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AN ABSTRACT OF THE THESIS OF

Sarah Ramez Yassine for Master of Science
Major: Chemistry

Title: Exploiting Thermally Driven Processes in Thin-Polymer Films and On Metal
Particle Surfaces

Temperature variations play a pivotal role in deciding the path of many
biological and physical processes, yet only few available probes allow measuring these
fluctuations at the micro- and nano-scale accurately. In this work, we aim to develop new
strategies to map thermal variations in thin polymer films. This acquired knowledge will
subsequently allow us to drive chemical reactions using locally generated heat by
magnetic nanoparticles with high spatial resolution.

A thermal probe was thus developed through complexing poly (phenylene
ethynylene)  fluorescent-based  conjugated polyelectrolyte  (PPE-CO2)  with
polyvinylpyrrolidone-co-vinyl acetate (PVP-VA). When testing the temperature response
in PVP-VA solution, a relative maximum sensitivity of 2.35% was obtained. The polymer
complex was then spun cast onto quartz slides and imaged using a DSLR camera at
different temperatures between 20.0 °C and 60.0 °C. Finally, these images were analyzed
using the ImageJ software to study the change in color upon increasing the temperature.

Building on the previous work, iron-oxide magnetic nanoparticles were
complexed with gold nanoparticles via a multi-layer coating method. The heat generated
by the magnetic nanoparticles when placed in an alternating magnetic field is transferred
to the gold nanoparticle surface where heat-dependent reduction reaction of resazurin, a
weakly fluorescent molecule, to a highly fluorescent resorufin is monitored. This level of
spatial heat control will allow us to locally catalyze chemical reactions and release
reactive oxygen species intracellularly with surgical spatial control.
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CHAPTER 1

INTRODUCTION

Temperature is a fundamental physical parameter for a wide range of industrial
operation and scientific research.® It governs various kinds of chemical reactions,
biological processes, and physical laws.? These processes occur in either an exothermal or
endothermal manner that reflects their thermodynamic behaviors whether occurring inside

a biological cellular system or in a solution.®

A typical thermally-driven reaction takes place in a restricted location inside the
system it belongs to. That by tracking the distribution and fluctuation of the temperature in
that specified location, one can infer on the thermodynamics and eventually on its function.
For example, scientists can understand the function of a living cell by monitoring the
temperature inside its components.* In medical applications as well, cellular pathogenesis
of diseases is detected and characterized based on the heat produced; cancer as an
example.® Hence, understanding and studying the role and impact of temperature will
undoubtedly help improve our perception of various chemical systems, bio-cellular events,
diagnosis, medical therapies, and many others.®> ® Therefore, researchers nowadays are
exerting a tremendous effort to explore, measure, and control the temperature fluctuations

in thermally-driven applications.”®



1.1 Role of Temperature in Catalysis:

Monitoring temperature in a thermally-dependent system is directly correlated to
its efficiency and productivity. One example on this is the 190,000-fold increase observed
in the rate of the hydrolysis reaction of polysaccharides when its temperature is raised from
25 t0 100 °C. On the other hand, the rate of the hydrolysis of phosphate monoester dianions
witnessed a 10,300,000-fold increase for the same temperature rise. ° In fact, any chemical
or biological reaction is enhanced upon increasing the temperature at which it is performed,
yet this merit seems to not be assessed the way it should be. Following are some more
specific examples on the role of temperature in monitoring extensive scientific reactions

and processes.

1.1.1 Cellular Level:

On the intracellular level, triggering a specific function requires the cellular
biological reactions to release Gibbs free energy. This will eventually lead to the release of
the excess energy in the form of heat elevating the local temperature.® For instance, the
transfer of a proton within the mitochondrial inner membrane, commonly known as
thermogenesis, produces heat inside the cell.!* Also, the endoplasmic reticulum (ER)
produces heat via a calcium-pump activity.*> These mechanisms, referring to the most
probable cases of increase in local temperature intracellularly, cause the shift in the

chemical equilibria; thus, accelerating the relative reactions’ rates.
Due to this critical role of heat, obtaining a non-homogeneous temperature
distribution within the cell will directly correlate to the former’s activity affecting its

biochemical processes and reactions.



1.1.2 Enzymatic Level:

Temperature, as do other factors, profoundly influence the rate of the reaction of
enzymes. In detail, not only do low temperatures lower the enzymatic activity but also at
extreme temperatures, the enzymes denature with their activity ceasing. Generally, a 10-
degree Celsius rise in the temperature increases the rate of the enzymatic reaction by 2-
folds because of a higher enzyme-substrate collision rate. However, this increase in the
activity peaks at a specific temperature, unique to each enzyme and commonly known as
the optimum temperature, yielding a maximally efficient reaction. Beyond this

temperature, the activity starts decaying until ceasing at very high temperatures.

1.1.3 Medicinal & Cancer-treatment Level:

Thermal medicine is the act of manipulating the body or tissue temperature to
treat diseases. Reports on using the cold-and-hot thermal therapy first appeared since the
earliest practice of medicine. Cancer, for example, is one of the specific medical
applications where temperature played a pivotal role in. However, modern thermal
medicine intends to further understand the impact of temperature fluctuations on the
molecular, cellular, and physiological levels as well as to develop safer and more efficient

techniques to manipulate heat in the clinical medicine field.

Hypethermia, for example, refers to the state when the individual’s body
temperature elevates beyond normal due to a failure in the internal thermoregulation. It
occurs when the heat-regulating system in the body is vanquished by the external factors
surrounding thus leading to a rise in the body’s internal temperature. This thermally-driven

condition is being currently implemented in cancer therapy where it is combined with the



radiotherapy and chemotherapy as well as to treat inflation in the body organs through

shrinking the respective tissues.

Thermal ablation, the act of destroying abnormal cells through local heating or
freezing, is yet another example where the temperature is thoroughly exploited. This
therapy is nowadays referred to as the standard health care for a group of cardiac

arrhythmia diseases. Endometrial ablation is as well used to treat endometrial bleeding.*®

Other medical applications relying on temperature as a major contributor include:
the storage of viable cells for a long period of time through cryopreservation- applied at a
temperature < -80 °C,® laser-heating methods for excessive subcutaneous fats that cause
obesity and disorders in the body’s metabolism,'” and intravascular heating to eradicate

varicose veins by the aid of laser and radiofrequency currents.’

1.1.4 Drug Delivery:

One of the very exciting advancements in drug delivery is the development of
heat-triggered systems. For instance, scientists are now harnessing thermosensitive
liposomal drugs with nanoparticle carriers, that upon heating to a temperature above 40 °C,
the chemotherapy agents are released. Such an evolution in the pharmaceutical field allows
for specific targeted drug delivery to the tumors while maintaining normal tissues intact.
Interestingly, the aforementioned thermal ablation and hyperthermia techniques can be
coupled with the heat-activated drug carriers so that the chemotherapy is deposited in the

heated-area exclusively.®



Chilkoti et al. reported the design of the thermally-responsive elastin-like
polypeptide (ELP) targeted drug-delivery in an aim to enhance the localization of ELP-

drug conjugates inside a solid tumor heated by regional hyperthermia.®

1.15 Electrochemical:

Local heating has always been challenging for electrochemical systems where
most of the conventional heating methods fail. As a result, there has been a pressing need
to develop new approaches capable of raising the temperature at a specific location for
thermally-driven electrochemical applications. Microwave frequency activation, as an
example, is recently being employed to locally heat the tip of the working electrodes based
on a focused interaction with the metal. This has led to significant superheating effects
growing locally at the surface of the targeted electrode.?® Another evolving electrochemical
heating method applies radiofrequency induction to heat up the surface of the foil electrode.
Eventually, the solution’s temperature will rise as a function of conduction and convection
while flowing around the electrode.?° These achievements, along with the others, have been

considered a breakthrough in the field of localized heating in electrochemical processes.

1.1.6 Chemical Catalysis:

The temperature has a decisive impact also on chemical rates, and hereby on
chemical reactions and processes, catalysis in particular. It has, thus, been essential to
optimize the activity, selectivity, and stability of the catalytic reactions while monitoring
their temperatures.?! Available heating approaches, despite being sufficient for large-scale

catalysis, cannot control catalytic reactions at the nano-scale.



Scientists have realized that when it comes to the nano-level, materials and
chemical species behave in different manners than they do at large scales, following from
their nano-scaled size that increases their surface-to-volume ratios.?? For this, being able
to monitor the temperature changes at that delicate level, enhances the reactions’ efficiency
and eventually its chemical properties. In order to achieve this goal, many recent advances

have evolved to locally heat up thermally-driven catalytic reactions.

For instance, Chen et al. used the single-molecule fluorescence approach, that is
capable of imaging the individual metal nano-particle, to locally produce fluorescent
molecules from locally catalyzed reactions and track its fluorescence emissions at a high
resolution.?® Also, in the field of nanomedicine, scientists recently reported the ability to
apply sequential catalysis through locally releasing biocompatible nano-catalysts into

specific tumor sites following a very selective manner while keeping normal sites intact.?*

The concept of localized catalysis will be further discussed in chapter 4 where we
report the use of an alternating magnetic field to generate heat from magnetic nanoparticles

to drive catalytic chemical reactions.

1.1.7 Thin Films for Micro-Channels and Micro-electronic Devices:
So far, temperature measurements have been extensively explored in a wide range

of applications, yet little where those tackling thermal measurements in thin-solid films.

Although highly exploited in micro-channels and microelectronic devices,
sensing in thin films still suffers from a lack in the investments and research. One of the
major techniques that focused on bridging this gap is the fluorescent-based methodology

that will be discussed later in the chapter. These advancements, despite showing some



successful results, are still limited in terms of the heat dissipated and the low spatial

resolution they exert when mapping thermal changes.

Despite the stated importance of the local temperature profile, scientists still face
many difficulties and obstacles in mapping and analyzing properly the local thermal
fluctuations. Therefore, we need non-invasive thermometry techniques with a high spatial

resolution to read the temperature changes.

Temperature sensing in thin films will be, as well, fully elaborated in a separate

chapter, later on in this dissertation.

1.2 Advances in Thermometry:
121 Contact & Non-Contact Methods:

Among the available temperature-measuring techniques, scientists recognize two
major categories: contact methods and non-contact methods. Since contact methods, such
as thermistors and thermoelements requiring electrical wiring fail to be implemented in

corrosive and delicate environments, non-contact methods evolved.?

One of the most common non-contact methods uses infrared (IR) to apply rapid
imaging of the temperature. Yet, this technique requires that the material investigated as
well as its emissivity should be known prior to the measurements.? It also suffers from the
wavelength-absorption of its glass material hindering the optical-window measurements.
Not to mention, that besides being very expensive, IR-based temperature mode measures

thermal fluctuations at the micro-scale, thus, fails to achieve high spatial resolution.!



Meanwhile, the field of thermometry has been witnessing huge advances in its various

domains.

1.2.2 Brief History on Thermometers:

In 1654, Ferdinand Il, the Grand Duke of Tuscany, marked the first milestone in
the field of thermometry through his experiment in filling a glass tube with alcohol.
However, this early invention lacked any scale or relative, data making it inaccurate.
Almost 60 years later, Garbriel Fahrenheit, a German physicist, substituted Ferdinand’s
alcohol-tube with a mercury one because of the more predictable results of the latter; this
yielded more exquisite measurements. Such an advancement was soon backed up by setting

the Fahrenheit’s temperature-scale.

The temperature has been as well exploited in one of the very early experiments
when Lord Kelvin aimed at estimating the age of our planet that was believed to be around
10,000 years old. In 1862, Kelvin took advantage of the cooling speed of a steel ball as a
thermal gradient to reach a conclusion that our planet is 100 million-years-old.?’ Later, the
Swedish Astronomer Andres Celsius introduced a new thermal scale which he cut down
into 100 units ranging between 0 °C -taken as the freezing point- and 100 °C attributed to

the boiling point of pure water measured at the sea level.

