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Abstract

We have witnessed significant progress in the past few decades in the development of
stimuli-responsive polymer-based smart materials. A great deal of work has been dedicated to
the development of sensors and biosensors that are portable, inexpensive and easy-to-use to be
used in resource limited settings where these technologies need to be incredibly robust. The
Serpe group discovered colorimetric sensors that are composed of a highly packed pNIPAm-
based microgel monolayer “sandwiched” between two thin reflective Au layers, forming an
etalon structure. The versatility of the microgels, the ability to easily modify their composition to
obtain different responsiveness, and their incorporation into an etalon device makes it possible to
develop optical sensors for a numerous of applications. The color of the etalon is a result of light
interference within its structure. The group has demonstrated in various publications their
potential in detecting a number of analytes in aqueous solution. My Ph.D. research focused on
the etalon fabrication process and exploring their ability to be used as portable sensors. Firstly,
we developed a painting platform and fabricated highly uniform and reproducible etalon devices
using the proposed “doctor blade” technique. We also demonstrated that the quality of the etalon
devices is not affected when fabricated by different individuals. Furthermore, we decreased the
size of the etalons down to 4 mm®, which allows the fabrication of 1,024 etalons per batch. This
is extremely important for larger scale production and commercialization of the technology.
Following, a quality control procedure was developed and the etalon’s ability to predict solution
pH was evaluated. Here, we characterized their color (RGB values) as a function of pH and
studied the effects of variations on temperature, ionic strength and type of ions in solution on

their pH measurement accuracy. Moreover, we also demonstrated their potential to be used as
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portable sensors for quality control. In collaboration with SolarDew International, the etalon
devices were used to detect changes in ionic strength of distilled water. Finally, we investigated
how the etalon devices respond to different ions belonging to the Hofmeister series and analysed
their response kinetics. It was observed that the responses to ions could be predicted based on
Hofmeister series and detailed analysis of the response kinetics could provide information of the

type of ions in solution.
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Chapter 1

Introduction

1.1 Introduction to Stimuli-Responsive Polymers

Stimuli-responsive polymers, also known as smart polymers, are polymeric materials that
have the ability to respond to changes in their environment (external stimuli) by changing their
chemical and/or physical properties.'™ In nature, stimuli responsive behaviours can be observed
in many living organisms, such as the sudden collapse of the Mimosa pudica’s leaves when
touched,” the color changes in chameleons and cephalopod in response to their environment for
camouflage,® the Venus flytrap snaps shut to catch its pray,’ and the young sunflowers tracking
the sun from east to west due to light responsive genes that regulates the plant growth.8 Inspired

by nature, synthetic stimuli-responsive polymers have been developed that respond to a variety

9-10 13-15 20-21

of stimuli, such as pH, ionic s‘treng‘[h,“'12 light, mechanical force,lé'19 humidity,

22-24 25-26

electric/magnetic fields, solvents, and the presence of specific molecules.””** These
polymers can be synthesized through the polymerization of specific stimuli-sensitive monomers
or by incorporating them physically or chemically into the polymer matrix. They can be designed
to have different compositions and arrangements, such as linear polymers (homopolymers,
di/triblock copolymer, random/statistical copolymers, and gradient copolymers) and non-linear

polymers (start polymers and graft/branched polymers) as demonstrated in Figure 1.1 where at

least one of the monomers/block is stimuli-sensitive. Furthermore, they can be physically or



chemically crosslinked to generate three-dimensional (3D) responsive polymer materials such as

hydrogels and hydrogel particles (Figure 1.1).

stimulus
\/\,\ . aﬂg
-~
homo diblock triblock

R~ R

gradient random
star branched

hydrogel nano/microgel

Figure 1.1 Illustrations of the stimuli-responsive polymers showing the variety of compositions

and arrangements.

Frequently, these polymers produce observable/detectable changes in response to their
environment due to the formation or interruption of secondary forces, such as hydrogen bonding,
electrostatic interactions, and hydrophobic effects, the ionization of pendent groups (acid-base
reactions) that results in osmotic pressure differentials, and due to entropy changes in the system.
In other cases, however, the application of an external stimulus can result in more dramatic
alterations in the polymer network, such as degradation of the polymer material due to the

reversible or irreversible bond breakage of the polymer’s backbone or the crosslinkers.



