbances
were normalized with respect to the highest absorbance
value obtained. In case of the growth kinetic studies of
SNPs, sample aliquots were taken at defined tempera-
tures during the reaction and the samples were analysed
without further cleaning. On the other hand, for the
phase transferred samples, NPs were cleaned thrice using
MilliQ water before analysis.

Dynamic Light Scattering (DLS)

The size distribution and zeta potential of the NPs were
measured using a Malvern Zetasizer Nano-ZS instru-
ment (Malvern Instruments Ltd., Worcestershire, UK)
and the manufacturer’s own software. The solvent used
for all the NPs was MilliQ water.

Super Conducting Quantum Interference Device (SQUID)
Magnetometry

DC magnetization measurements were performed with
superconducting quantum interference device (SQUID)
magnetometer (H,,, =5.5 T, T=5-400 K). The sample,
in the form of powder or liquid, was placed in a capsule,
in order to prevent any movement of the NPs during the
measurements. All the magnetic measurements were
normalized by the mass of the magnetic component of
the sample. Magnetization measurements were carried
out as a function of temperature from 5 to 300 K using
ZFC-FC (Zero Field Cooled-Field Cooled) protocols
with an applied field of 25 Oe. Room temperature mag-
netic properties were investigated using a vibrating sam-
ple magnetometer (model 10—MicroSense, H,, =20
kOe).

Thermogravimetric Analysis

The mass of ligand on the IONPs was calculated using
thermogravimetric analysis of the samples using the SDT
Q600 Thermogravimetric Analyser (TA® Instruments,
Delaware, USA) and the manufacture’s inbuilt software.

gPCR Analysis

In order to determine DNA, samples in 400 pL Mil-
liQ water were sent to IHE Delft and stored cool upon
arrival. Prior to qPCR, samples were dispersed, and
vortexed 3 times @ 3000 rpm for 30 s and sonicated for
10 s (Hielscher UP200 St Vial Tweeter sonicator). Then,
MilliQ water was added to a total volume of 1000 pL.
In order to remove free DNA, not covered by silica,
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1.25 puL commercial bleach was added, and the mixture
was vortexed for 15 s. After 1-2 min, the particles were
magnetically separated, washed twice with MilliQ water,
and finally resuspended in 1 mL MilliQ water. This was
the stock solution or DO. From DO, four tenfold dilu-
tions (D1-D4) were prepared and DNA concentrations
were determined from the two most dilute samples (D3
and D4). Thereto, 20 pL D3 and D4 were taken out and,
in order to dissolve particles and release DNA, 1 pL of
fluoride buffer (2.3 g of (NH,HF, and 1.9 gm of NH,F
in 10 mL water), called Buffered Oxide Etch (BOE) was
added and allowed to stand for 10 min. From this, 4 pL
of D3 or D4 was taken to which 16 uL of PCR mix was
added. In case of DNA tracer T21, the PCR mix com-
posed of 2 uL 10X PCR buffer, 0.8 uL MgCl, buffer, 1 pL
dNTP mix, 1 pL Taq polymerase, 10.65 pL DEPC treated
water, 0.125 pL F-primer and R-primer, and 0.3 pL of
probe, composed of a FAM fluorophore and a black hole
quencher. In case of the other two tracers, again 4 pL of
D3 or D4 was taken and 16 pL of PCR mix was added,
composed of 15.75 uL. KAPA SYBR FAST qPCR Master
Mix (2X) Universal (Kapa Biosystem), 0.125 pL of both
F-primer and R-primer. Samples were inserted in a qPCR
apparatus (BioRad Mini-Opticon). The protocol of T21
was 3 min at 95 C, followed by 40 cycles of a two-step
thermal profile (15 s at 95 C, 60 s at 60 C). The protocol
of the other two tracers was 6 min and 40 s at 95 C, fol-
lowed by 41 cycles of a three-step thermal profile (14 s at
95°%C, 27 sat 58 'C, 25 s at 72 C).

Results and Discussion

In order to develop DNA based magnetic tracers for
hydrology, three important aspects need to be consid-
ered—controlling the size and shape of the magnetic
core, protection of the DNA (unique tracer moiety)
through robust functionalization procedures and under-
standing how sequential functionalization influences the
magnetic properties of the final tracer particles.

Controlling the Particle Size and Shape

The magnetic cores in the DNA based tracers have been
synthesized using co-precipitation and thermal decom-
position routes. The IONPs synthesized using co-precip-
itation are referred to as ‘Mag, while the spherical and
cubic IONPs synthesised using thermal decomposition
of Fe oleate precursor are named as ‘SNPs’ and ‘CNPs’
respectively.

Figure 1a, b show the schematics of the synthesis routes
of different IONPs via co-precipitation and thermal
decomposition respectively. The ratio of the metal pre-
cursor (Iron oleate) to reducing/stabilizing (Na-oleate/
OA ratio) agents influences the size, shape and mor-
phology evolution of the IONPs. The growth of IONPs
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is governed by the decomposition of iron oleate precur-
sor at high temperatures, which in turn influences the
choice of solvent. On the other hand, the size of the NPs
is clearly determined by the reaction time, temperature,
and concentration [31]. TEM images in Fig. 1lc—f, show
the evolution of the spherical IONPs as a function of
reaction time and reaction temperature. Nucleation
starts at temperatures above 300 C via ‘burst mecha-
nism’ that ends quickly as the reaction enters growth
regime and the NPs undergo sustained growth resulting
in narrow particle size distribution as reported by others
[32, 33]. However, we found the presence of some fully
formed particles at 250 ‘C (Additional file 1: Figure Sla)
that we attribute to stochastic growth arising from some
premature decomposition of iron oleate resulting from
heterogeneous nucleation at surface walls or via creation
of pockets of supersaturation.

This burst nucleation along with the rapid increase in
the number of particles can be distinctly seen from rep-
resentative TEM images of the aliquot at the reaction
temperature of 310 °C (Fig. 1d). Subsequently, the rapid
consumption of the monomer causes the supersatu-
ration to decrease and only the nuclei bigger than the
critical size grow to form final NPs as the reaction time
increases up to 320 °C, after which the reaction is main-
tained for 45 min. (Fig. le, f) However, the supersatura-
tion is high enough for diffusion-controlled growth that
focuses on narrowing particle size distribution by allow-
ing the smaller particles to grow rapidly compared to
the bigger particles, owing to the higher surface energies
of the smaller particles. The decrease in polydispersity
along with the increase in mean particle size are charac-
teristic of this growth regime and can be seen in Fig. 1g.
Ostwald ripening may dominate in the later stages of the
growth process that acts contrary to the diffusion-con-
trolled growth as it allows bigger particles to grow on the
expense of the smaller ones, thereby broadening the par-
ticle size distribution (PSD).

To further verify the mechanism discussed above, we
have developed a model of particle formation which con-
sists of an instantaneous reaction followed by nuclea-
tion and subsequent growth of nuclei (Additional file 1:
Sect. 2). The growth consists of three main mechanisms,
namely diffusion-controlled growth, coagulation due to
Brownian collisions and Ostwald ripening. The simula-
tion data matches well with the mean of the PSD from
the experimental data of SNPs (Additional file 1: Figure
S1b), however the standard deviation of the distribu-
tion is being overestimated from the model. We observe
that the experimental data matches better (Additional
file 1: Figure S1c) when Ostwald ripening is included in
the mechanism. However, such a simplified model with
several assumptions (viz. instantaneous reaction, lumped
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coagulation parameter, onset of Ostwald ripening) may
not be adequate to capture the entire growth kinetics
(Additional file 1: Sect. 4.1). For this reason, we leave the
effect of Ostwald ripening on growth mechanism, as an
open question that should be addressed through future
experiments and simulations.

A monodisperse particle size distribution of SNPs is
obtained as a result of distinct separation of the nuclea-
tion and growth regions resulting in final particle size
of ~14+ 3 nm [before cleaning (Fig. 1f)] and~19+2 nm
[after cleaning (Fig. 1j)] [34]. The polydispersity of the
particles is seen to decrease as NP size increases with
the NPs becoming more spherical with reaction time and
achieving a final PDI of~0.2 (Fig. 1g). Image] software
was used to calculate the particle sizes from the TEM
images (i.e. Fig. 1c—f). 300-1000 particles were analysed
per image and the average size and standard deviation
of these have been plotted in Fig. 1g. Further, we investi-
gated the growth mechanism by following the evolution
of the FTIR spectra of the reaction aliquots taken out at
specific time intervals as shown in Fig. 1h, i.

The bands around 1711 cm™! can be attributed to the
carbonyl group of the oleic acid (OA) whereas the vibra-
tional frequencies at 1608, 1519, and 1444 cm™! belong
to carboxylate groups, characteristic of the oleate com-
plex (Fig. 1i). In addition, the region between 1300 and
1700 cm™! can be used to deduce the carboxylate coor-
dination mode and the presence of these distinctive FTIR
bands indicate that the structure of our oleate complex
is bidentate as has also been reported by Bronstein et al.
[33]. The removal of (OA) surrounding iron oleate starts
around 170 C and is followed by decomposition of the
first oleate chain at 250 °C, forming Fe>" attached to two
other oleate chains. Pure metal carboxylates decompose
at temperatures near to or higher than 300 C resulting
in the formation of thermal free radicals [33]. The syn-
thesis reaction for generating iron oxide nanocrystals is
carried out by heating the solution of iron-oleate com-
plex in a high boiling, long-chain hydrocarbon solvent,
1-octadecene (ODE). The gradual disappearance of the
carboxylate peaks as a function of reaction time culmi-
nating in complete disappearance at end of reaction, as
shown in Fig. 1i, stating successful decomposition of
the metal-oleate complex, further supports our classical
nucleation-growth model comprising burst nucleation
and diffusion-controlled growth.

To gain information about the type of iron oxide
formed in our system, FTIR of SNPs in the range 400—
750 cm™! were analysed (Fig. 1h). The absorption bands
in the range 400-750 cm™! are attributed to Fe—O
vibration modes. IONPs can exist mainly in different

Page 7 of 16

polymorphs, magnetite (Fe;O,), hematite (a-Fe,Os),
maghemite (y-Fe,Os;), as well as others designated
as B-Fe,O; which is rarely found. For Fe;O,, only one
band exists around 574 cm™! whereas, two and three
bands can be seen for a-Fe,O5 and y-Fe,Oj; in the range
500-700 cm™! respectively. From the XRD pattern
(Additional file 1: Figure S1d), very broad features are
observed confirming the small size of the NPs. Diffrac-
tions at 26 values around 30°, 35°, 42° and 63° corre-
spond to the lattice planes {220}, {311}, {400} and {440}
respectively, of the cubic spinel z of magnetite [35, 36].
It is difficult to make a concrete distinction between the
inverse cubic spinel magnetite (Fe;O,) and tetragonal
maghemite (Fe,O;) phases from XRD due to their simi-
lar crystal structures. Furthermore, presence of magh-
emite could be attributed to oxidation on exposure to
air during NP drying. The broad peak around 26=20°
could be due to OA, suggesting the coating of OA on
NPs, acting as a stabilizing agent preventing agglom-
eration [36].

In the current study, besides the spherical IONPs dis-
cussed above (SNPs), two other IONPs were also synthe-
sized, one using co-precipitation route (Mag) and other
using the thermal decomposition route in the presence of
sodium oleate (instead of OA) resulting in cubic IONPs
(CNPs). Figure 1j-l, show representative TEM images
of SNPs, Mag and CNPs respectively with 300 particles
analysed for each respectively. Even though the co-pre-
cipitation route provides high product purity without
unwanted organic solvents and use of high synthesis tem-
peratures, this method produces NPs having a broader
size distribution (without stabilizing agent). This is
reflected by a higher poly dispersity index (PDI) of 0.24 in
comparison to SNPs (PDI=0.08) and CNPs (PDI=0.09),
synthesized via thermal decomposition methods. The
higher degree of control of NP size in case of the latter
method can primarily be attributed to temporal separa-
tion of nucleation and growth windows during the parti-
cle formation phase, leading to monodispersity. Further,
thermal decomposition helps in controlling the shape of
the IONP in the presence of stabilizing ligands (such as
sodium oleate) as is reported here and in our previous
studies [29]. Sodium oleate preferentially binds to the
{100} facet over {111} preventing growth in that direction,
allowing the {111} to grow faster leading to the formation
of cube shaped NPs [37]. However, both SNPs and CNPs,
being synthesized in organic solvents cannot be directly
applied for hydrological applications which require the
use of water dispersible tracers, thereby, necessitating
phase transfer and subsequent functionalization of SNPs
and CNPs.
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Phase Transfer and Functionalization of IONPs

Phase Transfer

In an attempt to transfer the SNPs and CNPs synthesized
via thermal decomposition from organic solvent to water,
functionalization strategies using various ligands are
reported here. Table 2 shows the sizes and zeta potentials
of the phase transferred SNPs and CNPs using different
ligands. The phase transfer can primarily be achieved
using two pathways; partial or complete replacement
of the existing hydrophobic ligand with the hydrophilic
ligand referred to as ‘ligand-ligand exchange; or modifica-
tion of the existing hydrophobic ligand with a hydrophilic
ligand. The choice of ligands has been optimized through
preliminary studies (not shown here) with an aim to con-
trol the surface charge of the phase-transferred NPs.

Both the NPs are seen to have hydrodynamic diameters,
which are at least one order of magnitude higher than
their respective TEM particle sizes (SNPs:~19+2 nm;
CNPs: 1241 nm) before phase transfer. This suggests
that during the process of functionalization, the ligand
forms weak interactions among several NPs, resulting in
larger hydrodynamic diameters. The reported function-
alization strategies have been shown to be reproducible
and robust (Additional file 1: Figure S2a and S2b), thereby
allowing tunability of the surface functional groups, par-
ticle size and surface charge. Further, all the NPs show
high electrostatic stabilities represented by high zeta
potential values (positive or negative). The relative differ-
ences in zeta potentials among the samples reported can
be traced back to different particle sizes, ligands, treat-
ment conditions among others.

To further understand the surfaces of our phase trans-
ferred NPs and the functionalization mechanism, we per-
formed a series of FTIR studies (Additional file 1: Figure
S2c¢ and S2d). Na-citrate functionalized SNPs are found
to be anionic [38]. The sharp absorption bands at 1383
and 1584 cm™! for pure Na-citrate show the stretching
of asymmetric and symmetric carbonyl groups (C=0)
respectively. These vibrations are greatly reduced for
the Na-citrate functionalised SNPs showing interaction
of C=0 groups with the surface of SNPs. Concurrently,
the absence of characteristic peaks of surface bound OA

Table 2 DLS results showing the size and zeta potentials
of the different phase transferred SNPs using various
ligands

Iron precursor Ligand Size (nm) Zeta potential (mV)
SNPs Na-citrate 343+5 —49.7£0.1

CTAB 364+10 320+00

TMAH 495411 —100£25
CNPs TMAH 272420 —386+£28
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(stretching of asymmetric and symmetric hydrocarbon
chains at 2850 and 2923 cm™!) in the case of SNPs with
Na-citrate, further suggest complete replacement of OA.
Therefore, ligand-ligand exchange happens whereby a
small molecule (Na-citrate) easily displaces longer hydro-
carbon chains that of surface bound OA, leading to nega-
tive surface charge in water. On the other hand, SNPs
functionalized with CTAB are observed to be cationic.
The absorbance bands for pure CTAB seen at 942 and
980 cm ™! depict C-N bond and —CHj groups stretch-
ing respectively (Additional file 1: Figure S2c and S2d).
For SNPs coated with CTAB, the vibrations at 942 and
980 cm™! are highly reduced and shift in comparison
to CTAB. This is due to the interaction of the N* group
with SNPs leading to reduced absorbance of its own C-N
bond stretching, confirming SNPs’ functionalization with
CTAB. Although the intensity of the surface bound OA
bands at 2850 and 2923 cm™! is reduced, these overlap
with CTAB hydrocarbon bands in the same range. There-
fore, we believe that chemisorption of CTAB molecules
on the SNP surface happens either via complete removal
of the surface bound OA or formation of inclusion com-
plexes with OA, characteristic of a quaternary amine,
reported in case of other quaternary amines such as
a-cyclodextrin [38].