The effect of thermal knowledge at low scales along with the escalating
opportunities displayed in the field of science and technology have triggered the
development of several thermometers functioning at the sub-micron scale and exhibiting
an acceptable spatial resolution. A spatial resolution is generally defined by the minimum

distance needed to obtain a change in the temperature that is greater than the sensitivity of



the thermometer.?® These micro-scaled thermometries serve the demands in a wide spectra
of technological fields including microelectronics, microfluidics, photonics, and micro-
optics.?®

However, with the advancements of science and the increase interest in probing
processes at the micro and nanoscale, the available conventional thermometries failed to
meet the new standards. Few examples on the challenging demands include the temperature

mapping at the intracellular level and in thin chemical films.

1.2.3 Limitations:

Despite the huge demands and expectations in this field, mapping the temperature
fluctuations and distributions at a high spatial resolution, up to the nano-scale, hasn’t been
attained yet. The fact is, conventional thermometers, such as the thermography and
thermocouple, suffer from a relatively low spatial resolution (up to 10 pm) making it
insufficient for cellular measurements.®® As a result, available probes fail to detect and

track non-homogeneous heat-distributions in heat-dependent systems.

An ideal sufficient thermosensitive technique is expected to satisfy
simultaneously, a list of requirements: high temperature resolution, high spatial resolution,
function independent of the environmental changes as pH and ionic strength, and function
independent of the surrounding biomacromolecules. Alongside, it should be inexpensive,

non-invasive, reproducible, and easy to read.

Being unable to satisfy all the aforementioned criteria, blocks and hinders the

advancements in thermal sensing in cells as well as in chemical systems and solutions.®



This has called for new innovations in the field of thermometry; therefore, nano-

thermometry has become essential.

1.2.4 Fluorescent-based Nano-thermometry:

Fluorescent-based nano-thermometry has gained a considerable attention due to
the significant advantages it offers from the large scale of imaging to the non-invasive
contactless measurements.®! Various kinds of luminescent nano-thermometers have been
implemented into the scientific fields categorized based on the origin of their fluorophore-
system. Examples on the diverse systems are the organic dyes,” 3 organic-inorganic hybrid
nanoparticles,®® polymer nanoparticles,®® quantum dots (QDs),** polymer dots (PDs),3 3¢
fluorescent proteins,® and lanthanide ions (Ln®").%" 3 Below, we present some of the work
done recently as a result of the remarkable encroachments they have achieved in the field

of fluorescent-based nano-thermometry.

1.2.4.1 Ratiometric Probes:

One of the major drawbacks current fluorescence probes suffer from is the
effect of the surroundings on the readout of the received signals. Some examples of these
factors include photobleaching, dye concentration, and the fluctuations in the excitation
sources. These aspects may lead to non-accurate results when mapping the system’s
temperature. For this, it is of great advantage to rely on fluorescent-based ratiometric
nanothermometers to compensate for the above limitations and reduce any error produced
by any of the light source, detector, or pathway. Ratiometric probes, therefore, enhance

the accuracy of the emission spectra of these thermometers.
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1.2.4.2 Lanthanides:

Known for their high stability, biocompatibility, and their ladder-like 4f energy
levels, lanthanide ions (Ln%*") have been probed significantly in a wide range of thermal
applications in fluorescence nano-thermometry. Although appearing to be extremely
transparent when induced in living tissues, these cations are highly emissive in the IR

window (700-980 nm).

Suzuki et al., for instance, succeeded in achieving a high thermal sensitivity that
allows the detection of different thermal behaviors at distinct spots suggesting a
heterogeneous heat production and dissipation. Their work focused on combining
Lanthanides pB-diketonate chelate europium (111) thenoyltrifluoroacetonate with the organic
probe Rhodamine 101 in order to develop a ratiometric sensor.®

Thermometry at discrete spots by nanothermometers
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Figure 1.1: Schematic illustration of a ratiometric nanothermometer (RNT) used for
intracellular temperature measurements at discrete spots. (Reprinted with permission from
Suzuki et al.)®

Later, lanthanide-based probes were introduced into metal-organic frameworks
to enhance their sensitivity and fasten their adaptability with their surroundings more and

more.
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1.2.4.3 Metal-Organic Frameworks (MOF):

Metal-organic frameworks (MOFs) are hybrid macromolecules used to assemble other
specific molecules into a higher hierarchical structure. The fact that the MOF linkers and the
locked dyes inside behave and emit light differently and at distinct wavelengths when exerting

thermal changes attracts more attention toward this kind of probes.

Example on that is the encapsulation of the rhodamine 101 acting as a fluorescent dye
inside the Zirconium-MOF UiO-67. A temperature-dependent fluorescent emission-spectrum
acquired over the temperature range 20 to 60 °C displayed a sharp decay in the dye’s intensity
accompanied by a fixed intensity peak of the organic linker. The reported sensitivity was equal
to 1.91 % °C1.3 Shen et al. reported another interesting MOF-Lanthanide thermal sensor where
they introduced Tb®" and Eu®" cations into a thin film. Results revealed an increase in the
emission spectra of Eu®* accompanied by a decrease in that of Th3*. Sensitivity attained was as

high as 1.05 % °C.40
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Figure 1.2: Schematic illustration of the formation of Rh101@UiO-67 hybrid by assembling
Rh101 dye molecules in the pores of UiO-67 through a one-pot synthesis strategy. (B) Emission
spectra of the Rh101@UiO-67 acquired over the temperature range 20 to 60 °C. (Reprinted with
permission from Shen et al.) *°

12



As a rapidly rising field, fluorescent-based nano-thermometry has gained a lot of
attention in the applications it can develop even beyond the biomedical discipline. Indeed,
it is considered a substantial factor that allows deeper understanding of many applications,
including but not limited to, microelectronics, nanofluids, and chemical catalysis. Ideally,
a favorable sensing technique should maintain a good stability over time, so it does not
require repetitive calibrations leading to non-consistent results.** Probes exerting a
ratiometric signal can perhaps help to minimize the errors obtained as a result of the
fluctuations in the light source, instability, and the fluorophore’s concentrations little-
effect;*> % this signal ratio accounts for the fluctuations in the excitation source. However,
it still fails to account for the fluorophore photobleaching and quenching. Accordingly,
scientists aimed for material that (i) consists of a single-component fluorescent system and

(ii) emits at two distinct thermally-dependent states.*

Notably, conjugated polyelectrolytes, being a class of polymer with exceptional
optoelectronic properties and high brightness, appeared as likely prospects at this stage.**
5 The reason why we decided to implement into our system presented in chapter 3. In what
follows, we’ll present a brief background on conjugated polyelectrolytes, addressing their
photophysical properties, followed by discussing some of their applications in the field of

thermal sensing.
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1.2.5 Conjugated Polyelectrolytes:

Conjugated polyelectrolytes (CPES) are a class of organic semiconductors known
for their n-conjugated backbone of alternating single and double bonds functionalized with
ionic pendant groups attached to their side chains to increase their solubilities (Figure
1.3).¢ They are categorized based on their charges into two main categories: cationic
CPEs, typically connected to quaternary ammonium (NRs*) or pyridinium, and anionic
CPEs that mostly include carboxylate (CO2"), phosphonate (PO3s?), or sulfonate (SOs3)

connected to their side chains.*’

CPEs exhibit high solubility in polar solvents as a function of their charged chain
groups and hydrophobic aromatic backbones.*” Given this advantage in polar media along
with their optical and photophysical properties and applications, CPEs hold great promises

in the sensing devices and have gained increasing attention by researches nowadays.*®
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Figure 1.3: Schematic representation of the structural component of an anionic CPE.
Modifying the m-backbone colored with green can help to regulate and to control some of
the properties of the polymer.
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1.25.1 Photophysical Properties of Conjugated Polyelectrolytes:

Since their discovery in 1987 by Weld Heeger et al., the CPEs properties have been
extensively studied and tracked in terms of their m-electron polarization, charge transport,
high conductivity, and chemical sensitivity, as well as their band gaps for absorption and
emission spectra. The delocalization of their backbone electrons results in attractive optical
and electronic properties such as their high efficiency in intra and inter-chain energy
transfer and their ability to convert binding events into readable optical and electrochemical
responses. Interestingly, factors such as the structure of the polymer and its surrounding
environment have a huge impact on monitoring these properties making them excellent
objects for sensing. 8 In fact, the energy transfer mechanism and the solvent used affect
the degree of aggregation of the CPE that we’ll later discuss how it serves our interest in

thermal sensing.

The degree of aggregation affects the delocalization of the n-electrons along the
main backbone of the polymer enhancing the thermal response of the system. *° For this, it
is essential to dive deeper into understanding the mechanism of energy transfer and exciton
migration in conjugated polyelectrolytes.®® These polymers possess highly efficient
intramolecular and intermolecular energy transfer mechanisms and large extinction

coefficient.>?

There are typically two energy transfer mechanisms: (i) through-space exciton
migration that is usually dominant in aggregated polymers, yet not so common in extended

chains, and (ii) through-bond energy transfer encountered in the latter case.’> > In the
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through-space case, energy is normally transferred through resonance energy transfer in
between the CPEs chain segments where the oscillations in a dipole-excited segment are
being moved to that in an adjacent one.*®>* However, the through-bond mechanism refers
to the migration of exciton along the backbone of one single polymer molecule without
any chain-to-chain transfer process. This is known as the intrachain energy transfer and is

likely to occur in solutions.*% %

1.25.1.2  Solvent Effect:

Since CPEs are intrinsically amphiphilic (hydrophobic backbone and hydrophilic
side chains), they tend to aggregate in polar organic and aqueous solutions leaving them
highly dependent on their solvents.> This aggregation influence both the absorption and
fluorescence spectra making it an attractive criterion for sensing applications. Since CPEs

are amphiphilic, they self-assemble into aggregates through m-stacking in the unfavored

aqueous solution.53 %6

To illustrate the effect of the solvent, we’ll take the study done by C.J Tan and co-
workers on PPE-SOs  polymer in particular where they compared its fluorescence
properties in methanol and in water. They reported that the fluorescence bands of PPE-
SOs dissolved in methanol were analogous to that of the neutral PPE, suspended in good
solvents like chloroform, CHCIs, in terms of the bands’ intensities and chemical shifts.
This indicates that PPE-SOz™ appears as single unaggregated chains and that methanol is
serving as a “good” solvent. Also, the similarity between the fluorescence-spectra

characteristics exhibited when the CPE was dissolved in water and that of the aggregated
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conjugated polymer confirms that in an aqueous solution, polymers undergo

conformational changes causing their aggregations.®’>°

The ability of these polymers to alternate their conformation between the
aggregated and disaggregated states in response to their structure and environment, made
them appealing for a wide range of sensing applications and devices. For instance, the
extended conformation is favorable for electroluminescent devices because it maximizes
the quantum vyield. However, the stacked aggregated status is beneficial for the
optimizations and enhancements of the thermal sensing devices; this also relates to the

amplified fluorescence quenching discussed in the section below.

1.25.2 Conjugated Polyelectrolyte-Based Sensing Applications:

One major factor driving this interest in CPEs for fluorescence sensing is the
former’s ability to exhibit a signal gain as a response to their interaction with analytes. This
signal gain is referred to as amplified fluorescence polymers (AFP) or “super-quenching”.
One reason behind the increase in the sensitivity (amplification) is the highly efficient
transport medium, attained by the conjugated polymer, that transports electronically
excited states commonly known as excitons.®® Generally, excitons are electrically neutral
quasiparticles capable of transporting energy via the bounding they form between electrons
and electron holes;%! and in AFP, excitons are so mobile that they undergo diffusion

throughout the polymer’s chain.

To illustrate further how the energy migration can amplify fluorescence-based
sensors, Swager et al. did their study on poly(p-phenyleneethynylenes) supported by the

previous investigations done on this CPE proving its efficiency in energy migration. 52
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They hypothesized that if the energy migration is relatively faster than the fluorescence
lifetime, then the excited state will be able to sample every receptor in the polymer. This
will eventually allow a single binding site to change the overall emission. In other words,

when a quencher occupies a receptor site, it enhances the deactivation.