Due to the variety of polymer matrix and functional groups (stimuli responsive)
available, smart polymer-based materials have been designed with a wide range of responsivities
for industrial and scientific purposes over the years, exploring new and innovative applications.
They have been engineered into many forms including bulk/thin films, particles (nano/micro),
and composites that found applications in the development of sensors and biosensors, actuators,
for controlled and triggered drug delivery, and smart coatings.”’ In this chapter, stimuli-
responsive polymers will be discussed with focus on thermoresponsive polymers as it was used

for all investigations presented in this dissertation.

1.2 Thermoresponsive Polymers

Polymers that respond to temperature changes are the most well-studied and best understood
systems in the class of stimuli responsive polymers due to their large changes in solubility,
refractive index, and volume that can be easily manipulated over a wide range of temperatures.®”
32 Temperature-responsive polymers, also known as thermoresponsive polymers, exhibit a
critical solution temperature where the polymer changes phase. They can be described as having
a lower critical solution temperature (LCST) or an upper critical solution temperature (UCST). A
polymer is considered to has an LCST if the polymer undergoes a transition behaviour from
soluble (monophasic) to an insoluble (biphasic) state when the temperature is increased above
the critical temperature. On the opposite, a polymer is considered to has an UCST if the polymer
undergoes a transition behaviour from insoluble to soluble when the temperature is raised,
respectively.”>>> The temperature induced phase transition in these thermoresponsive polymers
is highly reversible. For instance, if the temperature is decreased below the transition

temperature for LCST-polymers, they become soluble again.



The most common type of UCST polymers are so-called poly(betaine)s (also known as
polyzwitterions) that contains both anionic and cationic species in every repeat unit.*® Some
examples of  poly(betaine)s that exhibit UCST  behavior include  poly(2-
dimethyl[methacryloxyethyl] ammonium propane sulfonate) (pDMAPS-MA) and poly(3-[N-(3-
methacrylamidopropyl)-N,N-dimethyl] ammonium propane sulfonate) (pDMAPS-MAM).”
Other non-zwitterionic polymers that also show UCST include poly(methacrylamide) (pMArn)37
and poly(N-acryloylglycinamide) (pNAGA).”® Most common LCST polymers are poly(N-
isopropyl acrylamide) (pNIPAm), poly(N,N’-diethylacrylamide) (pDEAAM), poly(ethylene
glycol methacrylate) (pEGMA), and poly(2-(dimethylamino)ethyl methacrylate) (pDMAEMA).
The structures of these UCST and LCST thermoresponsive polymers are shown in Figure 1.2. In
this dissertation, our attention will be focused on LCST polymers, specifically those composed
of pNIPAm which has an LCST of 32 °C and is one of the most studied thermoresponsive
polymer not only because of its LCST is close to the physiological temperature, making it very
interesting for biomedical applications, but also due to its robust tunable phase behaviour.’
PNIPAm undergoes an abruptly coil-to-globule transition in aqueous solution when the T > 32
°C that can be explained based on the changes in the competition between inter/intramolecular
interactions below and above pNIPAm’s LCST.

For LCST polymers, the temperature at which point the mixing of the two phases
changes from spontaneous to non-spontaneous normally defines their LCST in aqueous
solutions. This process was described as an entropy-driven transition by Heskins and Guillet in
1968 and can be explained thermodynamically based on Gibbs free energy equation (Equation
1.1).%°

AG = AH —TAS (1.1)



where AG corresponds to the changes in the free energy of dissolving the polymer in water, AH
corresponds to the changes in enthalpy of the dissolution, T is the solution temperature in Kelvin,
and AS is the changes in the system entropy as a result of the of the interactions between the
polymer chains and solvent water molecules. From a thermodynamic perspective, the transition
from soluble to a phase separation when the temperature is increased implies a negative AG at
lower temperatures that becomes more positive as the temperature increases, meaning that the
polymer dissolution is nonspontaneous and resulting in a phase separation. This is only possible
because at lower temperatures (T < LCST), AH is negative as water molecules arrange
themselves in a cage like structure around the polymer backbone and isopropyl groups, resulting
in AS being also negative. In the case of pNIPAm, when it is dissolved in water at lower
temperatures, AH makes a negative contribution due to the formation of intermolecular hydrogel
bonding between water molecules and the C=O and N-H groups in the pNIPAm chains, and the
AS is negative as water loss entropy due to the formation of an ordered “cage-like” structure
surrounding the hydrophobic isopropyl groups and the polymers backbone, resulting in a positive
entropic contribution (—TAS) that tends to increase with temperature. Therefore, AG < 0 at lower
temperatures as the enthalpy contribution is dominant and the dissolution of the polymer is

spontaneous.
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Figure 1.2 Structures of some common thermoresponsive polymer that exhibit UCST (top) and

LCST (bottom).