Unlike the CTAB functionalized SNPs, for success-
ful binding of negatively charged DNA to the surface of
phase transferred IONPs, it is imperative to decorate
the surface with positive charges. This is achieved by
first phase transferring SNPs and CNPs with TMAH (as
described above), and subsequently functionalizing with
TMAPS. On the other hand, this phase transfer protocol
is not needed for Mag NPs (synthesized via co-precipi-
tation) which are directly functionalized with TMAPS. A
schematic representation is shown in Fig. 2a.

Surface Charge Modification

Figure 2b shows the ATR-FTIR spectra obtained for
studying the surface modification of SNPs and CNPs
functionalized with THAH and further with TMAPS.
The absorbance at 1031 cm™! for TMAPS corresponds
to the stretching of —Si—O—C- [39]. This vibration is
absent in case of both SNPs and CNPs functionalized
with TMAH and TMAPS (Fig. 2b, c) owing to the inter-
action of —N(CH); group of TMAH with -Si-O- of
TMAPS during the modification process. Complete
removal of OA can be concluded from the disappear-
ance of the asymmetric and symmetric long chain
hydrocarbon vibrations of OA at 2850 and 2923 cm™!
(Fig. 2b). Appearance of a sharp absorbance band at
2972 cm™! in case of SNPs functionalized with TMAH
and TMAPS (shown in Fig. 2b) is due to singly bonded
—C-H groups of isopropanol, TMAPS and TMAH.
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The sharp peak seen at 920 cm™! for CNPs (Fig. 2d)
can be attributed to out-of-plane angular deforma-
tion of —-C—OH of Na-oleate (present on the surface
of CNPs) [40]. Complete disappearance of this peak is
seen for spectra of CNPs functionalized with TMAH
and TMAPS showing removal of Na-oleate which is
in sync with phase transferred SNPs (where OA was
removed). Other spectral features at 1031 (Fig. 2d),
2876 and 2972 cm™ ! (Fig. 2e) for CNPs functionalized
with TMAH and TMAPS have similar characteristics
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as of SNPs functionalized with TMAH and TMAPS,
showing analogous surface interactions during phase
transfer. From the FTIR data, it is however difficult to
conclude if TMAPS replaces TMAH completely for
either SNPs or CNPs. However, it can be inferred that
TMAPS is the outermost ligand providing positive zeta
potential after TMAPS coating in case of Mag, SNPs
and CNPs as shown in Fig. 3a, arising from the amine
functional group of TMAPS.
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Silanization and Binding of DNA

After successful functionalization of the particles yield-
ing in cationic surfaces, the three NPs viz. Mag, SNPs
and CNPs were loaded with dsDNA. Figure 3a shows
the variation in zeta potentials at each surface function-
alization step for all the IONPs. TMAPS was successfully
bound to the respective NP surface, represented by posi-
tive zeta potentials after TMAPS functionalization (Mag:
21+7 mV, SNPs: 13+1 mV, CNPs: 15+ 1 mV).

With an intent to fabricate tracers, bar-coded with
unique dsDNA, we chose three different dsSDNA mol-
ecules, namely, T21, GM5 and GM6. Charge density
mapping between the TMAPS functionalized IONPs
and the dsDNA is a precursor to the successful binding
of the dsDNA to the IONPs. Through a series of pre-
liminary experiments, we optimized the ratio of NPs to
dsDNA to facilitate effective binding. Successful binding
of DNA reverses the surface charge of the IONPs in all
the cases as reported in Fig. 3a. This shows the robust-
ness and adaptability of our protocol to different particle
types and different DNA strands. A final coating of sil-
ica was carried out after this step to ensure a protective
shell around the DNA. The silica coated NPs containing
specific dsDNA and specific iron oxide core are all found
to have high colloidal stabilities indicated by high zeta
potential values (Fig. 3a).

In order to assess the dsDNA loads in our tracer parti-
cles, qPCR measurements were done after bleaching any
surface bound dsDNA. To release the encapsulated DNA,
the tracer particles were dissolved in buffered oxide
etch—a fluoride buffer, containing (NH,)HF, and NH,F,
which has been shown to etch away the silica (shell) and
iron oxide (core), without affecting the dsDNA [14]. In
addition, the presence of this buffer in the qPCR samples
has been previously shown neither to influence the signal
to noise ratio nor inhibit the primers during amplification
cycles [14]. The cycle threshold (Ct) values obtained from
qPCR runs for the respective tracer particles are shown
in Fig. 3b. A lower C, value indicates that the fluores-
cent signal required to cross the threshold (exceed back-
ground level) is defined by a smaller number of cycles, in
turn representing high DNA concentrations. The pres-
ence of large detectable quantities of DNA is therefore
verified for all the tracer types, indicated by statistically
significant lower C, values compared to NTC (nega-
tive control). The results shown are for D3 diluted sam-
ples (tenfold dilution with each cycle), whereby further
proving the applicability of such tracers with high ultra-
sensitivity and negligible dilution problems. To further
substantiate our claim, we performed a dilution series
for the SNP tracers functionalized with GM5 as shown
in Fig. 3c. The PCR efficiency is determined by means of
a standard curve involving generating a dilution series of
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the concentrated stock solution. This series of samples,
with controlled relative amounts of targeted template, is
most frequently diluted using tenfold dilution steps that
are analysed by qPCR measuring the quantification cycle
(Cy using standard procedures. An efficiency of 100%
follows the assumption of perfect doubling of the number
of DNA template molecules in each step of the PCR. The
PCR efficiency (E) can be calculated from the slope of the
C, versus the logarithm of the target concentrations as
follows [41]:

E = (1011/51°P9) _ 1) » 100% (1)

E = (109739 _ 1) x 100% = 89.6% 2

with R? = 0.9875.

Also, D6 and D7 show similar C, values that are close
to the NTC of the assay. Hence, there could still be some
particles left in D7, however, the C, value is obscured by
the NTC.

Figure 3d shows a representative TEM image of T21
functionalized Mag tracers, Although, several Mag NPs
can be distinctively seen throughout a mesh of silica,
our results show that several Mag NPs are encapsulated
within single silica shells. However, how sequential func-
tionalization affects the magnetic properties of IONPs
needs to be studied in order to assess their applications
in tracer hydrology and subsequent magnetic separation
prior to analysis. We report here for the first time an in-
detail magnetic characterization of our magnetic DNA
tracers at each stage of functionalization.

Influence of Magnetic Properties upon Functionalization

Molecular coating can strongly influence magnetic prop-
erties of NPs both restoring the bulk saturation mag-
netization and influencing the local effective magnetic
anisotropy, (i.e. coercive field). This effect can be attrib-
uted to the influence of different ligands bonded at the
IONPs surface that modify electronic structure and then
magnetic properties of the NPs [26, 27, 42]. In order to
investigate the effect of molecular coating on magnetic
properties, field and temperature dependence of mag-
netization has been investigated on bare magnetite (Mag)
and at every stage of functionalization (Mag TMAPS,
Mag DNA and Mag_ Silica) particles. Even though
SNPs and CNPs possess higher structural uniform-
ity that might lead to superior magnetic properties, we
limit our discussion of magnetic measurements to Mag,
as these NPs provide higher saturation magnetization
with respect to CNPs (M,=39 (3) Am? kg™!) in our case
(Additional file 1: Figure S5). In addition, Mag provides
the most consistent qPCR results (Fig. 3b) across the 3
variants of dsDNA used. Furthermore, studies conducted
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on Mag have not shown any magnetic data to stress on
the effect of surface functionalization and encapsulation
on the magnetic properties of these NPs.

Field dependence of magnetization recorded at 5 K
(Fig. 4a) indicates that the coating of Mag was success-
fully achieved without affecting the magnetic charac-
teristics of the magnetic core and both bare sample and
coated samples present very close saturation magnetiza-
tion (M) values, and coercivity field, H, (inset Fig. 4a,
Table 3). M vs H at 300 K (Fig. 4b) shows superparamag-
netic behaviour (i.e. Mr=0 and Hc=0) for all the sam-
ples. Thermal dependence of magnetization measured
according to zero field cooled (ZFC) and field cooled
(FC) protocols in DC field of 25 Oe and in the tempera-
ture range of 5-300 K are shown in Fig. 4c. All the coated
samples show comparable magnetic behaviour that are
different from bare NP counterparts. In this view, in
order to draw a clearer picture, a comparison among Mag
and Mag_Silica particles will be shown as an example and
ZFC FC measurements for all the samples is reported
in Additional file 1: (Sect. 4.3). According to ZFC pro-
tocol, the sample was at first cooled down from 300 to
5 K in zero field, then a small field of 25 Oe was applied
and the data was collected during the warming up from
5 to 300 K. The applied field was maintained as the sam-
ple was cooled down again to 5 K and Mg magnetization
was measured during the cooling process. As an exam-
ple, Fig. 4c shows the ZFC-FC of Mag and Mag_Silica
samples. ZFC—FC exhibit a blocking process typical of
an ensemble of single-domain magnetic particles with a
distribution of blocking temperatures [43]. Both MZFC
of Mag and Mag_Silica sample clearly show a maximum
that can be considered proportional to the mean blocking
temperature:

Tmax = ﬂTB (3)

where 8 can be considered in the range 1.5-2.5 for log
normal size distribution [44].

Both samples show also irreversibility between FC
and ZFC up to quite high temperature. The tempera-
ture below this irreversibility is observed (T},) and can
be associated with the blocking of the biggest particles.
Looking at values of T, and T, (Table 2), it appears
clear that all the samples show similar values within
experimental errors.

It is worth to note that M- shows temperature inde-
pendent behaviour at low temperature, suggesting the
presence of relevant interparticle interaction among the
particles [45].

In order to better understand the effect of the molec-
ular coating on the magnetization dynamics of the
NPs, the temperature dependence of the difference
Mpc— My has been plotted (Fig. 4d) (Mpc—Mypc of

Page 12 of 16

the other samples are reported in Additional file 1: Figure
S3a). For a NP ensemble, it can be demonstrated that

Mrrm(H, T,8) = Mec(H, T, 8) — Mzec(H, T, £)
+ Mmrm(H, T, ) (4)

where My, is isothermal remnant magnetization.
However, as Mgy is negligible in the IONP assemble,
Mgc— Mg can be considered as a good approximation
of Mryy [46, 47]. For both samples, Myc —Myp shows
a decrease with increasing temperature, as expected for
an assembly of magnetic monodomain particles. The
derivative of My-— My (Fig. 4e) can be considered as
only a rough estimation of the AE, distribution due to
the presence of interparticle interactions in our samples.
The distribution of magnetic anisotropy energies shows
the presence of two maxima centered at around 20 K
(T1ow) and 100 K (Tyq) respectively. Following previ-
ous detailed investigation of magnetic properties in iron
oxides, T, can be ascribed to the freezing of non-col-
linear spin present in the particle surface, while Ty, is
related to superparamagnetic transition of monodomain
particles [48-50].

Within the Néel model, the blocking temperature can
be defined as the temperature for which the relaxation
time is equal to the measuring time of the experimen-
tal technique. In a real system of NPs, where a finite
size distribution always exists, Ty is often defined as the
temperature at which 50% of the sample is in the super-
paramagnetic state. The T} distribution can be obtained
from the AE, distribution by evaluating the temperature
at which 50% of the particles overcome their anisotropy
energy barriers. Blocking temperature for all the samples
show equal values within experimental errors, suggesting
that molecular coating is not influencing the magnetiza-
tion dynamics of superspin. It is interesting to observe
that data reported in Table 3 is in good agreement with
Eq. 3: considering the values of T, ,, and T}, f8 are in the
expected range. This suggests that despite interparticle
interaction being present between particles, the magneti-
zation dynamics of superspin is governed by magnetic
anisotropy of single particles [43, 51].

In order to shed some light on the interparticle interac-
tions in our samples, the variation of 8m versus field at
5 K according to DCD (Direct Current Demagnetization)
and IRM (Isothermal Remnant Magnetization) protocols
(Additional file 1: Sect. 4.3), are presented in Fig. 4f [52].
As an example, positive value in 8m is an indication of
exchange interactions among nanoparticles while nega-
tive peak indicates the prevalence of dipolar interactions.
Thus, it can be clearly seen from Fig. 4f, that the dipolar
interaction is dominating in our samples, before coating
as well. After coating with DNA, a slight, but evident,
reduction in the intensity of dm (as absolute value) was
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Table 3 Coercive Field (H), saturation magnetization
at 5 K (Mg). Temperature corresponding to the maximum
in ZFC curve (T,.,,), irreversibility temperature (T,),
and blocking temperature (Tg). Uncertainties on the last
digit are given in parentheses

Sample Hc (Oe) Ms5K Tmax (K Tg(K) T, (3%) (K)
(emu/qg)

Mag 260 (25) 77 (8) 228(22) 90(9)  283(28)

Mag_TMAPS  255(20) 75(8) 236 (23) 92(9) 243 (24)

Mag_DNA 250(20) 85(9) 202 (20) 92(9) 207 (20)

Mag_Silica 200 (20) 83(9) 228(22) 102 (10) 242 (24)

observed (inset, Fig. 4f). In a sample of randomly distrib-
uted nanoparticles with average magnetic moment y,
(i.e. Myx V,,) and average separation d, dipolar energy
(Ey) is approximately, given by

Ho(Ms x vp)z

E ~
d 47 d3

()

where y, is permeability, M saturation magnetization,
VP volume of nanoparticles, d is the distance between
particles. Considering M and V), equal in all the samples,
the observed reduction of dipolar interactions (i.e. dipo-
lar energy) means an increase of interparticle distance,
indicating the efficiency for the coating process.

The magnetic properties (i.e. saturation magnetiza-
tion and magnetic anisotropy) of Mag remain intact
after surface functionalization with DNA and encapsu-
lation in silica proving the efficiency of magnetic core
and the possibility of magnetic separation of these NPs
thereby improving the recovery of the tracer moieties
downstream.