Swager and co-workers have reported the work they did on several receptor-
substituted organic soluble polymers of neutral nature. They accentuated on studying the
correlation between the CPE’s photophysical properties and its quenching behavior. For
instance, they showed that in short CPEs, the quenching constant increases as the molecular
weight of the polymer increases. These results paved the way into new detection probes
that are based on the principle of energy migration and quietly represented by the amplified

fluorescence quenching of conjugated polymers. 5

In like manner, Karam et al. examined the photophysical properties of the
negatively charged, hydrophilic conjugated polyelectrolyte: poly[5-methoxy-2-(3-
sulfopropoxy)-1,4-phenylenevinylene] (MPS-PPV) at the single-molecule level.®* % In
negatively charged vesicles, MPS-PPV was proven to exist as a freely diffusing polymer
adopting a collapsed-chain conformation. This collapse will increase the efficiency of the
energy migration over several chromophores leading to stepwise photobleaching in
fluorescence intensity-time trajectories and emission from low-energy chromophores along
the chain, which is consistent with that observed in aqueous solutions. However, in a

neutrally charged vesicle, single MPS-PPV adopts an extended conformation.®®
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Based on the properties of the CPEs presented earlier, scientists aimed at studying
more how their alternating conformations can be exploited in thermally-driven

applications.

Phenylene-based polymers appeared as a pleasing CPE-category , for the fact that
they are temperature-sensitive polymers that display a clear shift in their emission spectra
while disaggregating to their free-chain status.®® They, as well, have been utilized as
piezochromic probes and membrane reporters.** Below is a further discussion on the major

characteristics of phenylene-based polymers.

1.2.6 Poly(phenylene ethynylene)s (PPES):

Poly(phenylene ethynylene) is perhaps the most common type of aromatic
conjugated polymers (CP) where all its aromatic groups are benzene rings. Although
believed to be rigid rod-like at low molecular weights, PPEs with long chains behave as
coil-like worms.%” Cotts and Swagar verified this discovery through the experiment they
carried on a series of PPEs holding different molecular weights. Moreover, it was found
that going from the aggregated status to the free chain one, a CPE criterion discussed
above, causes a shift in the emission spectra of the short phenylene-based polymers. A

property that is expected to enfluence the sensors’ thermal response.

Sooner after studying and revealing the properties of the poly (phenylene
ethynylene)s (PPESs), a series of studies were done on synthesizing PPEs with ionic side
chains and different chain lengths leading to the formation of amphiphilic PPE conjugated
polyelectrolytes.®® 8 Carboxylate, for instance, is one of the most extensively studied ionic

groups due to the properties it exhibits including its selectivity in binding to di- or tri-valent
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metal ions to form coordination complexes. As such, Zhao et al. reported the synthesis and

characterization of PPE-CO,-7 conjugated polyelectrolyte.”

Herein, this short phenylene-based CPE, PPE-CO- was used to build a ratiometric
nanothermometer while optimizing its sensitivity and linear range. Following section
explains the advantages gained from implementing these thermal-sensitive PPE-CO,-7 into

the field of sensing.

1.2.7 Poly (phenylene ethynylene) Carboxylate (PPE-CO,):

The synthesis and characterization of poly(phenylene ethynylene)carboxylate
polymer is explained in details in ref °. Similar to what was obtained when characterizing
PPE-SOgz", PPE-CO> showed changes in absorption and emission spectra when studied in
different solvent mixtures. A reason behind this is that in aqueous mixtures such as water,
short poly (phenylene ethynylene) carboxylates aggregate. This aggregation is driven by
the interaction of the n- m stacking with the polymer’s backbone. Consequently, the
obtained fluorescence emission witnesses a broadening, structureless, and red-shift in its
spectra caused by the excimer species. On the other hand, in polar solvents such as ethanol
and methanol, PPE-CO- dissolves almost completely in the solvent in the form of an

extended- disaggregated individual polymer leading a well-structured emission spectrum.

This sensitivity of the PPE-CO; towards the changes in the solvents’ polarity along
with its distinct behavior when in its aggregated form compared to that when its extended
individual chains, made it an exciting and tempting material to build our thermal probe
from. In this dissertation, we report the usage of a PPE-CO.-based fluorescent

nanothermometer, to be discussed further in chapter 3.
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1.3 Objectives:

Thermal sensing in thin films polymers has been a significant limitation towards
optimizing the heat dissipation in micro- and nano-electronic devices as well as many other
thin film-based technologies. As a result, it becomes a pressing need to improve the
available nano-thermometers while maintaining a high sensitivity. Additionally,
controlling temperature with high spatial resolution has been another challenge and the

bottleneck for advancing scientific discoveries at the nano-scale level.

In this work, we aim at developing new strategies to map thermal variations in
thin polymer films through reporting on a novel fluorescent-based thermal sensor. This
acquired knowledge will subsequently allow us to drive chemical reactions using locally
generated heat with high spatial resolution. We, herein, exploit the heat generated from
magnetic nanoparticles when placed in an alternating magnetic field to drive catalytic

chemical reactions.
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CHAPTER 2
MATERIALS AND METHODS

In this chapter we present a summary of the materials used and the methodologies

followed in the reported experiments of chapters 3 and 4.

2.1 Fluorescent Thermal Sensing using Conjugated Polyelectrolytes in Thin
Polymer Films

2.1.1 Materials:

The following materials have been used for our thermal sensing project: Poly
(phenylene ethynylene) carboxylate, PPE-CO.-7, with 7 repeating units were synthesized
as previously described by our group and others;*" ¢ Poly (1-vinylpyrrolidone-co-vinyl
acetate), PVP-VA, My= 50K (Aldrich); Poly (1-vinylpyrrolidone-co-styrene), PVP-PS,
38 % emulsion in H2O, <0.5 um particle size (Aldrich); Rhodamine B isothiocyanate,
C20H30CIN3O3S, Bio-Reagent, mixed isomers, suitable for protein labeling (Aldrich);
Fluorescein 5(6)-isothiocyanate, C21H11NOsS, >90% (Aldrich); Ammonium hydroxide,
NH4OH, ACS reagent, 28-30% solution in water (Acros); Hydrogen Peroxide, H202,
puriss., meets analytical specification of Ph. Eur., BP, USP, 30-31% (Aldrich); HEPES
solution: N-(2-Hydroxyethyl) piperazine-N'-(2-ethanesulfonic acid), 1 M, pH 7.0-7.6,
sterile-filtered, Bio-Reagent, suitable for cell culture (Aldrich); Sodium Chloride, NaCl,
extra pure, SLR (Fisher); Quartz slides 25.4 x 25.4 mm? (Science Outlet); PELTIER TEC1-
12710; Power Supply 30V- 5A D ZHAOXIN, 0.1 volt increment; Fluke 80BK-A Type K
Multimeter Thermocouple, and Deionized water (18 p€, Nanopure Diamond, CRSL,

AUB) for solution preparations and dilutions.
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212 Methods:

21.2.1 Absorption Measurements:

Absorption spectra were measured using Jasco, V-570 UV/VIS/NIR

Spectrophotometer in double beam mode and air as the baseline

For measurements in solution (Chapter 3):

The mixture solutions were placed ina 1 cm x 1 cm quartz cuvettes, and the total
volume was kept constant and equal to 2 mL.
The Reference/Blank Solution consists of 2 mL of 10mM HEPES-150 mM NaCl
(pH=7.33) mixture only while that of the control, contains additionally 22 pL of PPE-
CO»-7 (0.45 g/L or 450 pL/mL).
The analyzed solutions consist of 2 mL of 10 mM HEPES-150 mM NaCl (pH=7.33)
mixture, 22 pL of PPE-CO»-7 (0.45 g/L or 450 pL/mL), and different volumes of the

respective polymer (PVP-VA or PVP-PS).
For measurements in thin polymer films (Chapter 3):

The quartz slides coated with 25 pL of different PPE-CO2-7/polymer mixtures were
fixed in the middle of the film holder of the UV-VIS machine. The reference film is plain

quartz without any coating, and that of the control is only coated with 25 uL PPE-CO2-7.

All runs were taken under the following specifications: Bandwidth: 10.0 nm,
scanning speed: 1000 nm/min, data pitch: 2.0 nm, NIR: 40 nm, and a wavelength range:

300-550 nm.
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21.2.2 Steady State Fluorescent Spectroscopy Thermal Measurements:

Steady-state fluorescent spectroscopy was acquired using a Thermo Fisher
Lumina Spectrophotometer equipped with a temperature controller unit (T3 Quantum
Northwest). Emission spectra were recorded using Luminous Software- Wave Scan. All
solutions were placed in a 1 cm x 1cm quartz cuvettes while keeping the total volume
constant and equal to 2 mL.

Before each measurement, the solution was allowed to homogenize through stirring at
400 rpm for five minutes.

The control solution consists of: 2 mL of 10 MM HEPES-150 mM NaCl (pH=7.3)
mixture + 22 pL PPE-CO2-7 (450 pg/mL) while the analyzed one contains: 2 mL of 10
mM HEPES-150 mM NaCl mixture, 22 uL PPE-CO»-7 (450 pg/mL), in addition to
variable volumes of either PVP-VA or PVP-PS.

All measurements took place at the following specifications: Scan mode: emission (Ewm),

excitation wavelength = 420 nm, emission wavelength = 435-700 nm.

2123 Quartz Cleaning:

Quartz slides were cleaned in boiling ethanol (100%) for 30 min, dipped for 10 min
in a warm NH3/H20, solution (of ratio 7:3 (v/v) of 28% NHs- 30% H203), rinsed in

deionized water, and then air dried.
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2124 PPE-CO,-7/ PVVP-VA Film Assembly:

PPE-CO2/Polymer mixtures were coated on the quartz slide using the WS-650MZ-
23NPP spin coater machine and via a static-6-steps process. The cleaned quartz slide was
first fixed in the middle and vacuumed before adding the desired solution. The first 3 steps
were relatively low in speed, starting with 100 rpm and 200 rpm for the first two- 30 sec
runs, followed by a one-minute 300 rpm-run. This speed was then increased in the other
half of the process to 1000 rpm and 1500 rpm for a 30-sec run each, reaching the maximum

speed, 2000 rpm, in the final minute.

2125 Thermal Imaging of Thin Polymer Films:

The quartz coated with the PPE-CO»-7/polymer mixtures were placed on a
thermoelectric cooler (TECL) - Peltier (TEC1-12710) device- and imaged, under UV light
exposure (365 nm), using a regular DSLR Canon 750D camera- 60 mm macro lens-
(exposure time 1/5 s, /5.6, 1ISO 100). The temperature was regulated using a DC power
supply connected to the Peltier by ranging the applied voltage between 0 V and 6 V with 1
V increment. Before each imaging, and after setting the voltage, the quartz was kept for 5

min for the temperature to stabilize.

Temperature changes were measured using a Fluke 80BK-A Type K Multimeter

thermocouple (-40 to 260°C) connected directly to the top of the quartz.
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Figure 2.1: Schematic illustration of the thermal imaging setup. The filmed quartz is
placed on a thermoelectric cooler (Peltier) and heated via a DC power supply. The
thermal fluctuations are measured with a thermocouple connected to a multimeter. Film’s
excitation was obtained using a UV lamp while images were acquired using a DSLR
Canon 750D camera.

2126 Analysis of Images:

To analyze the images, saved as RAW files, we first converted them into jpeg using
the lightroom software. These jpeg images were then dissected into their three-color

components, red-green-blue, and intensity-analyzed using the ImageJ software.