Upon increasing the temperature, AG becomes more positive and at T > LCST, the
entropy term becomes dominant and overcomes AH, resulting in AG > 0. This leads to a
nonspontaneous dissolution of the polymer and a phase separation occurs where intramolecular
interactions are favored and the polymer collapse in a globule conformation as shown in Figure
1.3(a). This process is also illustrated on the molecular level in Figure 1.3(b), where the
inter/intramolecular interactions between pNIPAm and water molecules at low and high
temperatures is shown. Furthermore, the phase transition behaviour is a fully reversible process,
where the pNIPAm becomes soluble again if the temperature is decreased below its LCST. It is
important to point out that the polymer is never fully dehydrated at T > LCST and the degree of

dehydration highly depends on the hydrophilicity of the polymer. Indeed, studies done by Maeda



et al. on the hydration state of pNIPAm during the coil-to-globule transition using fourier-
transform infrared spectroscopy (FTIR) revealed that the polymer is only partially dehydrated at
T > LCST, retaining around 66% of the water that is directly interacting with the polymer even
in its fully collapsed state.** The authors observed the formation of inter/intra chain hydrogen
bonding interactions in the amide group but most (87%) of the hydrogen bonding of the C=0
groups with water molecules was unchanged. Furthermore, making the polymer more

hydrophilic causes more retention of water molecules in the collapsed polymer globules.
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Figure 1.3 (a) Illustration of the conformational change induced by temperature changes on a
pNIPAmM molecule and (b) details of this transition showing inter/intramolecular interactions of
pNIPAm chains with water molecules. Hydrogen bonding between the C=0O and N-H groups in

the polymer chains also occurs at high temperatures (T > LCST) but it is omitted in this scheme.

These globules formed when the temperature is raised above pNIPAm’s LCST grow into

aggregates composed of a number of polymer molecules and in many cases stop growing when
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they reach a certain size. A colloidal suspension is formed with the dispersed phase made of
stable polymer particles, known as mesoglobules, with a typical radius in the range of 50-200

41-42
nm.

Pelton et al. suggested that the stability of these particles was due to electrostatic
repulsion.* They found that the particles were weakly negatively charged, which was attributed
to the presence of negatively charged end groups in some of the polymer chain introduced by the
persulphate radicals used in the polymerization reaction. Winnik et al. further explored the
properties of the mesoglobules and found that their formation happens in a narrow temperature
range close to the transition temperature, where phase-separated particles merge and grow in size
and mass.** As the temperature is further increased, the mesoglobules undergo a transition from
fluid like particles into rigid spheres that are unable to merge or further grow upon collision or
chain exchange between the polymer particles. The authors also found that, even though a
significant number of water molecules are firmly attached to the polymer mesoglobule as

demonstrated by Maeda et al.,*

the water molecule loosely bound to the polymer chain at low
temperatures are ejected from the mesoglobule into the external bulk water as indicated by an
increased in the rigidity of the mesoglobules. The driving force for this transformation still
remains unclear.

Generally, the LCST of thermoresponsive polymers is affected by the hydrophilic and
hydrophobic nature of the substituent groups. This is because their LCST is particularly
dependent on the degree of hydrogen bonding between the solvent water molecules and the
substituent groups. Polymers that are more hydrated have higher LCST than less hydrated
polymers. For instance, when pNIPAm is copolymerized with more hydrophilic monomers such
45-47

as acrylamide and acrylic acid, its LCST is shifted to higher temperatures or even disappears.

On the contrary, incorporation of hydrophobic monomers such as N-butylacrylamide and N-



hexadecylacrylamide usually shifts its LCST to lower temperatures.” ** The possibility to tune
the LCST of pNIPAm from < 0 to > 100 °C by incorporating hydrophilic or hydrophobic
comonomers is essential to develop materials for specific applications, especially in the case of
drug delivery systems.” %

Stimuli-responsive polymers can be prepared by free radical polymerization of the
responsive vinyl/acryl monomers in the presence of an initiator.”® Although conventional free
radical polymerization provides a simple route, is cost-effective, relatively insensitive to
impurities, and the vinyl/acryl monomers are easily polymerized, a few disadvantages include
uncontrolled free reactive monomer levels, the molecular weight, molecular weight distribution
and complications in synthesizing well-defined copolymers. The growing demand for preparing
well-defined functional polymer materials with control over their architecture lead to the
development of new methods that produce very uniform molecules with narrowly defined
structures, molecular weight, which preserves chain end functionality essential for preparing
block copolymers.”’ These methods are known as controlled/living free radical polymerization