Conclusion

Conventional hydrological tracers show limitations due
to lack of multiplexed, multipoint tracing and interfer-
ence of background noise. DNA based tracers eliminate
most of these challenges by enabling synthesis of ide-
ally unlimited number of unique tracers that are stable
and highly sensitive to detection. Herein, we synthesised
DNA based tracers having a magnetic core encapsulated
in a protective silica shell. We report for the first time
encapsulation of three different types of DNA using three
different magnetic cores, thereby showing the uniqueness
of the tracers. Superparamagnetic IONPs, with a size
range of 10-20 nm, were synthesized using the methods
of co-precipitation and thermal decomposition for the
purpose of producing magnetic hydrological tracers. The
surface of the IONPs were functionalized using different
ligands such as CTAB, Na-citrate, TMAH and TMAPS,
thus, providing different surface functionalities and
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surface charges to IONPs. The functionalized nanopar-
ticles show high stability denoted by high zeta potential
values, above>30 mV (CTAB) and<— 30 mV (Na-cit-
rate and TMAH). Spherical and cube shaped IONPs,
synthesized via co-precipitation or thermal decompo-
sition routes, were thereafter successfully functional-
ized with three different dsDNA (T21, GM5 and GM6)
followed by encapsulation in silica shell. The effect of
surface functionalization of IONPs on the physico-
chemical properties and especially magnetic proper-
ties of IONPs was investigated. In the latter context, we
track for the first time, the effect of functionalization on
the magnetic properties. It was observed that the mag-
netic core retained most of its magnetic properties even
after encapsulation in silica. Successful DNA binding to
the IONPs was verified using qPCR for all the different
magnetic cores and the three different dsDNAs studied
herein. Our results show robust and repeatable synthe-
sis and functionalization protocols capable of producing
magnetic tracers with unique DNA tags that retain rel-
evant magnetic properties of the cores even after silica
encapsulation. The tracers show detection at extremely
low concentrations, thereby proving their non-suscep-
tibility to dilution effects under application conditions.
These tracers will pave the path for monitoring several
hydrological processes, currently limited by the availabil-
ity of multiple unique tracers. Further, the use of DNA as
a tag is a precursor to ultra-high sensitivity in detection
and the magnetic core will facilitate easy separation of
tracers after applications downstream.
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Abbreviations

gPCR: Quantitative polymerase chain reaction; PAA: Polyamidoamine; PEG:
Poly(ethylene) glycol; NPs: Nanoparticles; IONPs: Iron oxide nanoparticles; PLA:
Polylactic acid; TMAH: Tetra methyl ammonium hydroxide; CTAB: Hexade-
cyltrimethylammonium bromide; ODE: 1-Octadecene; OA: Oleic acid; TEOS:
Tetraethyl orthosilicate; TMAPS: Trimethoxysilylpropyl-N,N,N-trimethylammo-
nium chloride; Mag: Magnetite NPs synthesised by co-precipitation; SNPs:
Iron oleate: spheres; CNPs: Iron oleate: cubes; TEM: Transmission electron
microscopy; FTIR: Fourier transform infrared; PSD: Particle size distribution; DLS:
Dynamic light scattering; SQUID: Super conducting quantum interference
device; XRD: X-ray diffraction; ZFC-FC: Zero field cooled-field cooled; BOE:
Buffered oxide etch.
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based NGs provide such dual stimuli-response with pNIPAm and pAAc providing thermal and pH-
based responses, respectively. Studying the growth of these NGs, as well as, understanding the effect
of the incorporation of pAAc in the NG matrix, is important in determining the physico-chemical prop-
erties of the NG. Studies have been conducted investigating the effect of increasing pAAc content in

ﬁ?; VOV‘;:E: the NGs, however, these are not detailed in understanding its effects on the physico-chemical properties
Stimuli-responsive NGs of the pNIPAm-pAAc-based NGs. Also, the biocompatibility of the NGs have not been previously reported
Poly-acrylic acid using human whole blood model. Herein, we report the effect of different reaction parameters, such as
Drug delivery surfactant amount and reaction atmosphere, on the growth of pNIPAm-pAAc-based NGs. It is shown that
Biocompatibility the size of the NGs can be precisely controlled from ~130 nm to ~400 nm, by varying the amount of sur-

factant and the reaction atmosphere. The effect of increasing incorporation of pAAc in the NG matrix on
its physico-chemical properties has been investigated. The potential of these NGs as drug delivery
vehicles is investigated by conducting loading and release studies of a model protein drug, cytochrome
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C (Cyt C) from the NGs at temperature above the volume phase transition temperature (VPTT) and acidic
PH. An ex vivo human whole blood model was used to investigate biocompatibility of the NGs by quan-
tifying inflammatory responses during NG exposure. The NGs did not induce any significant production of
chemokine IL-8 or pro-inflammatory cytokines (IL-1p, IL-6, TNF-o), and the cell viability in human whole
blood was maintained during 4 h exposure. The NGs did neither activate the complement system, as
determined by low Terminal Complement Complex (TCC) activation and Complement Receptor 3 (CR3)
activation assays, thereby overall suggesting that the NGs could be potential candidates for biomedical

applications.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Stimuli-responsive nanogels (NGs) have been shown to have
great potential in biomedical applications, such as drug delivery
[1] and tissue engineering [2]. Owing to the complexity of the
physiological microenvironments, NGs responding to a single stim-
uli might not be suitable to achieve the desired goals, therefore,
materials that are responsive to more than one physical or chemi-
cal stimuli are highly desired for biomedical applications [3]. Poly
(N-isopropylacrylamide)-co-poly(acrylic acid) (pNIPAm-pAAc)-
based NGs provide exactly such dual stimuli response with tem-
perature and pH [4,5]. pNIPAm-based NG undergoes entropically
driven reversible coil-to-globule phase transition above the vol-
ume phase transition temperature (VPTT), owing to the hydrophi-
lic amide and hydrophobic propyl groups, that lies around 36 °C for
these systems, thereby making them most widely studied thermo-
sensitive polymers for biomedical applications of targeted drug
delivery [6,7]. The VPTT of pNIPAm-based NGs can be altered by
copolymerizing NIPAm with other hydrophobic or hydrophilic
monomers [8,9] and acrylic acid (AAc) is one such hydrophilic
monomer that also imparts pH response to the polymer, as previ-
ously shown by our group [10,4].

PNIPAm-pAAc-based NGs are usually synthesized using precip-
itation polymerization at temperatures above the VPTT of the
formed NG [11,12,4]. A surfactant, such as sodium dodecyl sul-
phate (SDS), is generally added to avoid NG agglomeration and
control the population size [13-15]. These reactions are extremely
sensitive to synthesis parameters, including, reactant concentra-
tions, surfactant concentration, amount of initiator and reaction
temperature. Studies conducted by Lyon et al. and our group, have
shown the effect of these parameters on the size of NGs [10,16].
The presence of oxygen has been shown to hamper radical poly-
merization reactions by reacting with either the initiator, primary
or the growing polymer radical units forming peroxides that hinder
further chain growth [17-19]. However, the effect of oxygen atmo-
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sphere has not yet been investigated for the synthesis of pNIPAm-
pAAc based NGs. Furthermore, polymerization occurs rather fast
upon addition of the initiator, thereby shortening the nucleation
window. Thereafter, chain growth takes place, where the polymer
and co-polymer are incorporated within the NG matrix. The reac-
tion is complex and few studies have been conducted to under-
stand the growth of pNIPAm-based gels [15,20]. In addition, to
understand the stimuli response from temperature and pH, it is
important to study the extent of incorporation of pNIPAm and
pAAc in the NG matrix. Studies have shown the effect of increasing
amounts of AAc on the physico-chemical properties [21-23], as
well as, the loading efficiencies of the NGs with cytochrome C
(Cyt C) [10,24] and l-dopa [25,26]. Our group, among others, have
shown loading and release of drugs from pNIPAm-pAAc based gels
at different conditions of temperature and pH [10,25,24,27]. How-
ever, most of these studies are not associated with NGs, but, micro-
gels and they do not highlight in detail, the effect of pAAc on the
physico-chemical properties, such as swelling/collapse and VPTT
of the NGs, as well as, release of drug from these NGs. Although,
NGs and microgels share similar structures, NGs pose an advantage
owing to their smaller size and responsiveness to deliver payloads
to target areas, together with high drug encapsulation, large sur-
face area, and stable interior network structure [28-30].

As the effect of drug carriers increases with circulation time in
the blood stream, investigating inflammatory responses in a blood
model can be important to gain information on the biocompatibil-
ity of the system [31]. Inflammatory responses in blood during
exposure to potential drug carriers and NPs can be determined
by quantifying pro-inflammatory cytokine production, the forma-
tion of the complement activation product soluble Terminal Com-
plement Complex (TCC) and activation of the Complement
Receptor 3 (CR3) [32,33]. Previous studies suggests that NGs with
AAc as comonomers, have low cytotoxicity and do not induce pro-
duction of pro-inflammatory cytokines [34,35]. However, the mod-
els used are often solely based on in vitro cell mono-cultures, i.e.



A. Sharma, K. Raghunathan, H. Solhaug et al.

monocytes lacking the complex interaction between different cell
types and plasma cascades involved in an in vivo response scenario,
as can be modelled using human whole blood [36]. Release of
cytokines, such as chemokine IL-8 and pro-inflammatory cytokines
IL-1B, IL-6 and TNF-u, have been suggested as potent biomarkers
for predicting the immunotoxic potential of NPs, due to high levels
of induction being closely related to change in cellular mechanisms
and toxicity [37].

In this study, we performed time-based growth experiments to
study the formation of pNIPAm-pAAc-based NGs by varying
selected reaction parameters, primarily surfactant amounts and
reaction atmosphere, to investigate their effects on the physico-
chemical properties of the NGs. In addition, the effect of the extent
of AAc incorporation in the NG matrix on the physico-chemical
properties of the NG was studied. The potential of these NGs as
drug delivery vehicles was evaluated by performing loading and
release of Cyt C, a model protein drug, at different conditions of
temperature and pH, and for the first time, using NGs with varying
pAAc incorporation in the matrix. Furthermore, biocompatibility
studies were conducted on the pNIPAm-pAAc based NGs using a
human whole blood model, which is an ex vivo model allowing
to study the complexity of complement activation by closely mim-
icking the in vivo conditions [36].

2. Experimental section

N-isopropylacrylamide (NIPAm, 97%), N-N'-methylene-bisacry
lamide (BIS, 99%), acrylic acid (AAc, 99%), sodium dodecyl sulphate
(SDS, 99%), potassium persulphate (KPS, >99%), phosphate buf-
fered saline (PBS, suited for cell culture, endotoxin tested, and sup-
plemented with Ca®*/Mg?*, Zymosan (A crude cell wall extract
from the yeast Saccharomyces cerevisiae) and propidium iodide
(PI) solution suitable for hematology ( >94%) were purchased from
Sigma-Aldrich® (Schnelldorf, Germany). Ethylenediaminete-
traacetic acid (EDTA, ultrapure grade, 0.5 M) was purchased from
Invitrogen (Waltham, MA, USA). Ultrapure lipopolysaccharide
(LPS) from Escherichia coli serotype 0111:B4 was purchased from
InvivoGen (San Diego, CA, USA). Sterile Refludan for injection or
infusion containing the thrombin inhibitor Lepirudin (50 mg/mL)
was purchased from Pharmion (Windsor, UK). Lysis buffer and
anti-CD11b labelled with phycoerythrin (PE) for flow cytometry
were purchased from BD Biosciences (Franklin Lakes, NJ, USA).
Paraformaldehyde aqueous solution for cell fixation (PFA, 16%,
methanol free and microfiltered) was purchased from VWR (Rad-
nor, PA, USA). All the chemicals (except NIPAm) were used as
received without any further purification or modification. Solu-
tions for whole blood experiments were prepared in PBS with
Ca?*/Mg?*, which are essential for normal complement activation.
All other solutions were prepared using distilled de-ionized water
(MQ-water), having a resistivity ~18.2 MQ.cm at 25 °C, taken from
Simplicity® Millipore (Darmstadt, Germany) water purification
system.

2.1. Recrystallization of NIPAm

To remove impurities that could inhibit the polymerization
reaction, NIPAm was recrystallized using a previously reported
protocol by our group [10]. In a typical process, 5 g of NIPAm
was dissolved in 50 mL of n-hexane in a one-necked round bottom
flask maintained at 110 °C using an oil bath. The reaction was
allowed to proceed for 2 h following which, the reactor was placed
over an ice bath for 30 min, to allow recrystallization of NIPAm.
The solution was then filtered using a ¢—90 mm filter paper and
kept for overnight drying. After drying, the recrystallized NIPAm
was stored at —20 °C to prevent absorption of moisture.
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2.2. Synthesis of nanogels

The NGs were synthesized using precipitation polymerization
as previously reported by our group [10]. The monomers NIPAm
and AAc were used to synthesize the NGs using BIS as cross-
linker; SDS was used as surfactant and the reaction proceed by
adding KPS, as an initiator. In a typical reaction, NIPAm (181 mg)
and BIS (14.5 mg) were added to a round bottom flask maintained
at 70 °C. 10 mL of SDS, with different molarities (4.2, 3.5, 2.8 and
2.1 mM), were added to the flask and the reaction mixture was stir-
red for 1 h to ensure the collapse of all NIPAm monomeric units.
After 1 h, AAc (124 pL of 1.46 M) and KPS (400 pL of 103 mM) were
added in quick succession and the reaction was allowed to con-
tinue for 3 h.

To investigate the effect of reaction environment (atmosphere),
three different modes of synthesis were applied, namely, a)
Continuous-Stirring (CS) - maintaining continuous flow of N, with
stirring using a magnetic bar stirrer, b) Flashing-Stirring (FS) - N,
purging during addition of the initiator with stirring using a mag-
netic bar stirrer, and c) Flashing-Impeller (FI) - N, purging during
addition of the initiator with stirring using an impeller. Fig. 1 rep-
resents the schematic of the three synthesis techniques used based
on N, usage and the method of stirring. All the synthesised NGs
were dialysed overnight using a 14 kDa molecular weight cut-off
(MWCO) dialysis membrane, to remove any unreacted monomers
and residual reactants. The dialysed NGs were freezedried to
remove the solvent and stored at 4 °C for further analysis.

Furthermore, to investigate the pH stimuli response of the NGs
with increased incorporation of pAAc units in the NG matrix, NGs
were synthesised using CS method. The mole ratios of the mono-
mer (NIPAm), co-monomer (AAc) and crosslinker (BIS) were varied
for the different NG samples, as shown in Table 1.

2.3. VPTT Calculation

VPTT of the NGs was calculated by plotting the swelling/col-
lapse of the NGs over a temperature range for both, the heating
and cooling cycles. The sizes of these NGs were measured using
dynamic light scattering (DLS), between 25 and 55 °C with an
interval of 5 °C. Using the NG sizes at different temperatures, rela-
tive swelling of the NGs (a1 ) was calculated as described in Eq. 1.

OC—D3
=0

where, D is the NG’s hydrodynamic diameter at a given temperature
and Dy, is the diameter at 25 °C. ot was plotted against temperature
for heating and cooling cycles and a sigmoidal 5 parameter equation
(Eq. 2) was fit, using SigmaPlot® version 14.0, to the obtained curves
to find the VPTT described in our previous work [38].

1

a
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where, a, b, ¢, Xg and y, are the 5 constant parameters obtained from
SigmaPlot®. An in-house developed MATLAB® code was used to cal-
culate the system’s VPTT by equating the areas under the heating

and cooling curves, measured by Simpson’s 1/3™ rule [38].
2.4. VCEtemp and VCE,y Calculations

At temperatures above VPTT and acidic pH, NGs undergo vol-
ume based collapse. Drug release studies involving polymeric
NPs were conducted at different temperature conditions that are
usually above the transition temperatures of the material (~37 -
45 °C) [39-42]. Furthermore, it is seen that the biological microen-
vironment surrounding cancer cells tends to be acidic compared to
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Fig. 1. Schematic representation of the synthesis of NGs via a) Continuous-Stirring, b) Flashing-Stirring, and c) Flashing-Impeller techniques, showing the different nitrogen

and stirring modes used in the three synthesis methods.

Table 1
Varying monomer, co-monomer and crosslinker concentrations to study the effect of
incorporation of pAAc (in the NG matrix) on the pH response of the NG.