2127 Scanning Electron Microscopy (SEM):

The morphology and the thickness of the proposed system were determined using
a MIRAS3 Tescan scanning electron microscope (SEM). For this purpose, filmed quartz
pieces were attached to the SEM pins via a carbon tape layer. Just prior to imaging, samples

were coated with Gold FTM layer of 10.0 nm thickness.
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2.1.2.8 Thermogravimetric Analysis (TGA):

The rate of degradation of the polymer-polymer complexes as a function of time
was measured using the thermogravimetric analysis instrument: Netzsch TG 209 F1 Libra.
The samples were first dried overnight and then analyzed between 30 °C and 1100 °C at a

heating rate of 10.0 °C/min.

2.1.3 Solution Preparations:

2.1.3.1 PVVP-VA Stock Samples:

PVP-VA stock solution was prepared by dissolving the stock powder in 10 mM
HEPES-150 mM NaCl (pH= 7.33) buffer yielding a final concentration of 100 mg/mL,
denoted as 1X. A series of further dilutions were done yielding standard solutions of

respective concentrations 0.5, 0.1, 0.05, and 0.01 X.

2.1.3.2 PVVP-PS Stock Samples:

The concentration of the PVP-PS stock solution is 395.2 mg/mL, denoted as 1X.
This stock solution was used to prepare a series of further dilutions in the same buffer

yielding standard solutions of respective concentrations 0.5, 0.1, 0.05, and 0.01 X.

2.1.3.3 Titration of PPE-CO»,-7 with Different Polymer Ratios:

To optimize the PPE-CO»-7/PVP-copolymer ratio, CPE solution with a final
polymer concentration of 5 pg/mL was prepared in 10 mM HEPES 150 mM NaCl
(pH=7.33) and maintained at 20.0 °C. Incremental amounts of the copolymers were

subsequently added to the solution.
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All the analyzed samples were prepared by dissolving 22 pL PPE-CO»-7 (450
pg/mL) in 2 mL of 10 mM HEPES-150 mM NaCl (pH=7.33) before introducing different
incremental amounts of the two polymers separately. Titration was done until reaching a
saturation in the emission intensity. The final concentration of the polymer in the cuvette
was calculated as follows:

Vi =2022 pL + Vi (polymer) in pL.

Y(C1V1 + C2V2 + )
Vi=s(V1+V2+ )
2022 + Vi

[copolymer] =

22 uL x 450 ung/mL

[PPE-CO2-7] final IN Cuvette = 2022 L

=490 pg/mL

2.1.3.4 Thermal Sensing:

To evaluate the thermal response of the polymer complex, the solution mixture was
subjected to a gradual increase in temperature between 15.0 - 70.0 °C with a 5.0 °C
increment.

Analyzed PVP-VA sample contains: 2 mL of 10 mM HEPES-150 mM NacCl
mixture, 22 pL PPE-CO2-7 (450 pug/mL), and different volumes of PVP-VA (5 mg/mL).

Analyzed PVP-PS sample contains: 2 mL of 10 mM HEPES-150 mM NaCl
mixture, 22 pL PPE-CO2-7 (450 pg/mL), and 10 pL PVP-PS (3.95 mg/mL) yielding a

final concentration [PVP-PS] final in cuvette = 19.45 pg/mL.
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2.1.3.5 Reversibility and Cycling:

To check for the reversibility of our proposed system, the PPE- CO2-7/polymer
mixture was cycled 10 times between 20.0 and 70.0 °C.

Analyzed PVP-VA sample contains: 2 mL of 10 mM HEPES-150 mM NacCl
mixture, 22 pL PPE-CO2-7 (450 pg/mL), and 2.5 pL of PVP-VA (5 mg/mL).

Analyzed PVP-PS sample contains: 2 mL of 10 mM HEPES-150 mM NacCl

mixture, 22 pL PPE-CO2-7 (450 pug/mL), and 10 pL PVP-PS (3.95 mg/mL).
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2.2 Localized Catalysis Driven by the Induction Heating of Magnetic
Nanoparticles

2.2.1 Materials:

The following materials have been used for our catalysis project: Resazurin sodium
salt, C12HeNNaOas, powder, Bio-Reagent, suitable for cell culture (Aldrich); Gold (I11)
chloride trihydrate, HAuCl4.3H2O (Aldrich); Iron (I1) chloride tetrahydrate, FeCl>.4H0,
puriss. p.a., >99.0 % (Aldrich); Iron (I11) chloride hexahydrate, FeCls.6H20, reagent grade,
>98 %, chunks (Aldrich); Poly (Diallyl dimethylammonium chloride) (PDDA),
(CgH16CIN)n, solution average Mw 100,000-200,000 (low molecular weight), 20 wt. % in
H>O (Aldrich); Trisodium citrate dihydrate, >99 %, FG (Aldrich); Sodium Hydroxide,
NaOH, puriss., meets analytical specification, 98-100.5%, pellets (Aldrich);
Hydroxylamine hydrochloride, CIHsNO, 97% (Acros); Ammonium hydroxide, NH4OH,
ACS reagent, 28-30% solution in water (Acros); Difco LB agar lennox was obtained from
BD Diagnostic; and Deionized water (18 pQ, Nanopure Diamond, CRSL, AUB) for

solution preparations and dilutions.
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222 Methods:

2221 Absorption Spectra:

Absorption spectra were measured using Jasco, V-570 UV/VIS/NIR
Spectrophotometer in a double beam mode. All solutions were placed ina 1 cm x 1 cm
quartz cuvettes while keeping the total volume constant and equal to 2 mL. Before each

measurement, the solution was allowed to homogenize and stabilize for 2-3 mins.

2222 Dynamic Light Scattering (DLS):

The size of the synthesized particles was calculated using the NanoPlus HD

software of the DLS machine.
Samples were diluted then suspended in cuvettes containing 2 mL deionized water.

2223 Steady State Fluorescent Spectroscopy:

Resazurin is a weak fluorescent blue dye that is widely used in applications.” Upon
heating and in the presence of AuNP as a catalyst and the reducing agent hydroxylamine
(NH20H), resazurin is reduced into resorufin, a strong fluorescence molecule. In this paper,
the reduction of resazurin was done in a 2 mL-tube containing a mixture of 48.7 mg/mL
MNPs/ 0.7 mg/mL AuNP, and 2mM resazurin. Fluorescence intensity of resorufin was
obtained by first diluting the reaction mixture in a 0.5 mM NaOH. All solutions were placed
inalcm x 1cm quartz cuvettes. Before each measurement, the solution was allowed to
homogenize and stabilize for 2-3 mins. Steady-state fluorescent spectroscopy was acquired
by exciting at 532 nm using a Thermo Scientific Lumina spectrophotometer while

collecting the emissions between 545 nm and 700 nm.
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2.2.2.4 Thermal Heating of Magnetic Nanoparticles- MagneTherm:

MagneTherm was used to generate an alternating magnetic field using a built-in-
coil NAN201003 at a 109.6 KHz. The increase in temperature was tracked using the
OAKTON WD-08516-83 FEP thermocouple, dipped in the solution and connected to a
data-logger. Initially, the voltage was increased to its maximum value that is equal to 32
V. Once the solution temperature reached 45°C, the voltage was adjusted manually and

monitored down to approximately 10 V to keep the solution thermally constant.

2225 Temperature Tracking:

To ensure comparable experimental conditions and maintain a stable temperature,
the thermal variations were measured and tracked via a thermocouple dipped inside the
solution tube and connected to a data logger machine. Adjustments were manually

introduced, when needed, to maintain a constant value.

2.2.2.6 Microscopy Imaging:

A 5% agar gel sample was prepared and molded onto a microscopic slide and then
left to solidify. Using a 0.3 mm-thin insulin needle, few microliters of resazurin were
injected into the gel. MNPs solution was poured on the gel’s surface for a few minutes to
allow the magnetic nanoparticles to fill the cracks created by the needle. The solution was
wiped away, and the slide is imaged with an upright fluorescence microscope Leica DM6
B. We then poured a solution of MNPs/AuNPs mixed with NH>OH on the top of the gel
again and left it in an alternating magnetic field. After two hours of heating in the
MagneTherm, the gel surface was wiped and imaged for the second time under the same

experimental conditions (5x objective and 1.5s exposure). Fluorescence intensities were
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quantified using the ImageJ software. For resazurin, a 541-551 nm excitation filter was

used, and the emission was collected between 565 and 605 nm.
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CHAPTER 3

FLUORESCENT THERMAL SENSING USING CONJUGATED

POLYELECTROLYTES IN THIN POLYMER FILMS

Thermal sensing in thin polymer films has been a significant drawback towards
optimizing the heat dissipation in micro- and nano-electronic devices as well as many other
thin film-based technologies. To account for the limitations of current nano-thermometry,
presented in the previous chapter, we report in this project the development of a
fluorescent-based conjugated polyelectrolyte, capable of detecting thermal fluctuations, in
thin polymer films prepared from polyvinylpyrrolidone-co-vinyl acetate. The sensor was
first optimized in solution by testing two polyvinylpyrrolidone (PVP) copolymers (co-vinyl
acetate (VA) and co-polystyrene (PS)) before it was applied on thin films through spun
casting the solution onto quartz slides and imaging at different temperatures. Our goal was

to achieve a high thermal sensitivity inside the thin polymer films.
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3.1 Introduction:

In recent years, many fluorescent based thermal sensors were developed to probe
temperature fluctuations in solution and for sub-cellular applications.'® 273 However, very
few reports have focused on measuring thermal variations in thin polymer films despite
their use in many processed micro-electronics and -materials such as micro-electro
mechanical systems (MEMS) where thermal fluctuations play a pivotal role in their
operation. Thermal sensitive thin-films are not only useful to measure temperature
variations produced within those films but certainly to map heat generated in other solid
substrates and at the interface between solids and liquids. Examples for such applications
include but not limited to, microfluidic devices, microheaters, and microwell arrays where
many chemical, physical and biological processes are currently being explored without
accurately controlling the heat generated at the microscale.” Also, calorimetric micro-
biosensors, where thermal fluctuations are correlated to the concentration of the analyte, is
another field where thin-polymer thermal sensitive materials are of great interest.” It would
facilitate the micromachining of such devices making it rapid, and inexpensive.

Heat dissipation in solid material arises from either electron in metals or lattice
vibrations or phonons in insulators and semiconductors are making it difficult to probe
using traditional contact-based methods.’”® The most popular approach has been to correlate
metal resistance to temperature measurements.’” ’® For instance, Mclennan et al. have
developed thin film thermistor consisting of tin-selenide sensing material.” Similarly,
Urban et al. used a thin film of amorphous germanium which yielded a high-temperature

sensitivity ( 2% per degree) and a fast response time of 3 ms.&° Gold thin films have also
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been used to measure the in-situ temperature of the polymer electrolyte in fuel cells.5!
Recently, the Seebeck coefficient of V20s films was used to obtain highly sensitive and
transparent temperature sensors.%?

While thin metal films have been successful, they have been, however, relatively
limited, especially in measuring the spatial thermal fluctuations accurately. Fluorescent-
based techniques have advanced in recent years allowing measurements with high
resolution down to few nm.8¥% Motivated by this advancement, few examples of
fluorescent-based thin films have been reported recently.88 Aizawa et al. reported an
effective sensor in thin films by measuring the fluorescence lifetime of Cr doped Al,03.%°
In another example, a silica sol-gel matrix was embedded with the temperature sensitive
probe rhodamine B and used to measure the surface temperature of MEMS micro-
hotplates.®®

As such, there was a pressing need for new thermometers capable of measuring the
thermal fluctuations in thin films. Conjugated polyelectrolyes, and PPE-CO: in particular,

appeared as a considerable candidate due to its relative properties discussed in chapter 1.

Despite their exceptional characteristics, PPE-CO2-7 (Figure 3.1), like other CPEs,
still suffer from some limitations such as low photostability, photodegradation, blinking,
and fast irreversible photobleaching. This, therefore, restricted their development and
implementation into sensing applications and devices where the above drawbacks are

essential requirements.*
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-O

O PPE-CO,-7

Figure 3.1: Schematic representation of the chemical structure referring to the short
anionic conjugated polyelectrolyte poly (phenylene ethynylene) carboxylate with 7
repeating monomer-units (PPE-CO2-7).