2. . ..
5253 and reversible addition

(CRP) and include atom transfer radical polymerization (ATRP)
fragmentation chain transfer (RAFT).”*>> The common ground in these methods is that they
control the number reactive radicals during the polymerization and they display a living
character where chain termination or transfer is absent, meaning that the end of the growing
chain is still active and is able to continue polymerization once the initial monomer is consumed
by adding more monomers. In the case of pNIPAm, free radical precipitation polymerization
reaction is normally carried out in aqueous solution using the monomer N-isopropylacrylamide

(NIPAm) to obtain single polymer chains. Temperatures can vary from 50 to 75 °C and common

initiators used include ammonium persulfate and potassium persulfate.’ Variations in the initiator



and monomer concentrations can result in polymers with different molecular weights. In
addition, pNIPAm can be crosslink to produce thermoresponsive bulk hydrogels and microgel
particles. The next section we will be focused on the properties and polymerization routes for

synthesizing pNIPAm-based microgels.

1.2.1 Thermoresponsive pNIPAm-Based Microgels

Microgels are highly porous hydrogel particles composed of crosslinked networks of
hydrophilic polymers with average diameters ranging from 50 nm to 5 pm,” although the
synthesis of larger particles (ca. 2 mm) have been reported.”’ In this dissertation, chemically
crosslinked pNIPAm-based microgels were used for some investigations. First synthesized in
Pelton’s lab,”® thermoresponsive pNIPAm-based microgels also undergo a reversible phase
transition between 32 and 35 °C that is often referred to as the volume phase-transition
temperature (VPTT), which is close to the LCST of linear pNIPAm chains. In this case, the
microgels are highly swollen (extremely hydrated) at T < VPTT, containing around 82% of
water by volume and have low refractive index difference with water. However, when the
temperature increases above its VPTT, the microgels undergo a reversible deswelling transition,
assuming a volume that is 10-times less than its volume in the swollen state and retaining only

~25% of its initial water content.>® >’

This is accompanied by an increase in their refractive index
which makes it possible to track the swelling/deswelling behaviour using light scattering
techniques such as dynamic light scattering (DLS) and UV-vis absorption. Like linear pNIPAm,
the properties of the microgels also depend on the balance between polymer-polymer vs.
polymer-water interactions. As such, their physical properties like swelling degree (particle size),
refractive index, and the VPTT can be fine-tuned by introducing functional comonomers to

produce microgels responsive to not only temperature, but pH, ionic strength, solvent
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composition, and light. Furthermore, their response is much faster in response to external stimuli
compared to hydrogels/macrogels due to their dimensions, having much higher surface area by
volume, whereas the response from hydrogels or macrogels is limited due to the shrink of the
exterior layer that prevents the water flow from the interior to the exterior.”® Figure 1.4 shows

the temperature-induced transition from a swollen to collapsed state for pNIPAm microgels.

Swollen Collapsed

T>VPTT .
. =S
- _'_l
T=VPTT

Figure 1.4 Schematic illustration of the temperature-induced volume change of pNIPAm-based
microgels. The microgels have few negatively charged groups at end of chains that are
incorporated by the persulfate initiator which makes them slightly negatively charged. Microgels

positively charged are possible using cationic initiators.

Given the extensive interest in pNIPAm-based microgels, a number of polymerization
routes have been explored aiming to control their size, size distribution, and functionality. For
this dissertation, we exclusively used surfactant-free free radical precipitation polymerization to
synthesize all microgels, which is similar to the polymerization method used to prepare single
pNIPAm chains, but with the addition of a crosslinking agent. Here, we chemically crosslinked
the microgels using N,N’-methylene(bisacrylamide) (BIS) as the crosslinker. The polymerization
reaction is carried out in a three-neck round bottom flask (3-RBF) containing water where the
principal monomer, NIPAm, and the crosslinker, BIS, are dissolved. The monomer solution is