Sample Mole Ratio NIPAm AAc BIS
NIPAm:AAc:BIS (mg) (pL) (mg)
AAc_10 85:10:05 181 129 145
AAc_12.5 82.5:12.5:05 181 166 149
AAc_15 80:15:05 181 205 15.4
AAc_17.5 78.5:17.5:05 181 247 159
AAc_20 75:20:05 181 292 16.4
AAc_22.5 72.5:22.5:05 181 340 17.0
AAc_25 70:25:05 181 391 17.6
AAc_27.5 68.5:27.5:05 181 446 183
AAc_30 65:30:05 181 506 19.0

that of normal blood (pH = 7.4), providing optimum conditions for
cancer growth [43-45]. Hence, the volumetric collapse efficiencies
(VCE) of the NGs, with respect to temperature (25 and 45 °C - max-
imum collapse of NGs) and pH (3.5 and 7.4), were calculated based
on Egs. 3 and 4 respectively.

3 3
VCEemp = % x 100% (3)
25
3 3
VCEpn = Dra” =Dss 1009 (4)
D3
74

where, VCE., is the volumetric collapse efficiency based on the
temperature response of the NG (measured at normal pH) and
VCE,y is the volumetirc collapse efficiency based on the pH
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response of the NG (measured at 25 °C). D,s and Dys, are NG's
hydrodynamic diameters at 25 and 45 °C, respectively. D35 and
D;4 are the hydrodynamic diameters at pH 3.5 and 74,
respectively.

2.5. Drug loading and release

A model protein drug, Cyt C, was used to perform loading and
release studies from NGs synthesized via CS and FS methods.
Breathing in technique was used to load Cyt C, wherein, a freeze-
dried NG sample was suspended in the drug solution to allow
absorption of Cyt C in the NG matrix as the hydrophilic NG swells
in solution. In a typical study, 1.7 mg of freeze-dried NG sample
was taken in a glass vial and 2 mL of 0.5 mg/mL Cyt C solution
was added. The mixture was kept for shaking at 300 rpm for 2 h
following which the sample was dialysed for 24 h in MQ water
using a 14 kDa molecular weight cut-off (MWCO) membrane tub-
ing to remove unbound drug from the system. The sample was
then re-suspended in 5 mL water for release measurements. The
absorbance value of Cyt C was measured using UV-vis spectropho-
tometer at 409 nm and loading efficiency (L.E.) of the NGs was cal-
culated using Eq. 5.

_ Absiq

LE.(%) = RS

x 100%

®)

where, Absgi, and Abscyc are the absorbance values of Cyt C of the
dialysed sample and that of the drug solution time = 0 and at a par-
ticular time ‘1’, respectively.

Cyt C release studies was performed at different temperature
(above VPTT of NGs) and pH (acidic) conditions over a period of
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time. Absorbance value of Cyt C at 409 nm was measured and the

drug release % was calculated using Eq. 6.

AbS[O — AbS[i

—_— 6
AbS[(] ( )

where, Abs,y and Abs; are the absorbance values of Cyt C at time = 0

and at a particular time ‘i’, respectively.

Release(%) = x 100%

2.6. Whole blood model

Human whole blood, from voluntary healthy donors, was col-
lected in low-activating polypropylene vials (Nunc 4.5 mL) con-
taining thrombin inhibitor/anti-coagulant lepirudin (50 pg/mL).
Immediately after collection, 500 pL blood and controls were incu-
bated with 200 pL NGs in 1.8 mL Nunc propylene vials. Phosphate
buffered saline (PBS) was used as the negative control while Zymo-
san and Lipopolysaccharide (LPS) served as positive controls with
final concentrations of 10 pug and 100 ng/mL, respectively. The
NGs were added with final concentrations of 1, 10 and 100 pg/
mL. The tubes were then incubated at 37 °C in a Rock'n Roller
(Labinco B.V., The Netherlands) providing continuous, slow rota-
tion around the axis of the tubes at a fixed angle. Samples were
extracted from the tubes after a given incubation time according
to the response parameters that were examined; TCC: 30 min,
cytokine production and cell viability: 240 min. For TCC and cyto-
kine analysis, EDTA (final concentration = 10 mM) was added to
stop further potential complement activation. Plasma was then
separated by centrifuging the whole blood samples at 1800 times
g for 15 min. Plasma was stored at —20 °C until analysis.

2.6.1. TCC activation

TCC formation analysis were performed using a TCC ELISA kit
(Human Terminal Complement Complex HK328, Hycult Biotech,
Netherlands), according to the instructions from the manufacturer.
In brief, plasma samples and controls were added to the antibody-
covered 96-well plate and incubated for 1 h at room temperature,
followed by washing with wash buffer. Biotinylated tracer was
added followed by another 1 h incubation step. After washing with
the wash buffer, streptavidin-peroxidase conjugate was added and
the plate was further incubated for 1 h. The wells were then
washed again before tetramethylbenzidine (TMB) was added and
incubated for 30 min. Kit stop solution was added before the plate
was read at 450 nm using a UV-vis spectrophotometer (Unico,
Dayton, OH, USA).

2.6.2. Cytokine production

The concentrations of the pro-inflammatory cytokines IL-1p, IL-
6, IL-8 and TNF-o. were determined using Bio-Plex Pro Human
Cytokine Screening Panel assay kit (BioRad, Hercules, CA, USA).
The assay was performed per the manufacturers instructions. In
brief, assay bead solution was diluted and added to a Bio-Plex
Pro 96-well assay plate. Plasma samples and recombinant refer-
ence cytokines (standards) were diluted in Bio-Plex sample dilu-
tion buffer and added to the beads. The assay plate was then
incubated on a shaker for 30 min at 850 + 50 rpm before it was
washed three times. Detection antibody was added, followed by
another 30 min of incubation on the shaker. After washing,
streptavidin-peroksidase was added to the plate followed by
10 min incubation on the shaker. After another washing step,
Bio-Plex assay buffer was added and the plate was shaken for 30
s. The beads were analysed using Bio-Plex 200 with Bio-Plex Man-
ager Software.

2.6.3. Cell viability
25 pL whole blood samples were transferred to separate flow
vials after 4 h incubation. Non-treated fresh blood was used as neg-
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ative control of cell death, while as positive control blood cells
were killed by heating the blood for 2 min at 70 °C followed by
3 min on ice. 2.5 pL propidium iodide (PI) was added shortly before
flow cytometry analysis with BD FACSCanto Il (BD BioSciences,
Franklin Lakes, NJ, USA). NG induced cytotoxicity in monocytes
and granulocytes was quantified by, first gating living and dead cell
populations in the negative and positive controls according to their
forward- and side scatter, and then applying the same gating for
the NG treated samples. This data analysis was done using Flow]o
software (BD BioSciences).

2.7. Characterization techniques

2.7.1. Dynamic Light Scattering (DLS) and zeta potential
measurements

The size distribution and zeta potential of the NGs were mea-
sured using a Malvern Zetasizer Nano-ZS instrument (Malvern
Instruments Ltd., Worcestershire, UK). All the NG solutions were
made using MilliQ water and results were averaged over triplicate
measurements.

2.7.2. Transmission Electron Microscopy (TEM)

TEM characterization was performed using JEOL JEM-1011 with
tungsten filament, with accelerated voltage of 80 kV. Images were
captured with MORADA CCD camera (3392 x 2248 x 16bit). NGs
were stained using uranyl acetate. The NGs were diluted to
0.2 mg/mL suspension and equilibrated at room temperature for
5 h before sonication for 1 min. Uranyl acetate solution (1 mL,
4%) was added to 1 mL NG suspension and equibrilated for
15 min. Drops were placed on sterile copper grids with formvar
and allowed to rest for 5 min before carefully dried on the edges
using filter paper. The grid was air dried for 24 h before
characterization.

2.7.3. Nuclear Magnetic Resonance (NMR)

'"H NMR spectra were recorded in a Bruker Advance Neo
600 MHz instrument. All samples were prepared in heavy water
(D2 0) keeping the reagent concentrations the same as that in
the NG synthesis. 0.8 mL suspension was taken from each sample
and the spectra were recorded with 128 scans at 25 °C. The refer-
ence peak was locked at 4.80 for D,0. Chemical shifts (5) were
reported in ppm.

3. Results and discussion
3.1. NG synthesis methods and growth kinetics

The hydrodynamic sizes presented in Fig. 2a, show the tem-
perature dependent size change of the NGs at different SDS
concentrations. NGs synthesized by continuous-stirring method
(NGs_CS) show an increasing hydrodynamic diameter from
208 £ 2 nm to 373+ 4 nm when the SDS amount was
decreased from 4.2 to 2.1 mM, respectively. Similar trend can
also be observed for the NGs synthesized by flashing-stirring
(NGs_FS) and flashing-impeller (NGs_FI) methods. In the course
of NG formation, SDS provides colloidal stability to the precur-
sor particles during nucleation by electrostatic stabilization [46].
In addition to providing charge stabilization, a higher concentra-
tion of SDS results in denser packing around the incipient
nucleation (oligomer) centers, thereby limiting the growth of
NGs. These data confirm results obtained in previous studies
conducted by our group, where SDS concentration was one of
the central factors determining the size of the NGs [10]. Fur-
thermore, all the NGs show temperature stimulated volume
based transition when exposed to temperatures above their
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Fig. 2. Variation in the sizes of NGs, synthesized via continuous-stirring, flashing-stirring and flashing-impeller methods, as a function of a) surfactant (SDS) concentration
(black crosshatches represent the sizes of NGs at 45 °C) and b) temperature (at 4.2 mM SDS). Variation of c) size and d) PDI, as a function of reaction duration for NGs
synthesised using continuous-stirring method, showing the progress of the reaction, with the size increasing and PDI decreasing as the reaction proceeds. The error bars
represent the standard deviation calculated from the triplicate measurement of the particular sample.

VPTT. The reduction in NG sizes at 45 °C have been shown by
an overlay (black grids) on the corresponding NGs bar curves in
Fig. 2a. An entropy driven release of bound water molecules
takes place at elevated temperatures due to breaking of hydro-
gen bonds. Thus, polymer-polymer interactions become stron-
ger than polymer-solvent interactions leading to phase
separation and collapse of the NGs.

The heating and cooling phase transition curves, shown in
Fig. 2b, are used to determine the VPTTs of the respective NG sys-
tems, presented in Table 2. All the NGs showed collapse above
VPTT, leading to visible colour change from transparent to pale
whitish as the solution turned turbid. The curves in Fig. 2b have
a sigmoidal shape, however the collapse for NGs_CS was more
abrupt than for the other two systems. Low PDI, measured using
Eq. 7 [47] for NG_CS depicts more monodisperse particles than
NGs_FS and NGs_FI (Table 2).
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Table 2

VPTT and PDI of NGs synthesized by different methods using 4.2 mM SDS.
Method Used VPTT (°C) PDI
Continuous-stirring 36.3 £ 0.1 0.2 £ 0.0
Flashing-stirring 378 £ 0.1 0.7 £0.1
Flashing-impeller 37.7 £ 0.1 0.6 £0.2

. \12
(7-7)

g = —
a

™)

where, @ is the NG’s mean size and @ is the NG size.

Having a narrower particle size distribution (PSD) might lead to
a more uniform and consistent collapse of the entire system as a
whole. In the case of NGs_FS and NGs_FI, with a broader PSD,
non-uniform collapse of all the particles at a particular tempera-
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ture will occur, resulting in a gradual slope in size collapse
(Fig. 2b). The three NGs have temperature-based volumetric col-
lapse efficiencies (VCEem,) that follow the order; NGs_CS > NGs_FS
> NGs_FI (for 4.2 mM SDS), as seen in Table 3. Low VCE,, was also
witnessed in our previous studies for NGs_CS method [10], how-
ever, low VCE., was not seen in the case of NGs_FS > NGs_FI in
this study. High VCE, highlights the fact that the hydrophobic
tails of the SDS chains interfere constructively in increasing the
hydrophobicity of the NGs above VPTT, whereby causing a more
efficient collapse. Low VCE¢pp, in the case of NGs_CS, at low SDS
concentrations reflects lower incorporation of SDS in the NGs,
thereby making the system more hydrophilic with lower collapse.
NGs have smaller sizes at 2.8 and 2.1 mM SDS for FS and FI meth-
ods, indicating the possibility of higher SDS present in the NG,
resulting in more efficient volume collapse at lower SDS
concentrations.

Fig. 2c and 2d show the variation of particle size and PDI with
respect to reaction time for NGs_CS. Time ‘t = 0’ represents the time
of initiator addition and the reaction continued for 3 h after the
addition. Smaller particle sizes and high PDI were observed in
the initial stages of polymerization. The size and PDI values vary
a lot in the initial stages of polymerization with high standard
deviation which stabilize as the reaction proceeds. A rapid increase
in the size of the particles was observed corresponding to the
transfer to the pale whitish colour of the reaction medium. This
increase in size was different for the three systems with NGs_FI
having the fastest increase while NGs_CS having the slowest
increase (Fig. S1). "H NMR of the different NGs showed similarity
in the polymer matrix regardless of the synthesis method used,
with the typical characteristic proton peaks, ascribed to pNIPAm
and the overlapping peaks of pAAc, as can be seen Fig. S3 [48].
NGs from the three methods showed peaks at around 1.0 ppm
and 3.8 ppm for the free -CH3 and -CH,- groups of pNIPAm,
respectively. The peaks for the protons of pNIPAm and pAAc, that
are present in the polymer backbone, were overlapping in the
region 1.4-2.2 ppm. Thus, the differences in the NG structures from
TH NMR could not be predicted.

The reaction medium in the case of NGs_CS is maintained under
oxygen-free atmosphere throughout the whole reaction. For the
NGs_FS and NGs_FI, nitrogen was purged for 5 min after initiator
(KPS) addition, however, the reaction was further maintained
under sealed atmosphere (reactor) in the former case, thereby
shielding the medium from oxygen for the initial stages of the
reaction involving, initiator (KPS) activation and commencement
of polymerization. Whereas, in the case of NGs_FI, the seal at the

Table 3
VCE(emp of NGs_CS, NGs_FS and NGs_FI, synthesized using continuous and flashing
methods at different SDS concentrations.

SDS Continuous-stirring Flashing-stirring Flashing-impeller
mMole % % %
4.2 92+0 90 + 1 87 +1
35 90 + 1 88 +1 88+ 0
2.8 55+ 8 90+ 1 87 +1
2.1 41+5 87 +1 87 +1
Table 4

Extent of collapse of NGs_CS with temperature and pH stimuli.

Sample Temperature-based pH-based collapse synthesis
collapse 25-40 °C [%] pH - ph =3.5[%]

NGs_CS@AAc_10 93.4 6.8

NGs_CS@AAc_15 91.9 41.7

NGs_CS@AAc_25 88.6 513
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reactor neck, where the impeller rod enters the reactor, doesn’t
make an airtight seal, thereby having a possibility of air entering
the reactor and exposing the reaction mixture to oxygen. The pres-
ence of oxygen might be responsible for reducing the efficiency of
the initiator as well as cause untimely polymer chain terminations,
thereby resulting in smaller polymer chains. This further result in
smaller sizes of the NGs (Fig. S1), together with higher PDI for these
systems, as compared to NGs_CS and NGs_FS, despite showing
structure similarity from "H NMR (Fig. S3). Fig. 2d shows the vari-
ation of PDI of NG_CS as a function of reaction time. PDI follows a
similar trend as NG size with high degree of deviation during the
initial stages of the reaction and stabilizing as polymerization pro-
ceeds. Also, the impeller creates a greater shear as opposed to stir-
ring with a bar magnet, that might result in more reaction nuclei
being formed thereby reducing the final NG size. The reaction
kinetics of NGs_CS is slowest among the three methods and the
final particle size is reached after an hour of KPS addition. NGs_FI
are the fastest at attaining the final particle size, whereas the kinet-
ics of NGs_FS lies in between the other two methods. Therefore,
less number of nuclei form for NGs_CS, leading to greater growth
of NGs and larger particle size. Stirring by impeller could also assist
in capturing oligomers more efficiently resulting in earlier onset of
polymerization, as seen by the earlier colour change of the reaction
mixture. It can further assist in stabilizing these nuclei by provid-
ing better access to SDS in the reaction mixture.