One suggested approach to prevail over this, while enhancing the PPE-CO2-7
functionality and photostability, is to complex it with another polymer of desired
properties. For instance, polyvinylpyrrolidone (PVP) is an amphiphilic polymer that, when
used as a scaffold for the CPE, was found to extend the latter’s backbone and prevent
photodegradation. This polymer also led to a 23-fold increase in the quantum efficiency of
the complexed CPE. Below is a detailed explanation on how PVP has enhanced our CPE-

based thermal sensors, and how we’ll implement them in our thin polymer film application.

Our laboratory has previously reported on the thermal sensitivity of short
conjugated polyelectrolytes (CPEs), specifically poly-(phenylene ethynylene) (PPE-CO-
7) when complexed to an amphiphilic polymer, polyvinylpyrrolidone (PVP).* The probe
showed excellent sensitivity between 10 °C and 90 °C and a high relative sensitivity of

2.7% at 35 °C. A suggested speculation is that in the presence of PVP, the PPE-CO,-7
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aggregates are destabilized and the change in the solution temperature disaggregates the
CPE chains in the excited state.®! As a result, the emission spectra shifted between 520 nm
and a brighter peak at 450 nm. The nanothermometer ratiometric signal was reversible with
fast response time. The probe also showed an excellent thermal response in hydrogel
materials specifically agarose and agar resulting in a respective maximum relative

sensitivity of 2.0% and 1.9% at 45.0 °C.%

Building on this, we thought of expanding our probe through introducing two PVP
derivatives of distinct and desired properties: poly(vinylpyrrolidone)-co-vinyl acetate
(PVP-VA) and polyvinylpyrrolidone polystyrene (PVP-PS) (Figure 3.2). Some of the
reasons behind choosing these two polymers are because (1) they both are copolymers of
PVP which is apparently an important factor for the thermal response of PPE-CO- and (2)
both could be prepared into thin films by a simple spin-coating technique.® Particularly,
PVP-VA is known for its high binding affinity and film formation on both hydrophobic
and hydrophilic surfaces. PVP-VA is also a good insulator which would be excellent for

thermal sensing application in electronic devices.®

A B

PVP-VA PVP-PS
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Figure 3.2: Schematic and chemical structure of the amphiphilic polymers (A)
poly(vinylpyrrolidone)-co-vinyl acetate (PVP-VA) and (B) polyvinylpyrrolidone
polystyrene (PVP-PS)

Herein, we report in this chapter on the optimization of poly (phenylene ethynylene)
fluorescent-based conjugated polyelectrolyte in solution via its complexation with two
polyvinylpyrrolidone (PVP) copolymers (co-vinyl acetate (VA) and co-polystyrene (PS)).
Following our foremost goal, the thermal sensitive PPE-CO,-7 is then implemented and

tested in polymer films prepared from polyvinylpyrrolidone-co-vinyl acetate.
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3.3 Results and Discussion:

In general, the photophysical behavior of conjugated polyelectrolytes is highly
dependent on the polymer micro-environment. Specifically, we have shown that PPE-CO-
7 thermal response depends on the pH, the buffer solution, and the polymer molecular
weight and concentration to which it has been complexed; increasing the PVP
concentration and its molecular weight, improved the thermal sensitivity of the CPE

complex. 419492

In this study we picked two PVP co-polymers that could be easily prepared into
thin films by a simple spin casting procedure. The first one, PVP-co-polystyrene, has a
hydrophobic character which we assumed might favor a destabilized PPE-CO»-7 structure.
While the second polymer, PVVP-co-vinyl acetate which has a slightly more hydrophilic
character. In addition, both have other favorable properties that make them excellent

materials for coating untreated metal and glass surfaces. %3 %
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3.3.1 Absorbance Spectra:

We initiated our study by exploring the spectroscopic properties of PPE-CO2-7 in
solution in the presence of the two copolymers. When PPE-CO2-7 was mixed with either
PVP-VA or PVP-PS, a slight red shift in the absorbance was observed (Figure 3.3). This
might indicate an extension in the CPE conjugation upon favorable complexation with the
copolymers. The addition of PVP-PS particle lead to the appearance of a scattering tail

which was also apparent when fluorescent measurements were later acquired.

—=— PPE-CO,-7
1.0 —o— PPE-CO,-7/PVP-VA
—A— PPE-CO_-7/PVP-PS
w 0.8 .
e}
<
< 0.6-
Q
N
® 0.4
=
S
2 0.2-
0.0

300 350 400 450 500 550
Wavelength (nm)

Figure 3.3: Absorbance spectra of PPE-CO2-7 (m), PPE-CO.-7/PVP-VA (e) and PPE-
CO2-7/PVP-PS (A). Data are obtained in the form of continuous spectra,yet symbols are
added for visual aid only.
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Fluorescence Intensity (a.u.)

3.3.2 Excitation Spectra of PPE-CO,-7 with PVP-VA:

The excitation spectrum was acquired for the PPE-CO.-7/PVP-VA over an
excitation range 350 and 510 nm while collecting the emission at 530 nm (Figure 3.4). The
obtained spectrum followed the same trend as the emission one, reported later in this
chapter. Moreover, this spectrum was consistent with the absorbance obtained in figure 3.3

in terms of the peaks and general structure of the curves.

1 0x10° - = PPE-CO -7
o 1.00 pg.mI-1 PVP-VA
i &350 pg.mi-1 PVP-VA
8.0x10° 4 v 8.50 pg.mi-1 PVP-vA
| ¢ 205 pg.mi-!1 PVP-VA
, » 305 pg.mi-1 PVP-VA
6.0x10" o 55.0 ug.mI-1 PVP-vA
i e 104 pg.mi-! PVP-VA
225 pg.mi-1 PVP-VA
4.0x10° . 323 :E.mﬂ PVP-VA
. o565 pg.mli~!1 PVP-VA
2.0x10°
0.0 4 . , . , — 4
350 400 450 500

Wavelength (nm)

Figure 3.4: Excitation spectra of PPE-CO2-7 (5 pg/mL) upon addition of incremental
amounts of PVP-VA acquired at 20.0 °Cin 10 mM HEPES and 150 mM NaCl. Spectra
were collected at 520 nm. Data are obtained in the form of continuous spectra,yet symbols
are added for visual aid only.
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3.3.3 Titrations:

We then aimed to identify the concentration at which the copolymers would
destabilize the PPE-CO»-7 aggregates at room temperature by looking for a new emission
peak at 450 nm. As such, when the complex is heated and the CPE chains are fully
disaggregated, an increase in the emission at 450 nm is expected. To a solution of PPE-
CO»-7, an incremental amount of PVP-VA or PVP-PS was added at a constant temperature

of 20 °C and continuously excited at 420 nm.

The addition of PVVP-VA lead to a blue shift in the fluorescent emission with a small
increase in intensity (Figure 3.5A). With the increase in the copolymer concentration, the
non-aggregated emission peak at 450 nm became more apparent concomitant with the

decrease in the aggregated intensity at 550 nm.

This behavior was similar to what we have previously observed and reported for
PVP polymers when added to PPE-CO.-7. PVP-PS addition did induce a blue shift in the
fluorescent signal however a decrease in the signal was observed with the increase in the

added polymer concentration (Figure 3.5B).

We speculate that this might be due to the scattering of the PVP-PS suspension. To
assess the thermal sensitivity of the PPE-CO2-7/copolymers, we picked the concentration
at which the emission of the CPE is blue shifted, and the 450 nm peak is barely apparent;

that corresponded to 6.17 pg/mL and 19.45 pg/mL for PVP-VA and PVP-PS respectively.
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Figure 3.5: Fluorescent Emission Spectra of PPE-CO2-7 (5 pg/mL) upon addition of

incremental amounts of (A) PVP-VA and (B) PVP-PS acquired at 20.0 °C in 10 mM
HEPES and 150 mM NaCl when excited at 420 nm. Data are obtained in the form of
continuous spectra,yet symbols are added for visual aid only.

3.34 Thermal Sensing:

Using the polymer’s critical concentration obtained above, the thermal sensitivity
for the mixture PPE-CO/PVP copolymers was therefore assessed by subjecting the PPE-
CO2-7/PVP-VA or PPE-CO»-7/PVP-PS to an incremental temperature increase between
15 °C and 70 °C at 5 °C steps and tracking the emission shift from the green to the blue

emission region. The emission spectra were recorded after 5 minutes of stabilization.

For PVP-VA, a clear shift in the fluorescent emission was recorded from the
destabilized state to the single chain peak at 450 nm with the increase in temperature
(Figure 3.7A). PVP-PS, on the other hand, did not show a clear shift nor an increase at the
450 nm peak (Figure 3.9A). This trial was done in triplicates, the individual measurements

of PVP-VA and PVP-PS were reported independently in figures 3.8 and 3.10, respectively.

To evaluate the probe’s thermal sensitivity, the ratiometric signal was calculated

by first integrating the intensity between 435 nm and 500 nm (lgiue) and from 500 nm to

IBlu
r

650 nm (lgreen) and then plotting the ratio Q = =

eefn versus the temperature changes.

The reported graphs correspond to the average of the integrated ratios of the three
independent measurements. (Figure 3.7B and 3.9B).

For the thermal sensing of PPE-CO2/PVP-VA, the spectra were first acquired at
three different concentrations lying within the range of the critical concentration obtained

above (Figure 3.6).

45



u)

825¢10° 4

N
o
X
—
o
N
|

1.5x10" 1

5.0x10° 4

Fluorescence Intensity
o
X
o-h
|

o
o

—a— 20°C
—e— 30°C
—A—40°C
—v— 50°C
—4—60°C
—<4—70°C

o

u
o
X
—_—
o

|

S

4

B (&)
X x
—_— -
o o

Wavelength (nm)

1
650

—a— 20°C
—e— 30°C
—A—40°C
—w— 50°C

2x10" 4

Fluorecence Intensity (a.

I
600

Wavelength (nm)



O

u)

Fluorecence Intensity (a

6x10° —=—20°C
] —e—30°C

5x10* - —a—40°C
—v—50°C

4x10* 4 —e—60°C

N w
X X
=N RN
o o
(N N

RN
X
=N
o
ESN

T T T T ey
450 500 550 600 650

Wavelength (nm)

Figure 3.6: Thermal response of PPE-CO. (5 pg/mL) in complexation with (A) 2.47
5ug/mL, (B) 12.33 5ug/mL, and (C) 24.6 5ug/mL PVP-VA, prepared in 10 mM HEPES
with 150 mM NaCl (pH=7.3) buffer solution, upon exciting at 420 nm acquired between
20.0 °C and 70.0 °C, with 10 °C increment. Data are obtained in the form of continuous
spectra,yet symbols are added for visual aid only.
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IBlue/lGreen

Figure 3.7: (A) Thermal response of PPE-CO»-7 (5 pg/mL) in complexation with PVP-
VA (6.17 pg/mL) prepared in 20mM HEPES with 150 mM NaCl (pH=7.3) buffer solution,
upon exciting at 420nm acquired between 15.0°C and 70.0°C, with 5°C increment. (B)
Average Integrated Fluorescent ratio, Q, of the blue region before (Ibiue), to the green region
(Igreen) after the iso-emission point at 500 nm versus the temperature acquired between
20.0°C and 70.0°C - 5.0°C increment three independent thermal measurements. The
individual measurements are shown in figure 3.8. Data are obtained in the form of
continuous spectra,yet symbols are added for visual aid only.
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Figure 3.8: Thermal response of three individual PPE-CO2/PVP-VA measurements.
Reported is the fluorescent ratio, Q, of the blue region before (lnie), to the green region
(Igreen) after the iso-emission point at 500 nm versus the temperature acquired between
15.0°C and 70.0°C - 5.0°C increment. Data are obtained in the form of continuous
spectra,yet symbols are added for visual aid only.
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IBlue/lGreen