then purged with N, gas while stirring and heated to 70 °C for over 1 h. Purging the monomer
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solution with Nj is extremely important to remove any dissolved O, molecules to avoid
quenching of the free radicals, which can slow down the reaction or even prevent it from
occurring.®® The polymerization reaction is initiated by quickly adding the free radical initiator,
such as ammonium persulfate (APS) or potassium persulfate (KPS), to the heated monomer
solution. The APS/KPS decomposes at high temperatures (50-70 °C) to produce sulfate radicals
that are able to react with the monomers and crosslinkers in solution, thereby initiating their
polymerization. Due to the high temperature and its quick addition, the APS is decomposed at a
fast rate, leading to a homogeneous nucleation. In addition, high temperature is required to
trigger the collapse of the growing pNIPAm oligomers that, upon reaching a critical length (~10
monomer units), collapse and form colloidally unstable precursor particles that serve as seeds for
the microgel growth.” ®*®! This happens because the solution temperature is far above the VPTT
of the formed polymer chains. Studies done by Heskins and Guillet on the phase separation of
linear pNIPAm suggest that the LCST was not affected by the polymer’s molecular weight.”
Thus, when achieving a critical length, all the polymer chains collapse. The precursor particles
can grow by aggregation with other particles to form large colloidal stable hydrogel particles; by
depositing onto an existing colloidally stable particle; or by addition of monomers or capturing
oligoradicals.®® Upon reaching a critical size, the microgel particles are stabilized by the negative
charges incorporated into the polymer chains from the initiator fragments during the nucleation
and particle growth process. At this point, the microgels are in the collapsed state as T > VPTT
and have high charge density on the surface as indicated by high electrophoretic mobility,
suggesting that in low ionic strength and surfactant free conditions, the electrostatic repulsion
contribute to their colloidal stability.”” Early studies done by Pelton et al. also suggested that the

dehydrated microgels at T > VPTT are stabilized by electrostatic forces as the microgels
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coagulated in the presence of electrolytes (CaCly).”® It is also important to note that even though
the microgels are in a collapsed state, they still contain large amount of water. Figure 1.5
displays this mechanism for the formation of microgel particles using precipitation
polymerization. Upon cooling the pNIPAm microgel, they become soluble and swell. In the
swollen state, the charge density on the microgel surface decreases as demonstrated by their low
electrophoretic mobility, implying that the colloidal stability at lower temperatures is not caused
by electrostatic repulsion.”® However, it was proposed that the polymer chain extending from the
microgels act as steric stabilizers and the van der Waal’s attraction between the highly hydrated
microgels are very low, giving their colloidal stability.”® *° In addition, even though their charge
density is low when hydrated, the presence of charged groups introduces a dependency of their

. . . -64
swelling behavior on electrolyte concentration.®>®

Figure 1.6 shows transmission electron
microscopic (TEM) images for pNIPAm microgels prepared by free radical precipitation
polymerization. A significant amount of non-crosslinked polymer chains is produced during the
polymerization reaction, which should be removed from the microgels. This can be

accomplished by centrifuging the resultant suspension and resuspending it in fresh water for

multiple times or by dialysis.
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Figure 1.5 Mechanism for the formation of microgel particles via free radical precipitation
polymerization. Initially, pNIPAm chains forms and grow up to a critical chain length, after
which they collapse forming precursor particles. Following, the precursor particles grow until

reaching a critical size where it becomes stable and stop growing.

Figure 1.6 TEM image of PNIPAm microgels synthesized by surfactant-free free radical

precipitation polymerization.

Preparation of microgels via free radical precipitation polymerization result remarkably
uniform particles and offers several advantages including particle size control (from 100 nm to 3
um) and functionality. The final size of the microgels is affected by several factors, such as

reaction temperature, the presence and concentration of surfactants, and ionic strength. The
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synthesis of microgels at high temperature tends to produce microgels smaller than those formed
at lower temperatures.”” Wu et al. observed that microgels synthesized at 70 °C were 10%
smaller than the microgels prepared at 50 °C.%° Furthermore, they observed that the particles
grew quicker at 70 °C than at 50 °C and that the reaction at 70 °C yielded more particles as the
initial monomers were the same and the final conversion of the monomers were high for both
reactions. The smaller size for microgels prepared at high temperature is attributed to the faster
activation of the initiator, resulting in a larger conversion of the monomers into precursor
particles (seeds). The remaining monomers are distributed among a large population of precursor
particles, resulting in microgels with smaller size. These particles, however, are limited to the
submicron range. A new free radical precipitation polymerization method was introduced by
Lyon’s groups to synthesize larger diameters (2.5 — 5 pm) particles.® The authors used a
programmed temperature ramp from 45 to 65 °C during the nucleation stage to control the
decomposition rate of the initiator (control the amount of seed formed) and the formation of
oligomeric radicals. The high monomer concentration at lower temperature favors the chain
propagation rather than the nucleation and the precursors grow larger. The reaction temperature
was then increased to 65 °C to increase the reaction kinetics as the monomer concentration and
the propagation rate decreases over time. Moreover, the size of microgels can be controlled by
addition of inorganic salts and/or ionic surfactants to the reaction mixture. Usually, increasing
the ionic strength tends to increase the microgel size.®”®® This is primarily due to a decrease in
the electrostatic stabilization of the charged precursor particles when the solution ionic strength
is increased while attractive forces increase, causing them to easily aggregate and a high rate of
coalescence to occur, resulting in larger particle sizes. Consequently, the aggregation process is