As NGs_CS had the highest VCEm, (91.9 + 0.7) (Table 3), this
system was selected to study the effect of increased incorporation
of pAAc in the NG, on its physico-chemical properties.

3.2. Effect of Acrylic Acid (AAc)

To investigate the effect of increasing number of pAAc chains in
the NG matrix, the mole% of AAc monomers, in the NG_CS samples,
was increased from 10 to 30 with an interval of 2.5 (Table 1).

Fig. 3a and b show the variation in the hydrodynamic diameter
and zeta potentials for different mole% of AAc (Table 1) with
respect to temperature (25 and 45 °C) and pH (3.5 and 7.4). The
NGs show collapsing trend with increasing temperature in contrast
to swelling behaviour when transferring from acidic to basic med-
ium. The collapse of the NGs above their VPTTs (between 34 and 36
°Cin our case (Table S1), is primarily due to a shift in the balance of
hydrophilic/ hydrophobic forces that cause coil-to-globule transi-
tion upon increase in temperature. At elevated temperatures,
entropically-driven release of bound water takes place due to
breakage of hydrogen bonds, and water is excluded from the
molecular aggregates as polymer-polymer interactions exceed
polymer-solvent interactions. The polymer chains, thus collapse,
attaining a globular structure resulting in phase separation [10].

The hydrophobicity of AAc increases below pKa of ~4.26 due to
protonation of the carboxylic (~-COOH) groups, leading to the for-
mation of hydrogen bonds between the carboxylic groups. This
increases the crosslinking within the NG thereby reducing the dif-
fusion of water into the NG matrix making them denser. As AAc
deprotonates at higher pH and becomes negatively charged, repul-
sion between the polymeric chains occurs. The maximum stretch-
ing of the polymeric chain with deprotonation depends on the
percent ionization of the carboxylic groups. Therefore, a higher
amount of AAc in the NG matrix is expected to promote swelling
of the structure.

The variations in VCE of the NGs with temperature and pH are
shown in Fig. 3c. VCEtemp and VCEyy, show a decreasing and an
increasing trend with the varying amounts of initial AAc content,
respectively. The increase in VCE,y can be attributed to the
increasing number of AAc units being incorporated in the NG
matrix, thereby occupying more sites within the network. Hence,
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Fig. 3. Hydrodynamic diameter and zeta potentials of the NGs, synthesised via the continuous-stirring method (NGs_CS) with different mole% of AAc, at a) 25 and 45 °C (at
neutral pH), and b) pH = 3.5 and 7.4 (at 25 °C), showing the collapse of NGs at elevated temperature (above VPTT) and acidic pH conditions. c) Volumetric collapse efficiency of
the NGs_CS with respect to pH and temperature, suggesting a decrease in temperature-based collapse and increase in pH-based collapse with increasing AAc mole%. The error
bars represent the standard deviation calculated from the triplicate measurement of the particular sample. d) 'H NMR spectra of NGs synthesized with increasing mole% of
AAc, with the increase in peaks for pAAc with increasing AAc mole%, suggesting increased incorporation of pAAc in the NGs.

the protonation in acidic medium leads to greater amount of water
extrusion from the NG pores due to breaking of hydrogen bonds
resulting in greater collapse and, thus, higher VCE,4 when transi-
tioning from pH = 7.4 to 3.5. An inverse trend in VCEemp With
increasing initial AAc content is observed. As the temperature
dependent collapse is brought about by pNIPAm, the increased
incorporation of AAc units in the NGs might suppress the temper-
ature response to some extent thereby reducing the degree of col-
lapse with increasing amounts of AAc units. In addition, the
deprotonation of AAc might increase with temperature resulting
in intermolecular repulsion that will additionally hinder collapse
(opposing the collapse caused by pNIPAm). The effect of the pres-
ence of AAc units is evident for samples AAc_25, AAc_27.5 and
AAc_30, where the VCEem; tends to stabilize and even showing a
slight increase in the case of AAc_30. To observe the higher content
of pAAc in the NG matrix with increasing mole ratio of AAc reagent,
TH NMR was performed. As the proton chemical shifts for pNIPAm
and pAAc in the polymer backbone overlap in the region 1.4-
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2.2 ppm, similar result was observed with these NGs. However,
increased intensity could be seen at around 2.1 ppm and
1.75 ppm for the protons of pAAc (Fig. 3d). This increase could
be due to the higher relative incorporation of AAc in the NG with
increasing mole%.

Fig. 4a and b show the variation of hydrodynamic diameter of
the NG with temperature and pH, respectively. The NGs show
greater response with increasing initial AAc mole%, as is evident
from the heating and cooling cycle curves for AAc_10, AAc_20
and AAc_30. This might be due to the lower content of NIPAm
monomer units being incorporated in the NGs relative to the
AAc. AAc_10 might have longer pNIPAm chains before being inter-
rupted by pAAc chains (system has lower amount of AAc in the
reaction mixture). For AAc_30, more AAc is present in the reaction
mixture, facilitating pNIPAm co-polymerizing with pAAc, resulting
in shorter pNIPAm chains (interpenetrated with pAAc). The range
of collapse of the NGs depends on similar chain lengths formed
by consecutive pNIPAm units before being interrupted by pAAc
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Fig. 4. Variation of the hydrodynamic diameter of AAc_10, AAc_20 and AAc_30 with respect to a) temperature and b) pH, showing decrease in size with increasing
temperature and decreasing pH. ¢) Loading (L.E.) and encapsulation (E.E.) efficiencies of NGs_CS and NGs_FS, with the L.E. and E.E. for NGs_FS increasing with increasing AAc
mole%. d) Release profiles of Cyt C from NGs_CS and NGs_FS at conditions of elevated temperature (>VPTT) and pH (acidic medium), mimicking cancerous microenvironment
conditions. The error bars represent the standard deviation calculated from the triplicate measurement of the particular sample.

chains. Hence, pNIPAm chains with similar lengths will result in
greater response (over a shorter range of temperature), whereas,
NGs having different chain lengths of pNIPAm will have lower
response (over a larger range of temperatures). Also, more respon-
sive collapse of the NGs might be caused by the increased amounts
of crosslinker (BIS) present in the samples with higher initial AAc
mole % (Table 1). Larger number of crosslinker units will allow
the NG to collapse to a larger extent thereby causing a greater
hydrophilic to hydrophobic response. A similar sharp transition is
observed with AAc_30, showing the sharpest variation in size
when going from acidic to basic medium (Fig. 4b). Additionally,
the increase in size for AAc_30 and AAc_20 occurs even at pH
below 4, whereas AAc_10 only shows an increase after pH = 4.5.
As can be seen from Fig. 3b, there is a slight increase in the zeta
potential of the NGs with increasing basicity, which might indicate
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more AAc units being present on the surface of the NGs. Therefore,
it can be argued that the early response to change in pH is seen for
AAc_30 and AAc_20 owing to more AAc units present on the sur-
face. The hydrodynamic diameter for AAc_30 also seems to plateau
off (size stops increasing with further increase in pH) at higher pH
values than its counterparts (Fig. 4b). Deprotonation of AAc units
might start from the NG’s surface towards the core as the units pre-
sent on the surface will be exposed first. Hence, as AAc_30 has the
more AAc units present on the surface (along with more units in
the overall NG matrix), size increases with increasing pH, as the
change in stimuli is registered by them with the NG matrix
swelling and imbibing water. Since NGs_CS and NGs_FS showed
similar sizes and VCEs, drug loading and release studies, using
Cyt C, were performed on these systems to further compare these
two systems.
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3.3. Drug loading and release

Fig. 4c shows the loading (L.E.) and encapsulation efficiencies
(E.E.) of the NGs synthesized via the continuous-stirring and the
flashing-stirring methods, with varying concentrations of AAc.
The LE. and EE. for AAc_10 is higher for NGs_CS than the
NGs_FS when using Cyt C. Although, it can be seen that the L.
E. and E.E. increases with increasing amounts of AAc for NGs_FS,
the LE. remains lower than for NGs_CS system at AAc_10. The
increase in the L.E. with increasing AAc content might be owing
to the increase in NG particle size. Breathing-in technique was
used to load Cyt C, where NGs with larger sizes have the capac-
ity to imbibe more drug inside their matrix as they swell on
coming in contact with drug solution. Previous research has
shown that the heme ligand, located in the lysine-rich region
of Cyt C, interacts with the negatively charged hydrogel units
via Coulombic forces, resulting in polymer-protein complex for-
mation [49,50]. Therefore, increasing number of carboxylic
groups (as more AAc units are incorporated in the NG matrix)
might lead to higher number of binding sites for Cyt C thereby
increasing drug loading.

Owing to an increase in metabolism, cancer cells thrive in
acidic medium. Hence, to mimic cancerous regions and elevated
body temperatures, the release of Cyt C from the NGs was
observed at conditions of 40 °C and acidic pH as shown in
Fig. 4d. NGs_CS particles were continuously exposed to 40 °C,
while NGs_FS particles were first subjected to pH = 3 for
30 h, followed by 40 °C and pH = 3. In the case of NGs_CS sam-
ples, the Cyt C release profiles at 40 °C and at 40 °C with
pH = 3.5 coincided to a significant extent. It was seen that
NGs_FS followed the release profile of NGs_CS for the initial
part and almost plateaued out after a couple of hours. Drug
release from NGs_CS was observed to be faster than NGs_FS
with 50% of Cyt C being released in the first 10 h as opposed
to 27% and 24% for NGs_FS@AAc_10 and NGs_FS@AAc_15
respectively. The high release could be attributed to a higher
amount of Cyt C in NGs_CS (LE. = 84.8 + 12.2) resulting in a
larger drive for diffusion because of higher concentration gradi-
ent. It is observed that temperature induces a greater collapse
in the NGs as compared to pH, as shown in Table 4. Therefore,
as the release for NGs_CS is induced by temperature and pH,
there is a higher driving force (expelling the drug from the
NG matrix) owing to greater NG collapse. On the contrary, no
Cyt C release is seen for NGs_FS@AAc_25 when the system is
exposed to just acidic pH condition, even though the system
had higher L.E.. The release from this system occurs only after
the temperature is raised above VPTT, to 40 °C. This fact,
together with the similar release profiles for NGs_CS (40 °C
and at 40 °C with pH = 3.5), further support the hypothesis that
temperature has a greater impact on drug release than pH. Fur-
thermore, the diffusion of Cyt C progresses in three probable
zones. The first being transport of the drug from the NG matrix
to the NG surface, second being transport of the drug from the
NG'’s surface to the dialysis membrane, and the third, diffusion
across the dialysis membrane into the sink. Owing to the larger
size of the AAc_25 NGs, the drug needs to travel a greater dis-
tance (than AAc_10 and AAc_15) to reach the NG surface before
it can diffuse out of the NG matrix. Thus, an excess push is
needed to drive the drug out of the NG matrix, provided by
the temperature stimuli.

Even though, the continuous and the flashing methods result in
NGs having similar physico-chemical properties, the continuous
method produces particles with a narrower size distribution with
higher drug loading capacity. Furthermore, as NGs_CS had the
highest VCE (91.9 + 0.7) (Table 3), as well as L.E. (Fig. 4c), this sys-
tem was selected for biocompatibility studies.
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3.4. Whole blood responses

Cell viability of monocytes and granulocytes in human whole
blood was maintained after exposure to the NGs, as compared to
the PBS control and heat-killed cells (Fig. 5a)). Complement activa-
tion was examined by measuring soluble TCC formation (Fig. 5b).
NG exposure did not significantly increase the formation of TCC
in human whole blood cells or activation of CR3 (Fig. S7). There-
fore, it appears that the NGs neither significantly activate the com-
plement system in human whole blood during the conditions
examined, nor was production of the cytokines IL-1p, IL-6, IL-8
and TNF-o strongly affected compared to the baseline (PBS) values
and positive controls. However, a minor, but not significant induc-
tion of IL-6 was noted with the highest NG dose, and minimal but
statistical significant reduction in IL-8 and TNF-o was found for the
intermediate NG doses. Previous research have reported similar
data using other cell based models [34,35,51], however, whether
the minimal decrease in IL-8 and TNF-« relative to the PBS control
is biologically relevant can not be determined without vastly
increasing number of donors to exclude potential statistical sam-
pling errors. Minimal effects on complement activation, cytotoxic-
ity and production of pro-inflammatory cytokines in human whole
blood suggest that the NGs have good biocompatibility. On the
other hand, there could be molecular processes induced by the
NGs that are not accounted for by this model, such as production
of other cytokines or increased cellular stress mechanisms, coagu-
lation effects and tissue reactions during prolonged exposure
in vivo. Thus, further investigations of these properties may be con-
sidered in order to fully develop these NGs as drug carriers.

4. Conclusion

Based on previous studies [10,4,24,25,38] new methods were
developed to synthesize pNIPAm-pAAc-based nanogels (NGs), with
varying degrees of physico-chemical properties. The physico-
chemical properties of the NGs are influenced by various parame-
ters including reactant concentrations, temperature and reaction
atmosphere. SDS has been shown to act as a stabilizing agent that
affects particle size. The sizes of NGs reduced on increasing the
concentration of SDS from 2.1 mM to 4.2 mM owing to the stabi-
lization of the precursor particles during nucleation, as well as, a
denser packing around the nucleation centres thereby preventing
growth. In addition, the effect of reaction atmosphere (nitrogen)
on the growth of the NGs was investigated using continuous and
flashing techniques (with different stirring modes), namely -
continuous-stirring (NGs_CS), flashing-stirring (NGs_FS) and
flashing-impeller (NGs_FI). Although flashing methods produced
uniform VCEg.,, on varying SDS, the NGs with the highest
VCEm, were produced with the process having continuous supply
of nitrogen to the reaction medium and highest SDS concentration
(VCE¢emp = 92 + 0%).

Furthermore, the pH responsiveness of NGs_CS was studied by
varying AAc mole% during synthesis and the degree of pAAc incor-
poration in the NG matrix was confirmed by NMR. The size of NGs
increased with increasing amounts of pAAc in the NG matrix and
that also resulted in increased Cyt C loading efficiency (L.E.). L.E.
was the highest for NGs_CS (L.E. = 87.4 + 12.2%) compared to
NGs_FS (L.E. = 30.8 4 7.4%), for 10 mol% AAc. This study showed
release of Cyt C with temp and pH, while controlling the particle
size in nano-range. NGs_CS also showed biocompatibility, investi-
gated by studying the activation of the complement system, and
induced little or no release of pro-inflammatory cytokines/
chemokines in a human whole blood model. Further investigations,
specifying the degree of incorporation of different monomer units
in the NG matrix, along with studies on molecular processes
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Fig. 5. a) Cell viability of monocytes and granulocytes was maintained after NG incubation in human whole blood. Loss of cell viability is accompanied by disruption of
plasma membrane integrity and increased PI permeability and nuclear staining. Quantification of dead versus viable cells (PI intensity) was done by flow cytometry with
gating for the respective cell types. b) There was no significant increase in TCC formation during incubation of NGs in blood, as determined by ELISA for soluble TCC in the
plasma. c-f) Plasma levels of pro-inflammatory cytokines c) IL-1, d) IL-6, e) TNF-o, and f) chemokine IL-8 were not significantly increased during NG incubation in blood, as
determined by multiplex ELISA. For all subfigures: Error bars represent standard deviations. Statistical significance (*P<0.05, **P<0.01, ***P<0.001) compared to the PBS
control found by 1Tway RM-ANOVA on log-transformed data (assuming log-normal distribution) with the Dunette post-test. N = 5 consecutive experiments.
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induced in human blood, can help develop these NGs as drug car-
riers. Such drug carries can further incorporate metallic NPs, such
as, gold, silver and iron-oxide, to impart optical and magnetic
properties.
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Growth Kinetics of Iron-Oxide — Silver Dimeric
Nanoparticles & Their Potential Biomedical

Applications

Abstract

Magneto-plasmonic nanoparticles (NPs) have gained increased interest in the field
of biomedicine for applications, such as, drug delivery, biosensing and imaging. Iron
and silver, are few of the many nanomaterials, that are used for the purpose of im-
parting superparamagnetic and plasmonic properties to the magneto-plasmonic NPs,
respectively. At nanoscale, the physico-chemical properties of the magneto-plasmonic
are dependant size and surface effects, and understanding the formation of these NPs
is, therefore, critical in comprehending the resulting property of the particle. Studies
with respect to these have mostly been performed using gold NPs and few with sil-
ver. Herein, we investigate the formation of magneto-plasmonic dimeric NPs (DNPs)
by performing time-based study to analyse the growth of silver on iron-oxide NPs
(IONPs). The studies reveal formation of satellite/raspberry-type morphology in the
initial stages of the reaction suggesting nucleation of Ag on multiple sites on the sur-
face of IONPs. However, the DNPs attain dumbbell-like morphology at the end of the
reaction by reorientation of Ag on the surface of IONPs through surface diffusion and
Ostwald ripening. Furthermore, the effect of silver precursor on the physico-chemical
properties of the DNPs has been evaluated. The applicability of these particles as

biosensors has been explored using the concept of magnetophoresis.