Figure 3.9 (A) Thermal response of PPE-CO:z (5 pg/mL) in complexation with PVP-PS
(19.45ug/mL) prepared in 10mM HEPES with 150 mM NaCl (pH=7.3) buffer solution,
upon exciting at 420nm acquired between 15.0°C and 70.0°C, with 5°C increment. (B)
Average Integrated Fluorescent ratio, Q, of the blue region before (lbiue), to the green region
(Igreen) after the iso-emission point at 500 nm versus the temperature acquired between
20.0°C and 70.0°C - 5.0°C increment three independent thermal measurements. The
individual measurements are shown in figure 3.10. Data are obtained in the form of
continuous spectra,yet symbols are added for visual aid only.
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Figure 3.10: Thermal response of three individual PPE-CO2/PVP-PS measurements.
Reported is the fluorescent ratio, Q, of the blue region before (lbie), to the green region
(Igreen) after the iso-emission point at 500 nm versus the temperature acquired between
15.0°C and 70.0°C - 5.0°C increment. Data are obtained in the form of continuous
spectra,yet symbols are added for visual aid only.
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3.35 Relative Sensitivity:

The relative thermal sensitivities were then calculated using the below function:

The respectively calculated sensitivities for PVP-VA and PVP-PS were 2.35%
and 1.455% (Figures 3.11 and 3.12). The PVP-VA sensitivity is comparable to our
reported value for PVP alone in solution which was equal to 2.7% while that of PVP-PS
is relatively low. The considerably lower sensitivity and the observed intensity reduction

for PVP-PS led us to focus only on the PVP-VA.
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Figure 3.11: The relative sensitivity (% S) calculated from the thermal response ratio
Iblue/lgreen Of PPE'COZ'?/PVP'VA
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Figure 3.12: The relative sensitivity (% S) calculated from the thermal response ratio
Ibiue/ Igreen OF PPE-CO2-7/PVP-PS.
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3.3.6 Reversibility and Cycling:

An important parameter to check for when using polymeric material in thermal
sensing is reversibility. Polymers, in general, tend to form hysteresis as they cycle between
relaxed configuration at high temperatures and a collapsed state at lower temperatures. This
can lead to irreversibility in the reported fluorescent signal with the change in the CPE
microenvironment. A solution of PPE-CO»-7/PVP-VA was cycled multiple times between
20 °C and 70 °C and then the ratio Iniue/lgreen Was calculated and plotted (Figure 3.13). Over
the 10 cycles, the thermal probe response was reversible with no observed hysteresis and a
small signal deviation of 2.5 % reflecting its stability over the 3-4 hours experimental

window. PVP-PS have shown similar results (Figure 3.14).
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Figure 3.13: (A) Cycling PPE-CO2-7 (5 pg/mL)/PVP-VA (6.17 pg/mL) between 20.0 °C
(blue shade/Bottom) and 70.0 °C (red shade/Top). Lines connecting the experimental
points are for visual aid only. (B) Respective emission spectra of PPE-CO- -7 /PVP-VA
cycle between 20.0 °C and 70.0 °C when excited at 420 nm The experiment was
performed in 10 mM HEPES in 150 mM NaCl (pH=7.3) buffer solution. The solution
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was kept to stabilize for 5 min before each measurement. Data are obtained in the form of
continuous spectra,yet symbols are added for visual aid only.
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and 70.0°C, with its respective fluorescent emission spectra. Lines connecting the
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experimental points are for visual aid only. (B) Respective emission spectra of PPE-CO: -
7 /PVP-PS cycle between 20.0 °C and 70.0 °C when excited at 420 nm The experiment was
performed in 10 mM HEPES with 150 mM NaCl (pH=7.3) buffer solution, and the solution
was kept to stabilize for 5 min before each measurement. Data are obtained in the form of
continuous spectra,yet symbols are added for visual aid only.

3.3.7 Thin Polymer Film Assembly:

3.3.7.1 Thermal Imaging of PPE-CO,/PVP-VA Films:

To this point, we have demonstrated the possibility to observe a thermal response
for PPE-CO2-7 when complexed with PVP co-polymers in solution. Our interest, as stated
earlier is to explore the thermal response in thin films. As such, the CPE was mixed with
PVP-VA and spun cast onto a quartz slide. The ratio of the two polymers was kept equal

to that optimized in solution.

Moving to a solid thin film sample implies dealing with many variables as the
polymer micro-environment changes. In our previous work, PPE-CO2-7 retained its
ratiometric behavior in a hydrogel mixture. We adopted the same setup by placing the spun
casted film of PVP-VA/PPE-CO.-7 on a quartz slide which was placed on a Peltier
cooler.®® The excitation was done using a UV-lamp (365 nm), and the detection was
recorded with a regular DSLR Canon 750D camera- 60mm macro lens- (exposure time 1/5
s, /5.6, 1SO 100). Figure 3.15 summarizes the collected images between 20 °C and 50 °C.
To the naked eye, a slight change in the fluorescent emission is observed. The region of
interest was selected and further analyzed using ImageJ to extract the average green and
blue intensity channel since the ratiometric windows overlap those channels of the DSLR
CMOS detector. Upon increasing the temperature, an increase in intensity was observed in

both channels with a slightly more pronounced increase in the green window (Figure 3.16).
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This behavior has been observed in solution at high PVP-VA concentration, where
the PPE-CO>-7 has been fully disaggregated by the polymer and an increase in temperature
results in an overall increase in fluorescent intensity (Figure 3.8). Adjusting the CPE/PVP-
VA ratio in films resulted in either a faint fluorescent signal or the same results. We believe
in the film preparation process; the drying step is disaggregating the CPE chains and the

increase in temperature is leading to an overall increase in the fluorescent intensity.
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Figure 3.15: (A) Sequential images acquired using a DSLR camera upon exciting a film
of PPE-CO2-7/PVP-VA using a UV lamp when placed on a Peltier heater. The circle
highlights the analyzed region of interest. (B) Average fluorescent intensity obtained by
dissecting the images in (A) into their RGB components and plotting the blue channel
intensity versus the measured temperature.
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Figure 3.16: Average fluorescent intensity obtained by dissecting the images from three
independent measurements into their RGB components and plotting the blue channel

intensity versus the measured temperature.
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3.3.7.2 Thermal Imaging of Rh/PPE-CQO,/PVP-VA:

While the ratiometric signal was not attainable in the prepared films, the increase
in signal is still advantageous compared to the traditional fluorescent dye thermal response
which decreases with the temperature increase making it difficult to decouple it from
photobleaching. The fluorescent-based method can be expanded to three-dimensional
imaging and spatial resolutions down to a few nms. As such, in recent years, only a few
thermochromic fluorescent-based sensors were reported. Poly (vinylidene fluoride) with
4,40-bis(2-benzoxazolyl), as an example, exhibited a reversible thermochromic transition
between blue and green fluorescence.®® The composite films showed thermo-responsive
control of RGB coloration with high reversibility through structural changes of nanoscale

aggregates of the leuco.¥’

To add a second layer of certainty to our thermal measurements in thin films, we
introduced a temperature sensitive dye Rhodamine B. The same procedure was followed,
and a mixture of PPE-CO»-7/PVP-VA and Rhodamine B was spun cast onto a quartz glass.
Images were acquired upon excitation with a UV lamp (365 nm) and later analyzed with
ImageJ (Figure 3.17 and Figure 3.18). When the intensity in the three channels (green, blue
and red) was deconvoluted, we observed an increase in the blue channel consistent with
the previous result of PPE-CO»-7 alone. The red channel which captures photon between
ca. 600 nm and 850 nm and overlaps Rhodamine B emission, revealed a decrease in
fluorescent intensity over the same tested temperature window. The ratio of the average

intensity of the two channels gave a linear thermal response with a slope of 0.010. The
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addition of Rhodamine B has allowed us to obtain a ratiometric thermal response in thin

polymer films when imaged with a regular DSLR camera.
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Figure 3.17: Sequential images acquired using a DSLR camera upon exciting a film of
PPE-CO2-7/PVP-VA + Rhodamine B using a UV lamp when placed on a Peltier heater.
The circle highlights the analyzed region of interest. (B) Average fluorescent intensity
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obtained by dissecting the images in (A) into their RGB components and plotting the red
and blue channel intensities versus the measured temperature. (C) The ratio of the average
intensities of the two channels plotted in (B) versus the measured temperature.
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the red and blue channel intensities versus the measured temperature. (B) The ratio of the
average intensities of the two channels plotted versus the measured temperature.

3.3.8 Thin Polymer Films Characterization:

3.38.1 Scanning Electron Microscopy (SEM):

Thin polymer films were spun-casted on a small glass substrate, and their

morphology was determined by scanning electron microscopy (SEM) using a MIRA3

Tescan. Before imaging, the sample was sputtered with a 10 nm layer of gold.

Figure 3.19: SEM images for spin-coated PVP-VA and PVP-PS films. Scale is equal to 5
pm.
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The film thickness was measured using tilted SEM and was found to be equal to

ca. 550 nm PVP-VA and ca. 1500 nm for the PVVP-PS.

Figure 3.20: Tilted SEM images showing the film thickness of (A) PVP-VA and (B)
PVP-PS.

3.3.8.2 Thermogravimetric Analysis (TGA):

For the thermogravimetric analysis, a Netzsch TG 209 F1 Libra instrument was
used. The samples were first dried overnight and then analyzed between 30 °C and 1100
°C (but only reported until 600 °C) at a heating rate of 10.0 °C/min. PVP-VA/ PPE-CO-
7, and PVP-VA/ PPE-CO.-7/Rhodamine B. The results show that both co-polymers are
stable up to temperatures around 300 °C. PPE-CO2-7 polymers are stable up to 800 °C.

Rhodamine B seems to degrade at temperatures above 100 °C.
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Figure 3.21: Thermogravimetric analysis for (A) PVP-VA, PVP-VA/ PPE-CO2-7, and
PVP-VA/ PPE-CO2-7/Rhodamine B and (B) PVP-PS, PS/PPE-CO,-7. Data are obtained
in the form of continuous spectra,yet symbols are added for visual aid only.
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3.3.9 Stability of Thin Films at Different UV Irradiation Times:

Film stability was assessed under continuous UV irradiations at 1 min intervals.
The intensity was integrated and plotted versus time. The decay would affect the thermal
response mostly for the non-ratiometric system (PVP-VA/PPE-CO.-7). However, little
effect would be observed on raitometric systems as it was shown by our group previously

(Figures 3.13 and 3.14).
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Figure 3.22: Relative fluorescent intensity upon continuous exposure under UV light at
0.02W/cm?.
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3.4 Conclusion:

The thermal sensing challenge in thin films was approached mostly by developing
optical films that change colors in response to external temperature stimulation. While
these methods provide a great way to estimate the temperature of the film, they are limited
to the depth of information they can provide. In this work, we show that thermochromic
response of PPE-CO»-7 conjugated polyelectrolytes in solution is not restricted to PP but
is also observed with PVP co-polymers with a measured relative sensitivity of 2.35% and
1.455% for PVP-VA and PVP-PS, respectively. The thermal response was preserved in
films but with no detectable ratiometric change in their signal, yet when mixed with
Rhodamine B, the desired ratiometric signal was detected and was measured using a DSLR
camera. This work has the potential to allow the measurements of thermal fluctuations in
microelectronic devices such as MEMS, hence leading to the optimization of their

performance.
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CHAPTER 4

LOCALIZED CATALYSIS DRIVEN BY THE INDUCTION

HEATING OF MAGNETIC NANOPARTICLES

Controlling temperature with high spatial resolution has been a challenge and the
bottleneck for advancing scientific discoveries at the micro-scale level. Particularly,
localized catalysis is one of the major fields in chemistry affected by the thermal drawbacks
highlighted in chapter 1. For this, we believe that the ability to deliberately generate heat

with exquisite spatial resolution will affect how we perform local catalysis significantly.