affected by the concentration of ions in solution. However, very high salinity conditions tend to
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decrease the solubility of the monomer and the growing polymer chains, causing them to
precipitate and resul in small polydisperse particles.®®

To synthesize smaller microgels, the growing precursor particles must be stabilized
earlier in the reaction. The charges incorporated into the polymer chain from the ionic initiator
are not enough to provide colloidal stability to the small precursor particles. Therefore, ionic
surfactant can be added to the polymerization reaction to impart stability of the precursor
particles in the early stages and minimize their growth by aggregation. Therefore, the growth of
particles is likely to occur through oligomer or monomer addition rather than the coalescence of
the precursor particles. Pelton and coworkers showed that the presence of sodium dodecyl sulfate
(SDS) at low concentrations (up to 1.15 g/L) can produce more uniform pNIPAm particles than
those obtained using surfactant-free free radical precipitation polymerization and that the average
particle size decreased when the SDS concentration was increased.”” Moreover, microgels size
can also be controlled by the nature of the crosslinker. In another study, Lyon’s group also used
SDS for stabilization of pNIPAm microgels synthesized using poly(ethylene glycol) (PEG)
diacrylates of different molecular weights.”

The physical properties of pNIPAm microgels including its VPTT can be controlled by
copolymerization of NIPAm with other comonomers having different degrees of
hydrophilicity/hydrophobicity, by varying nature of the crosslinker, or by controlling the
distribution of the monomers in the particle architecture. Using free-radical precipitation
polymerization, functional comonomers are introduced together with the primary monomer,
NIPAm, and the crosslinker before adding the ionic initiator. The functional comonomers
become covalently attached to the polymer network of the microgels through the polymerization

process, affecting their colloidal stability and swelling behaviour. Richtering’s group prepared
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via free radical precipitation polymerization copolymer microgels with different portions (ratios)
of NIPAm and N,N’-diethylacrylamide (DEAAM) (see Figure 1.2) and observed that the VPTT,
characterized by DLS, was extremely influenced by the monomer composition.”' Interestingly,
they found that the VPTT of microgels composed of 60% DEAAM and 40% NIPAm was lower
than that of both homopolymer microgels. The authors attributed the dependence of VPTT on the
monomer composition due to the favored hydrogen bonding between DEAAM and NIPAm.
However, no linear relationship between the copolymer composition and the VPTT was
observed. Richtering and coworkers further investigated how the macromolecular architecture of
the copolymer influences in the VPTT."” In this case, the authors prepared microgels composed
of DEAAM/NIPAm, DEAAM/poly-N-isopropylmethacrylamide (NIPMAM) at various ratios
and core-shell microgels composed of DEAAM (core) and NIPAm (shell). The same non-linear
dependence of phenomena was also observed for DEAAM/NIPMAM systems. However, due to
the modified backbone of NIPMAM containing a methyl group, the backbone flexibility of the
entire copolymer system is restricted, hindering the formation of hydrogen bonding between the
monomer groups (lower intramolecular interactions) and increasing the VPTT of the copolymer
to higher temperatures compared to NIPAm systems. To synthesize the core-shell
DEAAM/NIPAM microgels, the authors first prepared the core DEAAM particles by surfactant-
aided radical precipitation polymerization that served as nuclei for the following polymerization
of the pNIPAm shell.

Besides tuning the VPTT, microgels can be synthesized to respond to a variety of
external stimuli by incorporating functional comonomers. Numerous water-soluble functional
comonomers are available to produce microgels with multiple functionalities. For instance,

adding ionisable comonomers such as acrylic acid (AAc), methacrylic acid (MAAc), or/and 2-
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(dimethylamino)ethyl methacrylate (DMAEMA) can result in microgels responsive to pH, ionic

strength, and temperature. These systems will be discussed in details in the next section.