Keywords: Magnetophoresis, Dimeric Nanoparticles, Iron-Oxide, Silver, Growth Kinet-

ics, Biosensing.



Introduction

Magneto-plasmonic nanoparticles (NPs) combine the worlds of magnetism and photonics at
nanoscale, thereby exhibiting plasmonic and magnetic phenomenon simultaneously.! Besides
their popular application in magnetic hyperthermia (MHT),? magnetic NPs provide other
functions such as contrast for magnetic resonance imaging (MRI)%" or magnetic-based tar-
geting and drug delivery.®? On the other hand, plasmonic NPs present optical sensing ability

1011 and imaging agents.'>'* From a theranostics approach,

for applications as biosensors,
the magneto-plasmonic association has gathered particular attention over the past few years
due to its multifunctional potential for biomedical applications.? Magneto-plasmonic NPs,
thus, combine complementary theranostic strategies in a unique structure, including multi-
modal photothermal therapy,'® biosensing, ' magnetic separation!” and targeted therapy, '8
with magnetic and plasmonic features.

At nanoscale, size and surface effects play a key role in shaping NP properties that are
affected by interparticle electromagnetic or magnetic dipolar interactions and intraparticle
chemical, structural and electronic couplings. Studies have shown that the magnetic and
plasmonic properties differ in hybrid NPs and their bare counterparts.!®?? Usually, a de-
crease in the magnetisation is seen in the magneto-plasmonic NPs compared to the bare
NPs resulting from a ‘dead layer’ or magnetic disordered layer, at the free surface or the
interface of the NPs.2328 Thus, understanding the formation of magneto-plasmonic NPs is
critical in understanding their combined magnetic and plasmonic properties. The above
mentioned studies have been performed mostly with Au, however, AgNPs have been shown
to have better sensitivity (LSPR shift) compared to AuNPs, thereby making them suitable
candidates for the application of biosensing.?’

The formation magneto-plasmonic NPs takes place via epitaxial growth of the growth
species on the seed (the other species), resulting in heterogeneous nucleation.*® The morphol-
ogy of the magneto-plasmonic NPs can be controlled by various reaction parameters, such
as, seed size, seed concentration, solvent polarity, concentration of growth species, reaction
temperature and crystalline lattice spacing, that might result in core-shell, dumbbell, flower-
like morphology.3%34 Growth of a crystalline specie (Ag) on another crystalline NP (IONP)
would result in a dumbbell NP given that there is a large enough lattice mismatch.3%:3

Magnetophoresis technique can be used for biosensing applications using magnetic NPs
that have high surface functionality. Magnetic NPs move in the direction of applied magnetic
field and the time of separation depends on factors such as solvent viscosity, NP size and
magnetic field strength. For a constant field and solvent viscosity, the velocity of separation
varies directly with magnetic NP size. These NPs can be functionalized with a ligand having
complementary antigen functional groups enabling attachment of the antigen to the magnetic

NPs, thereby resulting in NP self-assembly. Once the self-assembled NPs are exposed to the



magnetic field, they begin to separate out with a slower particle velocity than non-self-
assembled NPs, due to the drag. Also, the overall magnetic component in the self-assembled
particle reduces owing to the attachment of foreign body. The increase in separation time
with respect to the control indicates the presence of the antigen. The separation velocities,
in our study have been, measured indirectly using UV-Vis spectrophotometry, conducted for

24 h for a sample.

Experimental Section

Silver acetate (AgAc, > 99.0%), iron(0) pentacarbonyl (Fe(CO)s, > 99.99%), methanol
(> 99.8%), oleic acid (OA, > 99.0%), sodium citrate dihydrate (NaCit, > 99.0%), oleylamine
(99.0%), hexane (> 99.0%) and 1-Octadecene (ODE, 90.0%) were purchased from Sigma
Aldrich®. Hexadecyltrimethylammonium bromide (CTAB, > 99.0%) and iron(III)chloride
hexahydrate (FeCls.6H20, > 99.0%) was purchased from Acros Organics®. Toluene (tech-
nical grade), isopropanol (technical grade) and acetone (technical grade) were purchased
from VWR chemicals®. Sodium Oleate (NaOl, > 97.0%) was purchased from Tokyo Chem-
ical Industry®. All the chemicals were used as received without any further purification or
modification. All solutions in aqueous phase were prepared using MilliQQ water), having a
resistivity ~18.2 MQ.cm at 25°C, taken from Simplicity® Millipore (Darmstadt, Germany)

water purification system.

NP Synthesis

Spherical and cubic iron-oxide nanoparticles (IONPs) were synthesised using thermal de-
composition of iron-oleate precursor at elevated temperatures in inert (argon) atmosphere.
The temperature of the reaction was raised using a temperature controller (MRC® Heating
mantle 100 mL with analog control and Digital 4 programs x 16 segment programmer) for

precise control of the heating rate.

Iron Oleate Synthesis

The iron-oleate complex was prepared using our previously reported protocol by our group.
Typically, 5.40 g of FeCls-6H-0 and 18.25 g of sodium oleate were dissolved in a mixture
of solvents consisting of 40 mL ethanol, 30 mL MilliQQ water and 70 mL hexane, in 250
mL round bottom flask. The resulting solution was refluxed at 70°C for 4 h with vigorous
stirring using a bar magnet. The resulting dark red organic phase, containing iron oleate
complex, was transferred to a separator funnel and washed three times with MilliQ water.
The remaining solution was evaporated in a Heidolph rotary evaporator (T = 70°C) to yield

a highly viscous dark red liquid of iron oleate.

3



Synthesis of Spherical Iron-Oxide NPs (SNPs)

The synthesis protocol, adapted and modified from previous works conducted by our group,
involved mixing 1.6 g of iron oleate, 600 uL. OA and 25 mL 1-octadecene (ODE) in a three-
necked glass reactor, placed over a heating mantle fitted with a cooling water condenser. 3
The reaction was carried out under argon atmosphere and the temperature of the reactor
was ramped from room temperature to 320°C at 3°C/min. The reaction was maintained at
320°C for 45 min after which the solution was cooled down to room temperature. NPs were
then washed using hexane and precipitated out using a mixture of isopropanol and hexane.
The particles were magnetically separated and washed thrice using acetone before finally

redispersing in a known volume of toluene.

Synthesis of Cubic Iron-Oxide NPs (CNPs)

Adapted and modified from our group’s work, in a typical synthesis, 0.833 g of iron oleate,
213 mg sodium oleate and 14 mL. ODE were heated in a three-necked glass reactor placed
on a heating mantle, fitted with a cooling water condenser, to 325°C at 2.8°C/min under
argon atmosphere.® The reaction was maintained at 325°C for 45 min after which the NPs
were cooled to room temperature. NPs were then washed using hexane and precipitated out
using a mixture of isopropanol and hexane. The particles were magnetically separated and

washed thrice using acetone before finally redispersing in a known volume of toluene.

Synthesis of Iron-Oxide — Silver Dimeric NPs (DNPs)

Both, SNPs and CNPs, have been used as seeds for the growth of Ag on the surface of IONPs.
DNPs, synthesised using SNPs and CNPs, are referred to ‘Ag@SNPs’ and ‘Ag@CNPs’,
respectively in this study. The seed-mediated synthesis of DNPs used in this project is
modified from the procedure reported by Zhang et al.®® In a typical synthesis, 10 mg of
TIONPs, 354 puL of oleylamine, 10 mL toluene and silver acetate were mixed in a round bottom
flask. The amount of silver acetate was varied according to Table 1. The mixture was heated
to 72°C under inert (argon) atmosphere and the reaction was carried out overnight. The
product was allowed to cool down to room temperature before adding methanol in order to
precipitate the particles. The particles were washed with acetone before finally redispersing

them in 10 mL of toluene.



Table 1: Varying amount of Silver Acetate for the synthesis of DNPs.

Seed | IONP | AgAc

(mg) | (mg)
SNP 10 7.7
SNP 10 11.2
SNP 10 15.7
CNP 10 11.2

Dimeric NP Growth Studies

In order to investigate the growth of silver on the surface of IONPs, samples were taken
from the reaction mixture after particular time intervals of the start of the reaction. These
are then examined under S(T)EM and TEM, where the grids were prepared by dropping a
few drops of the mixture on them for analysis. Additionally, EDS measurements were also

performed to locate iron-oxide and silver in the DNPs.

Dimeric NP Phase Transfer

As the DNPs are synthesised and stored in toluene, they need to be phase transferred to
aqueous phase before they can be utilized for biomedical applications. CTAB was used to
transfer the DNPs from toluene to water following a modified procedure previously reported

1.3" In a typical process, 10 mL of the DNP solution was added to a glass vial and

by Kim et a
precipitated out by the addition of 40 mL of methanol. A disc magnet was kept on the side of
the vial causing the particles to separate from the solution. The supernatant was discarded
and the particles were washed thrice with acetone, to ensure removal of any residual solvent,
and left to dry. Separately, 1 g of CTAB and 20 mL of MQ-water was added to a 100
mL single-necked round bottom flask resulting in a milky-white mixture. The solution was
stirred vigorously while heated to 40°C to properly dissolve CTAB, that caused the liquid
to turn transparent. 2 mL of chloroform was added to the dry DNPs and redispersed by
ultra-sonication. The chloroform solution was then added to the CTAB solution in the round
bottom flask and stirred magnetically for 30 min to ensure proper mixing. The mixture was
heated up to 60°C and maintained for 10 min under stirring to evaporate the chloroform.
The reaction solution was then cooled to room temperature, transferred to a glass vial and
the CTAB-capped nanoparticles were separated using a disc magnet. The supernatant was
discarded and the particles were washed 3 times with MilliQ water to remove any excess
CTAB. The particles were finally redispersed in 5 mL MilliQ water for magnetophoresis

analysis.



Characterization Techniques
Ultraviolet-Visible Spectroscopy (UV-Vis)
Transmission Electron Microscopy (TEM)

High resolution images were taken using the JEOL 2100 transmission electron microscope
(Tokyo, Japan) operating at 200 kV. TEM grids were prepared by placing several drops of
the dilute solution on a Formvar carboncoated copper grid (Electron Microscopy Sciences)
and wiping immediately with Kimberly-Clark wipes to prevent further aggregation owing to

evaporation at room temperature.

Energy-Dispersive X-ray Spectroscopy (EDS)

TEM was performed using a Jeol JEM 2100F equipped with a field emission gun operated at
200 kV. High-angle annular dark-field scanning TEM (HAADF-STEM) images were acquired
using a beam semi-convergence angle of 7?7 mrad, and a collection angle of ?7-77 mrad.
Energy-dispersive X-ray spectroscopy (EDS) was performed using Oxford X-Max 80 SDD
detector attached to the TEM.

Results and Discussion

We first report the growth of dimeric NPs (DNPs), followed by their potential biomedical

application of biosensing, using the magnetophoresis technique.

Magneto—Plasmoic DNPs

DNPs have been synthesized using SNPs and CNPs as seed for the growth of Ag on the
surface of IONPs resulting in Janus-structured particles. Figures la and b show the TEM
images of Ag@SNPs and Ag@QCNPs respectively. The lighter contrast represents IONPs,
whereas the darker contrast is for Ag owing to the higher atomic number of Ag thereby having
a darker contrast. To investigate the effect of AgAc concentration on the physico-chemical
properties of the DNPs, varying concentrations (7.5, 11.2 and 15. 7 mg) of AgAc were used.
The DNPs were characterized using VSM and UV-Vis spectroscopy as shown in Figures 1c)
and d), respectively. VSM data suggests a decreasing saturation magnetization trend with
increasing AgAc content, whereas, an increase in the UV-Vis absorbance peak is seen with
greater AgAc content. These results indicate a higher degree of Ag deposition on IONPs,
forming more dimeric NPs, as more AgAc is used during synthesis. A decrease in saturation

magnetization (M), between the bare IONPs and their dimeric counterparts is seen as



represented in Table 2. The decrease is most probably caused due to the addition of non-
magnetic Ag onto the IONP surface that only adds to the weight of the particle but not to Mj.
Therefore, higher the amount of AgAc, greater is the decrease in Mj, and simultaneously, the
plasmonic response of the particles increases due to more Ag deposition. A balance between
the magnetic and plasmonic properties needs to be established to exploit the benefits of both
the components of DNPs. Therefore, 11.2 mg Ag Acetate salt concentration was selected for
further experiments of growth kinetics as well as biosensing application.

3.0
c) — 7T Mg AgAc d) 1.0 - — AgNPs
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Figure 1: a) TEM image of Ag@SNPs and b) AgQCNPs. ¢) VSM and d) UV-Vis of IONPs
and DNPs with varying amounts of AgAc content.



Table 2: Saturation magnetisation and LSPR peak of IONPs and DNPs.

Particles M, LSPR Peak

emu/g nm

SNPs 74.33 -

CNPs 3.57 -
AgNPs - 442
Ag@SNP 7.7 AgAc  25.13 431
Ag@SNP 11.2 AgAc  16.88 432
AgQSNP 15.7 AgAc  13.6 432
Ag@QCNP 11.2 AgAc - 432

Growth Kinetics of DNPs

To perform growth studies, aliquots of the reaction samples were taken at intervals of 1,
3,5, 7,10 and 12 h, and were examined under TEM/SEM, as shown in Figures 2a—f. The
deposition of Ag on the surface of IONPs is also tracked using EDS measurements and shown
in Figures 2g—i. Figure 2g shows the EDS elemental mapping data after 1 h of reaction,
marking Fe, Oz and Ag regions. During the initial stages of the reaction, SNPs are seen
with no dimeric growth of Ag, however, small Ag particles are scattered over IONP surfaces,
across the sample. Multiple small nodes of Ag start being visible around the SNPs, after 3
h reaction, as seen in Figure 2h. EDS line profiling for AgQSNPs also confirms the presence
of two clear regions of SNP and Ag respectively (Figure S2). The occurrence of these nodes
indicates that Ag is not present as a single island but, forms multiple small islands on the
surface of SNPs indicating multiple regions of deposition in contrast to one particular site
(Figure 2h). These nodes grow further as Ag deposits on them via surface diffusion, as well
as, diffusion of Ag from the solvent to the particle. Figures 2d—f show the TEM images of the
obtained Ag@SNPs after 7, 10 and 12 h of reaction, respectively. There is a homogeneous
distribution of SNPs, whereas Ag nodes seem to exist in different sizes over the SNPs. The
disappearance of smaller Ag nodes and growth of bigger ones cab be credited to Ostwald
ripening, prevalent at the later stages of the reaction. However, it should be noted that
though there is surface diffusion, Ag from smaller nodes might also redissolve in the solution
only to be redeposited on another SNP. Additionally, as all the particles are in continuously
in rigorous state of motion, Ag nodes diffusing into the solvent may contribute to different
Ag@SNPs in their constantly changing vicinity. Thus, there is a highly non-homogeneous
distribution of Ag on the SNPs.