In chapter three, we reported the development of a fluorescent-based sensor where
a thermally-sensitive conjugated polyelectrolyte (PPE-CO2-7) is implemented in thin-
polymer films prepared from polyvinylpyrrolidone-co-vinyl acetate (PVP-VA). Our ability
to build this thermal sensor motivated us to develop new strategies to locally control

thermally-driven reactions at the nanoscale.

Herein, we aimed in this chapter to exploit the heat generated from magnetic
nanoparticles when placed in an alternating magnetic field to drive catalytic chemical
reactions. Specifically, and as a proof of concept, we focused on monitoring the catalysis
reduction of resazurin into resorufin. Our major aim was to locally activate the catalytic
reaction when placed in the magnetic field while comparing its efficiency to that of a

solution heated by an external source under the same conditions.
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4.1 Introduction:

Driving and manipulating thermally-dependent chemical reactions at the nano-
scale is critical for a more efficient catalysis at the surface level. Understanding the
principles of the surface chemical reactions is quite challenging because of the low

resolution along with the limitations in the available techniques.®®

While the science of the 21% century focuses on unraveling phenomena at the sub-
micron level, the temperature is still being applied using large heat sources relative to the
size of the studied system. The lack of available methods to accurately manipulate the
temperature at the micro-scale has limited the advancement of both fundamental studies

and small technologies.

For instance, cellular and even sub-cellular thermal processes are studied using
temperature-controlled chambers or heated glass coverslips, leading to a non-homogenous
thermal distribution.®®1% Thermally activated pro-drugs are yet another example where
micro-particles degradation are studied and optimized in large reaction volumes.02-104
While these selected two examples are widely reported in the literature, many more
examples could be cited from the different fields of science and engineering.% 1% There
is, therefore, a pressing need to deliberately generate heat with exquisite spatial resolution.
This ability will have a tremendous effect on how we perform and understand chemical

and biological processes at the sub-micron scale.
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Our ability to develop a thermal sensor in thin polymer films, discussed in chapter
3, motivated us to develop new strategies to control thermally-driven reactions at the
nanoscale. Particularly, sensing with a low thermal resolution and a spatially-uncontrolled

heating is a major drawback that researchers still suffer from.

Gold nanoparticles (AuNPs) can be plasmonically heated upon light excitation to
enhance catalytic reactions on either the gold particle itself or when coupled to other
metallic surfaces.’?” 1% Scaiano et al. reported the photocatalytic reduction of resazurin
using the local heat generated from the plasmonic excitation of gold nanoparticles.'® When
compared to a reaction performed in a water bath at 80 °C, the conversion was much more
efficient. This approach, however promising, might be limited for two reasons: (1) the high
laser power needed to excite the gold nanoparticles can be disruptive to many organic
matrices, in general, and living organs in particular, and (2) the penetration depth of visible
and near-IR light sources is limited in opaque or semi-transparent materials. Magnetic
nanoparticles (MNPs), on the other hand, generate heat when placed in an alternating
magnetic field while presenting no harm to organic matrices and have large penetration

depth in a wide range of materials (plastic, human tissues, etc.).110-112

Given this, recent thermochemical techniques highly rely on magnetic
nanoparticles, that when placed in an alternating magnetic field, generate heat to the
surface. This phenomenon, referred to as hyperthermia, has been proven to be an effective
therapeutic strategy for cancer by potentially increasing the tumor oxygenation and
radio/chemo sensitivity of solid tumors with the ability to restrict heating to the tumor area

without it dissipating and destroying the surrounding cellular environment. In other words,
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once they accumulate in a tumor, the localized heat induces apoptosis.!'® 114 Despite the

stated advantages, the scope of work where MNPs are currently used is still rather limited.

In this chapter, we demonstrate the use of magnetic nanoparticles as local heat
sources to catalyze chemical reactions of interest on the surface of metal nanoparticles. To
this end, we assembled iron oxide and gold nanoparticles into a micro-catalytic structure.
The heat generated by the magnetic particles is transferred to the metal surface to catalyze
the reduction conversion of resazurin to the highly fluorescent product resorufin in the
presence of NH2OH (Figure 4.1). This strategy allowed us to improve the reaction
efficiency by more than 100% when compared to a reaction placed in a water bath under

the same experimental conditions.

74



A) Catalytic Reaction

o
N N
AN Au NPs AN
- NFOH, A
o) o) 0 257 "0 o) 0
. ”

Resazurin e Resorufin 4 4

B) Heat Induction Setup C) Local Catalysis by Heat Induction

@l

Au
<
. )
v Hea
Au
%,/
e Au
-
-

Figure 4.1: (A) the catalytic reduction reaction of resazurin to the fluorescent resorufin in
the presence of gold nanoparticles and NH>OH. (B) Schematic representation of the heat
induction setup; a frequency generator is connected to a coil where the micro-catalytic
MNPs/AuNPs solution is placed and subjected to an alternating magnetic field
(frequency=110 KHz). (C) The assembly of the prepared micro-catalytic MNPs/AuNPs
structure is driven by the electrostatic interaction between negatively charged MNPs and
AUNPs using positively charged polyelectrolytes (PDDA).
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4.2 Synthesis:
4.2.1 Synthesis of Iron Oxide Magnetic Nanoparticles (MNPs):

Iron oxide magnetic nanoparticles (MNPs) were synthesized using a previously
published procedure.!'® Briefly, equimolar masses of Iron (I1) chloride FeCl2.4H,0 (1.29)
and Iron (111) chloride FeClz.6H20 (3.25g) were dissolved in 80 mL deionized water. Next,
10 mL of ammonium hydroxide solution (28% w/v) was added while mechanical stirring.
Twenty minutes later, 4.4g of trisodium citrate dihydrate powder was dissolved and the
whole mixture was stirred while the temperature was raised and maintained at 90 °C for 30
min. After cooling down to room temperature, the magnetic nanoparticles produced were
collected by an external magnet, decanted, and then re-suspended in 10 mL deionized water
(Figure 4.2) yielding an estimated 139 mg/mL solution of particle size equal to ca. 257 nm

(Table 4.1).

Figure 4.2: Iron oxide magnetic nanoparticles (MNPs) before and after applying an
external magnetic field.
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4.2.2 Synthesis of Gold Nanoparticles (AuUNPs):

The gold nanoparticles (AuNPs) were prepared following the sodium citrate
reduction method.*® In short, 80 pL of a 0.2 g/mL gold (1) chloride trihydrate
(HAuCl4.3H20) solution was diluted in 10 mL deionized water and stirred till boiling.
Then, 1.5 mL of 3% trisodium citrate dihydrate was added to form a momentarily colorless
solution that rapidly turns into wine-red. The gold’s concentration in the resulting
suspension was estimated to be 1.4 mg/mL while its hydrodynamic radius was calculated

to be ca. 92 nm (Table 4.1).

Here, we assumed that the degree of conversion of gold salt into gold nanoparticles
is 100%. As such, all the reported concentrations of AuNPs are reported to be equal to that

of the gold salt initially used.

4.2.3 Assembling the Gold-Magnetic Nanoparticle Catalytic Micro-
Catalytic Structure:

The assembly of the catalytic micro-structure was achieved by the addition of a
positively charged polyelectrolyte: Poly (Diallyl Dimethyl ammonium chloride) -PDDA-
to a mixture of 1:1 FesOs: AuNPs by volume, followed by vortexing for 15 mins. This
resulted in the assembly of MNPs/AuNPs macro structures with the heat generating

element and the catalytic surface closely positioned (Figure 4.3).
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Figure 4.3: Scheme showing the assembly of the MNPs/AuNPs into micro-catalytic
structures. Positively charged polyelectrolyte, PDDA, was used to bring together
negatively charged magnetic and gold particles.
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4.3 Results and Discussions:

43.1 Characterizations of the Assembled MNPs/AuNPs:

43.1.1 Absorption Spectra:

We characterized the MNPs/AuNPs structures in terms of morphology, size, and

degree of assembly through first monitoring the absorption of gold nanoparticles before

and after the collection by magnet and comparing them to that of a solution of pristine gold

nanoparticles. The absence of any detectable absorption that can be attributed to gold

nanoparticles in the supernatant implies the efficient assembly of the desired MNPs/AuNPs

catalytic complex (Figure 4.4). The result was evident by even the naked eye when the

characteristic red color of the gold nanoparticle solution was not observed after applying

an external magnetic field (Figure 4.5)
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Figure 4.4: Absorption spectra of pristine gold NPs solution and of the supernatant of a
MNPs/AuNPs sample upon separation. Data are obtained in the form of continuous
spectra,yet symbols are added for visual aid only.
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Figure 4.5: The assembly of the micro-catalytic structure was evident by the clear
supernatant upon applying an external magnetic field.

43.1.2 Dynamic Light Scattering (DLS):

To further confirm the assembly, we resorted to compare the hydrodynamic radius
of the MNPs/AuNPs mixture to that of MNPs and AuNPs solutions. The increase in the
cumulant diameter from 257 nm and 92 nm for MNP and AuNP respectively, to 3800 nm

in the assembled solution supports the suggested attachment (Table 4.1).

Sample Cumulant Diameter (nm) |Polydispersity Index
MNP 257 0.19
AuNP 92 0.159
Mixture 3800 0.637
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Table 4.1: Hydrodynamic radius for the prepared particles and assembled micro-catalytic
structure measured using NanoPlus HD.

4.3.2 Optimization of the Catalytic Reaction:

The catalytic reaction condition was optimized in a water bath maintained at 65 °C.
by varying the concentrations of each of gold nanoparticles, NH2OH, and the positively
charged polyelectrolyte (PDDA) (Figures 4.6-4.8). Our aim was to reach the optimal
conditions at which the reaction is almost blocked at room temperature, yet it proceeds
faster at higher temperatures without being completely saturated so we can observe the

ehnacement as a function of time.

The reaction efficiency was judged by monitoring the fluorescence intensity of
resorufin produced under different experimental conditions at different time points. The
choice of concentrations took into consideration not only the conversion efficiency but also
the technical aspect of the experiment such as avoiding large aggregates, signal scattering,

or quenching of the fluorescent signal by the gold nanoparticles.

The reaction temperature was controlled by placing the solution in a water bath.
The optimized solution was then tested at different temperatures between 25.0 °C and 85.0
°C with a step increment of 10.0 °C (Figure 4.9). The temperature was monitored and

tracked using a thermocouple connected to a data logger.

To maintain normalized results, the reaction is blocked once introducing the sample

into the cuvette, and the fluorescence measurements are obtained at room temperature.
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43.2.1 Optimization of the Gold Nanoparticles Concentration:

The gold nanoparticles concentration was optimized by increasing their final
concentration in the reaction mixture (Figure 4.6). Results showed that a gold NPs

concentration greater than 0.35 mg/mL leads to a saturation in the fluorescent signal.

2.5x10" 1
Xl —=—0mM Au
. l —e—(0.875 mM Au
2.0x10 - —a—1.75 mM Au

Fluorscence Intensity / a.u.

Time / min

Figure 4.6: The maximum fluorescence intensities of resorufin acquired at different gold
nanoparticles final concentrations. The results were obtained at 4 different time points: 0,
15, 30, and 45 min.
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4.3.2.2 Optimization of Hydroxylamine- NH>OH Concentration:

The concentration of the reducing agent NH>OH was varied to check for its
optimum amount needed for the reduction (Figure 4.7). The increase in the concentration
of NH2OH was found to increase the fluorescence intensity. We, thus, agreed on taking 7.5

mM as the final concentration of the reducing agent in the catalytic reaction.

—&— 0.0 mM NH_OH
—8— 2.0 mM NH,OH

4
2.5x10 " —&— 4.0 mM NH_,OH

1 —v— 7.5 mM NH,OH
—v

Time / min
Figure 4.7: The maximum fluorescence intensities of resorufin acquired at different
hydroxylamine concentrations. The results were obtained at 4 different time points: 0, 15,
30, and 45 min.
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4.3.2.3 Optimization of the PDDA Concentration:

PDDA is used to assemble the catalytic micro-structure by electrostatically gluing
the negatively charged magnetic and gold nanoparticles. Samples with different
concentrations of PDDA were tested and the fluorescent signal of resorufin was measured
(Figure 4.8). Due to the considerable enhancement in the fluorescence intensity in the
solution containing 64.3 mM of PDDA, the latter was taken as the standard final

concentration for the upcoming trials.