1.3 pH Responsive pNIPAm-Based Microgels

pH-responsive polymers undergo changes in their physical properties in response to a
change in the environmental pH due to the presence of weak acid or base groups that can either
accept or release protons depending on the solution pH. The most commonly used functional pH
responsive monomers are those having carboxyl and tertiary amine groups that can be ionized
similar to the ionization of monoacids or monobasics. However, unlike small molecules, to
achieve full ionization in these systems is difficult as the protonation of different sites in the
polymer is affected by the ionization state of adjacent units and the distribution of ionisable
units. Therefore, the apparent dissociation constant (K,) and pK, are different from that of the
corresponding monoacid/monobasic. The structure for some monomers having weak acid and
base units is shown in Figure 1.7. When these monomers are incorporated into the microgels
through free radical precipitation polymerization, the swelling properties of the resultant
pNIPAm-based microgels depend on the solution pH and ionic strength in addition to
temperature. For instance, microgels containing carboxylic acid groups swell at high pH and
shrink at low pH. The swelling of ionic hydrogels have been described by Paul Flory and others
based on Donnan equilibrium theory.””” The charge density of the microgels increases with pH
as the carboxylic groups become deprotonated and negatively charged. The increase in charge
density as a function of pH causes an increase in the osmotic pressure exerted by the mobile ions
screening the fixed charges. Moreover, increasing the pH gives rise to internal charge repulsions
between the neighboring deprotonated carboxylic groups. The increase in osmotic pressure and

internal charge repulsions with pH causes the microgels to swell. However, when the pH is
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decreased, the anionic microgels shrink due to lower charge-charge repulsion forces and reduced
osmotic pressure. The swelling-deswelling transition is affected by any condition that can
interfere in the electrostatic repulsions, such as the ionic strength and the type of the mobile
counterions. For instance, at higher pH values (pH >> pK,), the carboxylic groups in the polymer
become less ionized and the internal charge repulsion is reduced due to the screening of the
charges by the mobile ions (Na" and OH), causing the microgels to shrink instead. It is not
surprising that the swelling properties of these microgels are also affected by the amount of

comonomer incorporated as it influences in the total charge density.

Anionic Monomers Cationic Monomers
HO HG CI:< (] 8] HN
AAL MAAGC OH 2 2
C
.r” N- /
/ (f H.,N "Hel
DMAEMA
DEAEMA APMAH

Figure 1.7 Examples of anionic and cationic monomers. From left to right are acrylic acid,
methacrylic acid, vinylacetic acid, 2-(dimethylamino)ethyl methacrylate, 2-(diethylamino)ethyl
methacrylate, and N-(3-aminopropyl)methacrylamide hydrochloride.

Snowden et al. reported the preparation of microgels containing 5% AAc and how
temperature, pH and ionic strength affected their swelling properties and temperature response.’°
The authors observed that in the absence of electrolytes, the microgels are highly swollen but
their hydrodynamic diameter decreased when sodium chloride concentration was increased from

0.001 to 0.1 M at 25 °C, pH 6. They attributed this deswelling behaviour to the electrolyte
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screening of the internal charge repulsion. Furthermore, they observed that this behaviour was
fully reversible. When the electrolytes were removed from the microgels by dialysis, they
expanded to their original size in water (electrolyte-free). At very low electrolyte concentration
(0.001 M NaCl) and temperature (25 °C), the hydrodynamic diameter of the microgels increased
when the pH was raised from 2.6 to 9.5 with highest increment between pH 3.9 and 6, around the
pKa of the AAc groups. While investigating how the incorporation of AAc would affect the
thermoresponsive properties of the microgels, the authors observed that the microgels have a
larger hydrodynamic diameter at pH 6.5 than at lower pH values at all temperatures investigated.
In addition, their response behaviour to temperature was similar to the behaviour of pure
pNIPAm microgels (not containing AAc) at low pH values, although the LCST was shifted to 34
°C. However, the decrease of the hydrodynamic diameter with increasing the temperature at high
pH values was less pronounced and the LCST was shifted to 55 °C, implying that the negatively
charged groups originated from the AAc groups greatly affect their temperature response
behaviour. These studies were also performed at very low electrolyte concentration (0.001 M
NaCl). Eimer and coworkers further investigated the influence of charge density on the swelling
properties of pNIPAm microgels by incorporating different amounts of AAc.”” The authors
observed that at pH 7 and salt-free suspensions, the swelling/deswelling capacity of microgels
containing AAc was significantly increased compared to pure pNIPAm microgels and two phase
transitions were observed for higher AAc content (12.5%). The two phase transition was
accompanied by an increase in the solution pH which the authors used to explain this behaviour.
They observed that at low temperatures, the hydrodynamic diameter of the microgels increases
with pH in salt-free solutions, similar to the observations made by Snowden et al., however,

depending on the pH, the microgels collapse at their VPTT and quickly coagulate in response to

20



temperature. Furthermore, the microgels with higher AAc content showed higher

swelling/deswelling degree in response to pH.