—
20 nm 20 nm

Figure 2: . SEM/TEM images of Ag@QSNPs taken at time = a) 1 h, b) 3 h, ¢) 5h, d) 7 h,
e) 10 h and f) 12 h. EDS elemental mapping for Ag@SNPs at time g) 1 h, h) 3 h and i) 5 h.

Magnetophoresis and Biosensing

Due to the constant magnetic field gradient generated by the magnetophoretic instrument,
the magnetic Ag@QSNPs get attracted and start separating in the UV-Vis cuvette, as shown
in Figure 3b. As the NPs start to separate, their UV-Vis absorbance starts to decrease
simultaneously, thereby further confirming NP separation in the presence of the magnetic
field (Figures 3¢ and d). The UV-Vis based separation study is performed at two different
wavelengths of 350 and 450 nm, to check for the preciseness of the technique and any am-

biguity that might arise in the separation profiles. Similar separation profiles were obtained



at 350 and 450 nm, having two distinct separation zones (Zone 1 and Zone 2), whereby
Zone 2 appearing ~1 h after exposure to the magnetic field. The magnetic field acts greater
on larger particles, thus pulling them with greater velocities as compared to smaller ones.
Therefore, larger particles will have lower separation times than smaller particles, that have
lower separation velocities. Hence, over a period of time, the UV-Vis separation spectra
forms two distinct zones as seen in Figures 3 ¢ and d, resulting in two distinct set of NP
population consisting of larger (Figure 3e) and smaller NPs (Figures 3f), found in Zones 1

and 2 respectively.
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Figure 3: Ag@SNPs a) before and b) after being exposed to the magnetophoretic setup.
UV-Vis spectra of AgQSNPs measured over 24 h at ¢) 350 nm and d) 450 nm. TEM images
of Ag@QSNPs taken from magnetophoresis study at 450 nm in e) Zone 1 and f) Zone 2.
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Conclusion

Herein, magneto-plasmonic DNPs have been synthesised for the purpose of using them for
biosensing application. The magnetic and plasmonic properties are imparted by iron-oxide
and silver NPs. Silver is grown on IONPs via epitaxial growth, using the latter as seed
moieties. Time-based growth studies, performed using TEM and EDS, reveal nucleation of
silver on multiple sites on the IONPs forming satellite/raspberry-type morphology. However,
as the reaction proceeds, dumbbell-shaped DNPs are formed owing to reorganisation of silver
on the surface of IONPs through surface diffusion and Ostwald ripening. Increasing AgAc
concentration during synthesis results in increase in plasmon response as measured by UV-
Vis, and a simultaneous decrease in magnetisation as measured by VSM.

The potential applicability of these DNPs as biosensing devices is tested by performing
magnetophoretic separation, in conjunction with UV-Vis. The particles were exposed to
the external magnetic field for 24 h and the UV-Vis specta was measured and two distinct
wavelengths of 350 and 450 nm. The analysis showed separation of particle population,
with bigger particles separating in the first 10 h. The smaller particles had lower separation
velocities and can be seen separating even after 24 h. However, the bigger particles seem
like promising candidates for biosensing devices as they might show variation in separation

times with co-operative magnetophoresis (antigen bound to the particles).
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“It always seems impossible until it’s done.”

— Nelson Mandela

“..when you have eliminated the impossible, whatever remains,
however improbable, must be the truth.”

- Sherlock Holmes

Conclusion

This work focuses on two kinds of NPs, namely inorganic NPs and stimuli-responsive
NGs, that have been tailored for the use as hydrological tracers, sensors and targeted
drug delivery vehicles. The former are comprised of superparamagnetic IONPs and
magneto-plasmonic Ag@IONPs, while the latter refer to pNIPAm-pAAc-based NGs that
show temperature and pH-based stimuli response.

Using DNA as the tracer moiety overcomes the limitations of conventional tracers and
enables production of an infinite number of unique tracers. Incorporating magnetic
IONPs to the DNA favours easier magnetic separation and recovery of the tracers
during application. The IONPs were synthesised using co-precipitation and thermal
decomposition routes, yielding particles with different shapes and sizes, referred as ’Mag’
(9.2 £ 2.3 nm), ’SNP (spheres, 19 + 2 nm) and ’CNP’ (cubes, 11.6 + 1.1 nm). These
particles were functionalised with different ligands (CTAB, TMAH, Na-Citrate and TMAPS)
to modify their surface charge and functionality, before functionalising them with DNA and
encapsulation in silica. Three different DNA (T21, GM5 and GM6) were used to prove the
concept of forming different unique tracers, each having its own distinct tag (sequence).
Successful functionalisation is confirmed by zeta potential (surface charge), that altered
from positive for TMAPS, to negative after incorporation of DNA and stayed negative after
silica coating. Effective DNA encapsulation was measured using qPCR with DNA from all
the systems detected even at 30-fold dilution, stating the high ultrasensitivity of the system
to overcome dilution challenges.

SNPs were further used to grow silver on their surface, resulting in DNPs that showed
superparamagnetism and plasmonic response. Nucleation and growth of silver, studied
using TEM and EDS by analysing reaction aliquots at different reaction time-points,
revealed that silver nucleates on multiple sites on the surface of the IONP, forming
nodes in a raspberry or satellite-like morphology. However, as the reaction continued,
Ag nodes continuously diffused in and out of the solvent, and subsequently deposited
on the growing Ag nodes by surface diffusion and Ostwald’s ripening. By the end of the
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reaction, the particle attains a dumbbell-like morphology with two distinct iron-oxide
and silver particles attached at the interface. The physico-chemical properties were
affected by varying the amount of added silver precursor - silver acetate, during the
reaction. A decrease in magnetism was seen with increasing AgAc amounts, whereas, the
plasmon response increased with increasing AgAc amounts. Due to the magnetic nature
of these particles, separation studies were conducted on DNPs using a magnetophoresis
set-up, in collaboration with UV-Vis. The study showed that the separation times of
the particles depended on particle size, with larger particles separating faster than
smaller ones. Therefore, if the particles are functionalised with an appropriate ligand
to attach to the desired antigen, they can be used for biosensing applications, using the
magnetophoresis technique.

PNIPAm-pAAc-based NGs were prepared using precipitation polymerisation to yield
thermo- and pH-responsive NGs. The effect of surfactant concentration (SDS) and
reaction atmosphere, on the physico-chemical properties of the NGs were examined. NG
size decreased with increasing SDS concentration, owing to higher stabilization and
colloidal stability of the precursor particles during the nucleation step. Additionally, high
concentration of SDS led to denser packing around nucleation centres, thereby, limiting
particle growth. Reaction atmosphere also influenced the size and PDI of NGs, as larger
sizes and low PDI (NGs_CS = 0.2 + 0.0) were observed for NGs under a continuous nitrogen
environment compared to an intermittent nitrogen environment (NGs_FS = 0.7 + 0.1,
NGs_FI = 0.6 + 0.2), as oxygen renders the initiator (KPS) inert by reacting with it, resulting
in ineffective polymerisation. The mole% of AAc was varied to investigate the effect on
the physico-chemical properties of the NG. The size of NGs increased with increasing AAc
mole%. 'NMR measurements showed an increase in chemical shift (§) for pAAc in the
regions, § = 2.2 and 1.8. Drug loading and release studies were conducted using Cyt C at
different conditions of temperature and pH. NGs_CS@AAc_10 showed higher loading (L.E.)
and encapsulation (E.E.) efficiency (L.E. = 87.4 + 12.2 %, E.E. = 254.5 + 36.4 ug/mg) in contrast
to NGs_FC@AAc_10 (L.E. = 30.8 & 7.4 %, E.E. = 181.0 + 44.0 ng/mg). However, L.E. and E.E.
increased for NGs_FS AAc mole% of 15 (L.E. = 52.4 + 8.4 %, E.E. = 308.0 + 49.0 xg/mg) and
25 (L.E. =70.3 + 7.8 %, E.E. = 414.0 + 46.0 ug/mg). To explore the possibility of using these
NGs in biomedical applications, cell viability studies were performed using a whole blood
model. The NGs showed excellent cell viability, did not activate the complement system
and induced little or no release of pro-inflammatory cytokines/chemokines in a human
whole blood model, suggesting good biocompatibility and potential as a candidate for drug
delivery vehicles.

The key, enabling NPs to be used in various applications, lies in precisely producing
monodisperse populations. However, reproducibility and repeatability are major
challenges in NP formation that limit their use. Therefore, conducting multiple sets of
experiments is important as it reduces uncertainties regarding product quality and aids
in optimising the synthesis process, thereby ensuring similar particle quality. Another
challenge faced in NP synthesis is scale-up of processes from laboratory to industrial scale.
Recent advances, such as, in the field of microfluidics, aim at tackling these issues in an
attempt to precisely produce narrow particle size distributions in bulk, thereby saving
time, energy and resources.
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“Science never solves a problem without creating ten more.”

— George Bernard Shaw

“Greed and stupidity are what will end the human race.”
- Stephen Hawking

Future Work & Outlook

This work describes the successful synthesis of DNA-based magnetic NPs that can
be utilised as tracers for hydrology applications, however, further studies can be
performed to test the stability of these particles in conditions mimicking those of
natural water sources. These studies could test the particles in conditions by varying pH,
salt concentration and flows through sand/soil beds. Furthermore, magnetic separation
studies could be conducted by flowing the tracer solution through pipe/tubing channels
over a magnet. Separation profiles can then be traced by plotting concentration vs flow
rates for various tracer solutions.

In another instance, the IONPs can be incorporated in the stimuli-responsive NGs for
the purpose of magnetically triggered drug release. These IONP functionalised NGs
can be tested against alternating magnetic fields (AMF) at different frequencies to
obtain heat generated collapse, thereby, releasing the payload. Additionally, incorporating
magneto-plasmonic DNPs in the NGs could enable diagnostic and imaging due to the
plasmonic silver moiety.

Two different populations of the magneto-plasmonic DNPs could be functionalised with
ligands having complementary functional groups, that will result in self-assembly of
the NPs on mixing. UV-Vis-based magnetophoretic studies can then be performed to
evaluate separation velocities of the non-assembled and self-assembled particle group. The
sensitivity of the system can also be tested against potential LSPR shift arising due to the
silver component present in the particles.

Even though NPs possess numerous advantages, their use still remains debatable.
Nanomaterials have been increasingly incorporated into uncountable consumer and
industrial products, which has resulted in expanding research on these materials for their
potential effects to the environment and human health. This research is essential and will
continue to last long into the future to understand the potential threats of incorporating
NPs in our lives and steps that can be taken to minimize potential negative effects. Having
said that, the responsibility lies with each researcher to question the morality of the work.
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AAc

AFM
AgAc
ATR-FTIR

AuNP

BIS
BOE

CNP
CR3
CS
CTAB
CytC

DNA
DNP

E.E.
EDS

FI
ES

IONP
KPS

L.E.
LCST
LPS
LSPR

MACS
Mag
MNP
MRI
MWCO

Na-citrate

List of Abbreviations

Acrylic Acid.

Atomic Force Microscopy.

Silver Acetate.

Attenuated Total Reflection-Fourier
Transform Infrared.

Gold Nanoparticle.

N,N'-Methylenebis(acrylamide).
Buffered Oxide Etc.

Cubic Iron-Oxide Nanoparticles.
Complement Receptor 3.
Continuous-Stirring.
Cetyltrimethylammonium Bromide.
Cytochrome C.

Deoxyribonucleic Acid.
Dimeric Nanoparticles.

Encapsulation Efficiency.
Energy Dispersive X-Ray Spectroscopy.

Flashing-Impeller.
Flashing-Stirring.

Iron-Oxide Nanoparticle.
Pottasium Persulphate.

Loading Efficiency.

Lower Critical Solution Temperature.
Lipopolysaccharide.

Localised Surface Plasmon Resonance.

Magnetic-activated Cell Sorting.
Magnetite Nanoparticles.
Magnetic Nanoparticles.
Magnetic Resonance Imaging.
Molecular Weight Cut-Off.

Sodium Citrate.
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Na-oleate Sodium Oleate.

NG Nanogel.

NIPAm N-Isopropylacrylamide.

NP Nanoparticle.

NTC Negative Control.

OA Oleic Acid.

ODE Octadecene.

pAAc poly-Acrylic Acid.

PBS Phosphate Buffered Saline.

PDI Polydispersity Index.

PEG Poly-ethylene Glycol.

PNC Pre-nucleation Clusters.

pPNIPAmM poly-N-Isopropylacrylamide.

PSD Particle Size Distribution.

PVP Polyvinylpyrrolidone.

gPCR Quantitative Polymerase Chain Reaction.

RT Room Temperature.

Rxn Reaction.

SAXS Small-angle X-ray Scattering.

SDS Sodium Dodecyl Sulphate.

SEM Scanning Electron Microscopy.

SNP Spherical Iron-Oxide Nanoparticles.

TCC Terminal Complement Complex.

TEM Transmission Electron Microscopy.

TEOS Tetraethyl orthosilicate.

TMAH Tetramethylammonium Hydroxide.

TMAPS Trimethoxysilylpropyl-N,N,N-trimethylammonium
Chloride.

UV-Vis Ultraviolet Visible Spectrophotometry.

VPTT Volume Phase Transition Temperature.

VSM Vibration Sample Magnetometry.

WAXS Wide-angle X-ray Scattering.
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A bound

Atotal
a

a*

C
C;
o
Cy
d
E,

Tm

List of Symbols

Surface area

UV-Vis absorbance of Cyt C after dialysis at 409 nm
UV-Vis absorbance of Cyt C before dialysis at 409 nm
Solute activity in an arbitrary state

Solute activity at equilibrium

Solute concentration in the supersaturated solution
Solute concentration in the solution at the crystal-solution interface
Equilibrium saturation concentration

Cycle Threshold

Separation Distance

Dipolar Energy

Coercivity

Kelvin

Anistropic Constant

Boltzmann Constant

Mass transfer coefficient based on diffusion

Rate constant for surface reaction process,

Mass of NG (mg)

Mass of Cyt C (ug)

Remanence Magnetisation

Saturation Magnetisation

Mass

Supersaturation

Temperature

Time

Mean Particle Volume

Volume of NPs

'H NMR Chemical Shifts

Interparticle Interaction Intensity

Permeability

Average Magnetic Moment

Relaxation Time

Measurement Time
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1. Materials and Methods

The following dsDNA strands were used for the studies.