2.5x10" —=—0.0 mM PDDA
- —e—0.6 mM PDDA
2 0x10* - —4a—64.3 mM PDDA

Fluorscence Intensity / a.u.

Time / min

Figure 4.8: The maximum fluorescence intensities of resorufin acquired at different poly
diallyl dimethyl ammonium chloride (PDDA) concentrations. The results were obtained at
4 different time points: 0, 15, 30, and 45 min.
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4324 Optimization of Temperature:

To check for the optimum temperature at which the reaction is neither saturated,
nor sluggish, a series of experiments were done at different water bath temperatures
ranging from 25 to 85 °C. All trials were performed using identical mixtures based on the
aforementioned optimized standard conditions. To insure consistency with the
MagneTherm trials and to account for the expected decrease in the reaction’s rate in the
MagneTherm due to the presence of magnetic nanoparticles, the temperature optimization
in the water bath was done while mixing MNP with the reduction solution mixture (Figure
4.9). Above 55 °C, the reaction starts to saturate, thus 45 °C was chosen as a standard

temperature for further trials

85



1 5x10* - —8— 25°C —y— 65°C
—8— 45°C —4— 75°C
—A— 55°C —p— 85 °C

Fluorscence Intensity / a.u.

0 10 20 30 40 50
Time / min
S 1.5x10°-
(4v]
>
=
2 ot -
S 1.0x10°4 —
i | ]
£
Q
&)
S 5.0x10°-
&
(7))
Q
| .
S
E 0.0 T r r+r r - 1 - 1 - 1 - 1 1

20 30 40 50 60 70 80 90
Temperature / °C

86



Figure 4.9: (A) The maximum fluorescence intensities of resorufin acquired at different
temperatures between 25.0 °C and 85.0 °C with a step increment of 10.0 °C in a water bath.
Measurements were obtained at 4 different time points: 0, 15, 30, and 45 min. (B) The
maximum fluorescence intensities of resorufin at 15 min time point versus temperature.

4.3.3 Heating by Induction Versus Water Bath Trials:

The efficiency of the locally induced heat was compared, under the same
experimental conditions, to that of a water bath and measured by comparing the
fluorescence intensity of resorufin (Figure 4.10). This experiment was repeated two more

times for consistency (Figure 4.11).

Both solutions corresponding to the water bath and the heat induction trials
included similar AuNPs, NH2OH, PDDA, and iron oxide MNPs concentrations. Magnetic
nanoparticles were added to the solution heated by inside a water bath to maintain
consistency with that of the heat induction.

As such, we carried the catalytic reaction at 45.0 °C. At this temperature, the
reaction kinetics would allow us to observe the enhancement, if any, in the conversion of
resazurin when carried out in a water bath and compare it to that in a solution heated by
the MNPs when placed in an alternating magnetic field. At different time intervals, the
fluorescent signal of the resorufin was sampled and compared. Within the first 15
minutes, the catalytic micro-structure showed an enhanced catalytic conversation as
compared to a water bath solution, and reached, in some cases, a 120 % enhanced
efficiency (Figures 4.10 & 4.11). Results obtained after 30min showed a decrease in the
degree of enhancement due to the saturation in the conversion of resazurin into resorufin

as a function of time.
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While the solution temperature in both experiments was maintained at 45.0 °C,
we believe the local surface temperature of the gold nanoparticles is higher than the
solution temperature, allowing a more efficient conversion of resazurin to resorufin. This
hypothesis is supported by previously reported studies; Pellegrino et al. probed the
distance-dependent temperature as generated by magnetic nanoparticles using a thermos-
sensitive molecule.!” The local temperature surrounding the MNPs was found to be
approximately 45 °C greater than the solution temperature. Zink et al. also reported a
temperature gradient with a measured MNPs surface temperature of 42 °C and a solution

temperature was equal to 19 °C."t

Although all trials consistently showed an increase in efficiency, it varied from
one sample to another. The micro-catalytic structure has a tendency to aggregate in
solution. Despite taking many measures to homogenize the solution before making any
transfer to the reaction mixture, we believe our effort did not lead to completely eliminate

this error.
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Figure 4.10: Comparing the fluorescence intensities of resorufin produced by the catalytic
reduction of resazurin when heated by either an external heat source or by the micro-
catalytic MNPs/AuNPs structure. Both solution temperatures were maintained at 45.0 °C.
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Temperature / °C

Figure 4.11: Comparing the fluorescence intensities of resorufin produced by the catalytic
reduction of resazurin and heated either in a water bath or by induction using magnetic
nanoparticles. Solution temperatures were maintained at 45.0 °C.

4.3.4 Temperature Tracking:

To ensure comparable experimental conditions and maintain a stable temperature,
the thermal variations were measured and tracked via a thermocouple dipped inside the
solution tube and connected to a data logger machine. Adjustments were manually
introduced, when needed, to maintain a constant value. Figure 4.12 shows an example of
the thermal tracking. Both solutions reached steady values within the first few minutes and

remained relatively constant throughout the experiment.

—&— Heating by Induction

35 - —o  \Water Bath

30

25 S

20 - ' T ' | ' | ' | : |
0 10 20 30 40 50

Time / min
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Figure 4.12: Plot tracking the increase in temperature of the solution as a function of time,
recorded via a data logger. Solution 1 was inserted in the MagneTherm while the other in
a water bath at 45°C. Data are obtained in the form of continuous spectra,yet symbols are
added for visual aid only.

4.3.5 Microscopy Imaging:
Based on these promising findings, we argued that these localized catalytic

reactions would allow the deliberate production of molecules of interests in a spatially

confined volume even when a small amount of the micro-catalytic structure is introduced
Hydrogels have been used in chemistry and biology to mimic soft matrices including but
not limited to extracellular medium.t8 19 We wanted to check if it is possible to catalyze
chemical reactions in small localized volumes in soft materials. The success in achieving

this could translate, in the future, toward in-situ drug generation, for instance.*?°

For this purpose, a thin agar gel layer (5%) was prepared and molded onto a
microscopic slide and then left to solidify. Using a 0.3mm-thin insulin needle, few
microliters of resazurin were injected into the gel. MNPs solution was poured on the gel’s
surface for few minutes to allow the magnetic nanoparticles to fill the cracks created by
the needle. The solution was wiped away, and the slide is imaged with an upright
fluorescence microscope Leica DM6 B. We then poured a solution of MNPs/AuNPs
mixed with NH>OH on the top of the gel again and left it in an alternating magnetic field.
After two hours of heating in the MagneTherm, the gel surface was wiped and imaged for
the second time under the same experimental conditions (5x objective and 1.5s exposure).
Fluorescence intensities were quantified using the ImageJ software (Figure 4.13). For
resazurin, a 541-551 nm excitation filter was used, and the emission was collected

between 565 and 605 nm.
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Integrated intensity showed an increase between 100 and 150 %, which is consistent
with the results obtained from the steady-state fluorescent spectroscopic measurements.
The observed range of increased fluorescence intensity might be the result of the variable

amount of the micro-catalytic structures introduced to the gel.

1500 Il Bcfore Heat Induction
I After Heat Induction

1200

900 —

600

300 +

Integrated Fluorescence Intensity (a.u.)
o
1 n

Figure 4.13: Fluorescent microscopy images of agar gel before and after exposure to an
alternating magnetic field in the presence of resazurin, NH2OH, and MNPs/AuNPs
complex along with their integrated fluorescence intensities. Images were acquired using
a 5x objective with NA= 0.8 coupled with an excitation filter of 541-551 nm, and the
emission was collected between 565-605 nm
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Figure 4.14: Fluorescent microscopy images of agar gel before and after exposure to an
alternating magnetic field in the presence of resazurin, NH2OH, and MNPs/AuNPs
complex along with their fluorescence-enhancement levels. Images were acquired using a
5% objective with NA= 0.8 coupled with an excitation filter of 541-551 nm and the
emission was collected between 565-605 nm.

Fluorescence Enhancement
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4.3.6 Visual Analysis:
The increase in the fluorescence intensity detected under the microscope, was

consistent with what was obtained through visual analysis of the color changes in the
cuvette prior its fluorescence measurements (Figure 4.15). The resazurin (blue) is reduced
into the resorufin (pink) as a function of time. These results further confirm the efficiency

of our initially proposed local catalysis setup.

Figure 4.15: Photograph of the changes in color of the different solution samples a function
of time.
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4.4 Conclusion:

In conclusion, we successfully report the use of heat generated at the microscale to
drive chemical reactions with significantly higher catalytic efficiency when compared to a
water bath maintained at the same temperature. This proof-of-concept experiment will
eventually pave the way to thermally control reactions with a high spatial resolution which
would allow, for instance, the production of drugs with surgical precision. Prodrugs, such
as endoperoxides, could be delivered to the organs of interest, and their uncaging could
then be catalyzed upon local heating to release reactive oxygen species intracellularly with
surgical spatial control. Molecular printing, nanofabrication, or even local molecular

enrichment are just some of the many applications that one might contemplate.
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CHAPTER V

CONCLUSION

In chapter 3, we reported our design of a thermal sensor efficient for measurements
in thin films. Our system includes an optical film capable of changing colors upon external
thermal stimulations. We first studied the effect of complexing PVP derivatives (PVP-VA
and PVP-PS) with the short conjugated polyelectrolyte PPE-CO.-7 in a solution and
measured their relative sensitivies; 2.35% for PVP-VA and 1.455% for PVP-PS. Showing
promising results in solutions, the PVP-VA/ PPE-CO»-7 complex was preserved in thin
films through spun casting the solution of the mixture on the top of a quartz slide. Films
were then imaged using a DSLR camera under UV-light exposure and analyzed based on

the enhancements in the 3 main color-components.

In order to improve the ratiometric change in the obtained signal, we resorted to
mix the CPE/polymer complex with the fluorescent Rhodamine B. The desired ratiometric

signal was then detected after imaging and analyzing the respective films.

This work has the potential to allow the measurements of thermal fluctuations in
microelectronic devices such as MEMS, hence leading to the optimization of their

performance.

Building on the successful results achieved in chapter 3, we believed that the ability
to drive chemical reactions using locally generated heat while maintaining a high spatial

resolution, would add significantly to this achievement.

97



As such, we aimed in chapter 4, to exploit the heat generated from magnetic
nanoparticles when placed in an alternating magnetic field to drive catalytic chemical
reactions. Specifically, and as a proof of concept, we focused on monitoring the catalysis
reduction of resazurin into resorufin. Our major aim was to locally activate the catalytic
reaction when placed in the alternating magnetic field while comparing its efficiency to

that of a solution heated by an external source under the same conditions.

We initially focused on synthesizing the iron oxide magnetic nanoparticles and
optimizing the respective thermal responses. The catalytic conditions for the rezasurin to
be reduced into resorufin, were then optimized in a water bath maintained at 65 °C. Next,
the optimized reaction’s solution was placed in an alternating magnetic field, maintained
at 45 °C where the rate of the reduction was monitored and the fluorescence intensity of
resorufin produced was constantly measured. The efficiency of the locally induced heat
was compared, under the same experimental conditions, to that of a water bath at 45 °C.
Within the first 15 minutes, the catalytic micro-structure showed an enhanced catalytic
conversation as compared to a water bath solution, and reached, in some cases, a 120 %

enhanced efficiency

Conclusively, we report the successful use of heat generated at the microscale to
drive chemical reactions with significantly higher catalytic efficiency when compared to a
water bath maintained at the same temperature. This proof-of-concept experiment will
eventually pave the way to thermally control reactions with a high spatial resolution which

would allow, for instance, the production of drugs with surgical precision.
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