1.1. 721

Sense: 5'-CTG GAT GAT GCG AAT CGA ATC ACA CAC GTA GAG TTC GAA TGT GAT
GGC CTA AAA GGA TGA GCA ATA GAG GAG CCT AAA GG-3'

Antisense: 5-CCT TTA GGC TCC TCT ATT GCT CAT CCT TTT AGG CCA TCA CAT TCG
AAC TCT ACG TGT GTG ATT CGATTC GCATCA TCC AG-3'

1.2. GM5

Sense: 5'-TTC GGA CAATCC TTT CCA TAT TAC GCT CTG AAG GCT ACT ACT CCT TCT
TAT TAACTG GGT CTC GTT T-3'

Antisense: 5'-AAA CGA GAC CCA GTT AAT AAG AAG GAG TAG TAG CCT TCA GAG
CGT AAT ATG GAA AGG ATT GTC CGA A-3'

1.3. GM6

Sense: 5'-TTC TCT GCC CTT ACG TTT ATC TTA AGG GCC GGT CCA CCA GTT GAA
CAC GAACAAACCTCT TT-3'

Antisense: 5'-AAA GAG GTT TGT TCG TGT TCA ACT GGT GGA CCG GCC CTT AAG
ATA AAC GTA AGG GCA GAG AA-3'

2. Model and simulation of particle formation and growth

2.1. Nucleation

In our model, we assume homogeneous nucleation to take place during thermal
decomposition and the nucleation frequency, (fn), can be calculated by classical nucleation

theory as:

0 if, 4 <1
- 1670V} if, 7 >1 (S1)
3(ksT)* In(4,)* o

" VA exp(

where, A is the degree of supersaturation, defined by:



h==x (S2)

and V, A, g, ks, T, S, C(I) and Vm are total volume of liquid solution, pre-exponential factor,
interfacial tension between solid nuclei and the surrounding liquid, Boltzmann constant,
temperature, solubility of product molecule (FesOa), concentration of FesO4 in liquid phase
and FesOs molecular volume, respectively.! The values of all model and experimental
parameters are given in Table S1. For critical nuclei size we considered the smallest possible
cluster (Ic= 2 molecules, the smallest cluster) in our simulation, since a critical number of 2 is
often used for nucleation of a sparingly soluble product.?-4!

2.2. Diffusion controlled growth

The growth of nanoparticles by diffusion transport of molecules to its surface consists of two
steps: (i) diffusion of solute molecule through a boundary layer (diffusion layer) from the bulk
to the solid surface and (ii) surface-reaction of solute molecules that bind it to the nanoparticle.
Generally, surface-reaction of molecules on the particle surface are very fast, therefore we
ignore this step in our model. Hence, diffusion transport driven growth rate of iron oxide

nanoparticles can be written as,

%: Dmvmr:Aca) )
where Dm, Na and r, are molecular diffusivity of solute molecule, Avogadro’s number and
radius of particle, respectively.® © Diffusivity of FesOs molecules in octadecene has been
estimated by the Wilke-Chang correlation for molecular diffusion.[”)

2.3. Coagulation

Brownian collisions of the nanoparticles which result in complete coalescence (coagulation),
leading to primary particle growth. The coagulation driven growth rate of a nanoparticle is
therefore estimated using the Brownian collision frequency (qp) modified by a coagulation
efficiency, 4.1 The efficiency f is the ratio of the number of successful Brownian collisions
(leading to coagulation), against the total number of Brownian collisions. qp is given by

Smoluchowski’s equation:

qp:Zk_BT|:2+i+i:| (84)
3u rn n



where r1 and r2 are radii of colliding particles and u is viscosity of the solvent.[® ¥ The

coagulation frequency is hence calculated as:
1 2
fc = Eﬂvqp N (55)

where N is the number density of nanoparticles.
2.4. Ostwald ripening
The timescale of Ostwald Ripening (OR) is large compared to all other formation and growth
processes. The rate constant of OR, kor can be written as,
_ 80D, (VaN,)’S
o 9RT

where R is universal gas constant (8.314 JK*mol™). Oskam et al. have shown by linearizing

(S6)

the Gibbs-Thomson equation, that the condition 415.\'/|'m <<d, must be valid, to have Ostwald
B

ripening take place in a system.*”! Based on our parameter values of FesO4 nanoparticle,
4oV,

m

2a

=12 nm. Therefore, we assume the onset point of OR in our system is 12 nm. The
B

rate of the corresponding coarsening process can be given as:

dt r r

dr 3aD,V,N,S (L_lj (s7)
where dr/dt represents the growth or decay in particle radius depending on whether r/rc is
greater or less than 1, respectively.l'!l The rate equation of OR implies that in the PSD,
particles larger than rc will grow while smaller particles dissolve. Here critical radius rc is
given by, rc = a /6(t), where, 6(t) = [C(1)-S]/S, is a dimensionless concentration.[**] We have
arbitrarily fitted 6(t) to be 1 to match the PSD.



Table S1. List of input parameters in the simulation.

Parameter Value Source
C(I)=0 23.7 mol m our experiment
\Y 25x10°m? our experiment
Vp 2.8x10° m® our simulation
T 593 K our experiment
U 0.3 kg.ms? obtained from literature
Dnm 2.28 x 108 m%? Estimated using Wilke-Chang correlation [
Ic 2 obtained from literature !
A 10% m3s? obtained from literature
o 0.1J.m? obtained from literature ©!
Ve 739 % 102 calculated using molar mass, density, and Avogadro
Number
S 10 mol m™® -
25x10° Our simulation
re 6 nm Our simulation
o(t) 1 Our simulation

2.5. Simulation methodology

We formulated our kinetic Monte Carlo (kMC) simulation following Bachhar et al., by

adopting the technique of interval of quiescence.® © There are four events in the simulation,

namely, nucleation, diffusion-growth, coagulation-growth and Ostwald ripening. The interval

of quiescence is defined as the time interval between two consecutive, discrete random events

(nucleation or coagulation in the present case). During this interval, other continuous events

(diffusion-growth and Ostwald ripening, estimated by their respective rate equations) occur.

We start our simulation using a simplified growth model, with nm number of FesO4 molecules

(which at t = 0 is 4x10°) and no nanoparticle to start with (N, = 0). We used a discrete—

continuous kKMC simulation following Bachhar et al. 5 6]



3. Phase transfer of SNPs

3.1. CTAB

The method has been adapted and modified by previous work of Kim et al. and 10 mM of
CTAB solutions were made in 20 mL MilliQ water.*? 5 and 10 mg of SNPs synthesized from
thermal decomposition route were separately precipitated from toluene using methanol and
cleaned thrice with acetone. Each precipitated SNP sample was redispersed in 2 mL
chloroform before adding it dropwise to 20 mL of 1 and 10 mM CTAB solutions preheated to
60 °C over an oil bath under constant stirring. The reaction was left for 30 min after which the
phase transferred SNPs were magnetically separated and washed thrice with MilliQ water
before suspending them in 5 mL MilliQ water.

3.2. Sodium citrate

The procedure is taken and modified from works of Bandyopadhyay et al.[*¥] 10 and 50 mM
of sodium citrate (Na-citrate) solutions were prepared in 10 mL MilliQ water. 5 and 10 mg
SNPs were separately precipitated from toluene using methanol and cleaned thrice with
acetone. 10 ml Na-citrate solution was added to the precipitated SNPs and the suspension was
sonicated for 2 hours in a bath sonicator. Afterwards, the nanoparticles were magnetically
separated and cleaned thrice with MilliQ water before redispersing them in 10 mL MilliQ
water.

3.3. TMAH

Phase transfer of SNPs and CNPs using TMAH was performed by modifying a previously
developed method.[** Typically, 50 mg of SNPs and 25 mg of CNPs were separately
precipitated from toluene using methanol and washed thrice with acetone in a glass vial. 2 mL
and 1 mL TMAH solution was added to the SNPs and CNPs respectively and the vials were
placed in a bath sonicator for 10 minutes. Afterwards, the vials were put on shaking at 300
rpm for 2 hours after which the particles were magnetically separated and cleaned thrice with
water. Finally, the phase transferred IONPs were redispersed in 1 mL MilliQ water in an
Eppendorf tube.



Table S2. SNPs from different precursors with different ligands

SNPs precursor SNPs mass (mg) Ligands Ligand concentration (mM)
5 1
Iron oleate: SNPs spheres 10 1
5 CTAB 10
10 10
5 10
Iron Oleate: SNPs spheres 10 10
5 Sodium citrate 50
10 50

4. Results and discussion

4.1. Controlling the Particle Size and Shape

Based on the TEM analysis an experimental PSD has been constructed as reported in Figures

Sla and Slb, where the relative frequency (%) of each size are plotted against particle

diameter. Our model can capture the mean and the mode of the PSD however the standard

deviation and other higher moments of the distributions are not accurately captured. A much

more detailed model with OR might need to be considered for this process. The only

additional adjustable parameter in this simulation was the coagulation efficiency which we

found to be 2.5 x 1075, It is observed that the simulation data matches well with OR included.

In this case the coagulation efficiency is found to be 8.5 x 10°®. A detailed model of

coagulation based on interparticle interaction® might give us better understanding of the

process.
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Figure S1 a) HRTEM image of growth evolution of IONPs at 250 °C. Comparison between
kMC simulation vs. experimental PSD of iron oxide formed through thermal decomposition
route after 45 min of aging at 320 °C, b) without OR and c) with OR. d) XRD pattern of SNPs.

4.2. Phase transfer and Functionalization of IONPs
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Figure S2. a) Size and b) zeta potential of SNPs phase transferred with Na-Citrate. ATR-
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4.3. Influence of Magnetic Properties upon Functionalization
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Figure S3. a) Mrc — Mzrc and (dMrc — Mzrc/dT) curves. b) ZFC/FC curves for Mag,
Mag_DNA, Mag_TM and Mag_Silica.

In order to investigate magnetic nanoparticle interactions, low temperature remnant
magnetization (5K) is carried out by the direct current demagnetization (DCD) and isothermal
remnant magnetization (IRM) protocols (Figure S4).[5 281 |n a typical DCD measurement, the
sample is saturated in an external field of —5 T, then the external field is removed, and the
remanence magnetization is recorded. The sample is then exposed to a reverse positive field
(Hrev) to invert the magnetization; so Hrev is removed and the remanence magnetization is
recorded. The process is repeated several times, each time with a higher Hrey, up to 5 T. IRM
protocol is similar to DCD protocol but starting with the sample in a demagnetized state.[*]

MRM(H) and M;PP(H) represent the same energy barriers in the case of an ensemble of non-
interacting monodomain particles with uniaxial anisotropy. This is clearly expressed by the

so-called Wohlfarth relationship:
MPP(H)=1-2M™ (H)  (S8)

Kelly et al. rewrote the Wohlfarth’s relationship in order to show more clearly the deviation

of a real system from the non-interacting case:

SM(H)=MP® _[1-2M™]  (S9)

where the SM parameter has zero value for a non-interacting system.l'®: 9 Interactions

promoting the magnetized state such as exchange and other positive interactions lead to a
9



positive value of 6M parameter whereas negative deviation are due to demagnetizing

interactions (e.g. dipole—dipole interactions).™*"]
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Figure S4. DCD and IRM curves for a) Mag, b) Mag_TMAPS, c) Mag_DNA amd d)
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Figure S1: a) Size and b) polydispersity index (PDI) of NG samples prepared using
Continuous-Stirring, Flashing-Stirring and Flashing-Impeller methods. (The error bars rep-
resent the standard deviation calculated from the triplicate measurement of the particular
sample).

s Figures Sla and b show the size and PDI of the NGs synthesised by the continuous-stirring,
+ flashing-stirring and flashing-impeller methods, respectively. An initial increase in size is
s seen, for all the methods, before stabilizing to the final particle size. Whereas, for PDI, a
s decrease is seen as the reaction proceeds signaling the samples achieving a monodisperse

» population at the end of the reaction.
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Figure S2: 'H NMR spectra of nascent reagents, used to synthesise stimuli-responsive NGs,
showing their respective proton peaks. a) NIPAm, b) AAc, c¢) BIS, d) SDS.
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Figure S3: 'H NMR spectra of NGs synthesiﬁed using a) Continuous-Stirring, b) Flashing-
Stirring and c¢) Flashing-Impeller, showing the spectra for pNIPAm and pAAc incorporated
withing the NGs.



8 Figures S3a, b and c¢ show the 'H NMR spectra of NGs synthesized using continuous-
o stirring, flashing-stirring and flashing-impeller. NGs, synthesised by the three methods, have
10 peaks in the region 1.0 — 2.2 ppm, showing similar NG structure.

Table S1: VPTT of NGs_CS synthesized using different AAc mole%.

NG.CS  VPTT (°C)
AAc10 363 0.3
AAc125 358 +0.4
AAc15 363+ 0.3
AAc 175 353+ 04
AAc20 353+ 05
AAc 225 354405
AAc 25 34.4 + 0.5
AAc 275 354405
AAc 30 34.4 + 0.6

1 Similar to NGs_CS, NGs_FS show an increase size trend with increase AAc mole%, as
12 shown in Figure S4a. Figure S4b shows the variation in size and zeta potential of NGs_FS

s with respect to AAc mole%. The NG size and zeta potential increases on increasing the pH

—

1 of the system due to the deprotonation of AAc at higher pH.
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Figure S4: Hydrodynamic diameter and zeta potentials of the NGs_FS at a) 25 and 45°C, and
b) pH = 3.5 and 7.4, showing decrease in size with increasing temperature and decreasing pH.
(The error bars represent the standard deviation calculated from the triplicate measurement
of the particular sample).



As can be seen from Figure S5, the VCEiempy decreases with increasing AAc mole%, similar
to NGs_CS. However, VCEpx for NGs_FS has a random distribution with varying AAc mole%
suggesting non-uniform incorporation of pAAc between pNIPAm units inside the NG matrix,

thereby resulting in inconsistent pH-dependent swelling behaviour.
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Figure S5: Volumetric swelling with respect to pH and temperature for NGs_F'S, synthesized
using different AAc mole%. (The error bars represent the standard deviation calculated from
the triplicate measurement of the particular sample).
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Figure S6: TEM image of NGs_CS synthesized using 10 mole% AAc.

19 Figure S6 shows TEM image of the dried NGs synthesized by the continuous method (10
2 mole% AAc) having a size of 85 £+ 13 nm.
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Figure S7: Assessment of CR3 activation in human whole blood by NGs as determined by
Cd11b count. Error bars represent standard deviation, statistical significance (***P<0.001)
compared to the PBS control found by one-way ANOVA. (N=5 consecutive experiments)

2 Method description for Figure S7: 15 min after exposure to NGs and controls, 25 uL
2 was transferred to a 96-well polypropylene plate. Samples were fixated by adding 25 pL 1%
s paraformaldehyde (PFA). Then 2.5uL of anti-CD11b PE were added, a fluorescent marker for
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34

activated CR3, was added followed by 15 min incubation. 150uL lysis buffer was added and
samples were transferred to flow vials containing 600uL lysis buffer before further incubation
in dark at room temperature for 15 minutes. The vials were then centrifuged at 720 x g
for 4 minutes and the cell pellet was dissolved in 500uL. PBS without Ca?*/Mg**. The
samples were kept on ice until flow cytometry measurements using BD FACSCanto II (BD
BioSciences, Franklin Lakes, NJ, USA). NG induced activation of CR3 in monocytes and
granulocytes was quantified by first gating cell populations exposed to Zymosan (positive
control) and PBS (negative control) according to their forward- and side scatter, and then
using the same gating for the NG treated samples. This data analysis was done using FlowJo
software (BD BioSciences).

This material is available free of charge via the Internet at http://pubs.acs.org/.
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Figure S2: EDS profiling of Ag@SNPs after 3 h of reaction, showing the presence of iron-oxide
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Figure S3: UV-Vis of Ag@QSNPs in toluene, phase transferred with CTAB and the top
product from the magnetophoretically separated sample (over 24 h).
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