1.4 pNIPAm-Based Etalon Optical Interferometers

In 2010, Serpe’s group introduced a new class of materials capable of color tunability
based on pNIPAm microgels, which they called etalon interferometers, or simply etalons.”® Since
then, they have demonstrated their potential for a numerous applications including drug delivery

. . . . . -84
and sensing/biosensing applications.”” ™

Etalons are composed of a highly packed microgel layer
sandwiched between two thin reflective Au layers. These assemblies exhibit colors and have
characteristic peaks in the reflectance spectra, which are sensitive to the swelling state of the
pNIPAm microgels. The color of etalons is a result of light interference within its structure,
similar to an etalon interferometer. When light strikes the material, some of the light is reflected
by the first Au layer and some enters the cavity consisting of the microgel layer where it
undergoes multiple internal reflections. As a result, constructive and destructive interferences
occur, resulting in the reflection/transmission of specific wavelengths, which can be predicted
based on Equation 1.1:

Am = 2dncos6 (1.1)
where A is the reflected/transmitted wavelength, m is the order of reflection (an integer for
constructive interference), 1 is the refractive index of the microgel layer, d is the distance
between the two reflective Au layers, and 6 is angle of incident light. Hu and Serpe
demonstrated empirically when investigating the etalons response hysteresis that the color of the
etalons is mainly dictated by the distance between the Au layers, which is controlled by the

microgel layer thickness.”* As the microgel layer is made of pNIPAm, the thickness decreases

when the temperature is increased above 32 °C, decreasing the distance between the two Au
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layers and resulting in a color change. Furthermore, etalon devices can be prepared to respond to
a verity of external stimuli by simply changing the composition of the microgels. In one
example, Islam and Serpe reported a label-free assay for DNA concentration using etalons
composed of pNIPAm microgels containing 5% of N-(3-aminopropyl) methacrylamide
hydrochloride (APMAH), which gives the microgels a cationic characteristic.*> Upon DNA
exposure, the cationic microgels shrink due to a decreased in the electrostatic repulsion caused

by the negatively charged DNA backbone.

1.5 Conclusions

Stimuli responsive polymers have been used to design smart materials such as actuators,
drug delivery systems, and sensor/biosensors that respond to a variety of external stimuli. The
design and fabrication of smart materials is rapidly evolving and, in most approaches, thermo
responsive polymers have been applied to develop such materials. The Serpe group has
developed microgel-based interferometers (etalons) using pNIPAm-based microgels and applied
these color tunable devices for the development of sensors and biosensors. In several
publications the sensors have demonstrated the ability to detect changes in solution temperature,
pH, and quantify various biomolecules by simply engineering the microgels to swell/deswell in
response to the target analyte. The etalon devices are easy to use, inexpensive, reusable, can be
made portable, and they require no electricity to operate. Therefore, they show promising
potential for point-of-care applications that are needed in remote areas and developing countries.
In Chapter 2 of this dissertation, we describe the fabrication of a platform that uses the doctor
blade technique to fabricate in large scale, reproducible etalon devices of high color uniformity.
Further, the ability of the etalons to be used as portable sensors is described in Chapter 3 and 4

where, for the first time, their response was characterized using their digital color. Moreover, the
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color change of the etalons was characterized for different types of salts belonging to the
Hofmeister series as described in Chapter 4. This is of great interest when using these optical
devices for ion sensing applications. The findings described here are very important for future
studies in our group and are essential for taking the technology to the next level where they can
be used as portable sensors and leads to a potential commercialization of the technology.
Moreover, several other areas can directly benefit from the sensing capability and portability the

etalon devices, especially in the area of medical diagnosis and water quality monitoring systems.
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Chapter 2

Fabrication of High Purity Color and Uniform Etalon
Devices by Doctor Blade Technique

2.1 Introduction

Photonic crystals (PC) are highly ordered optical structures periodically arranged and
composed of two or more dielectric materials with varying refractive index that can be used to
control and manipulate the propagation and transmission of light. Their unique optical properties
are a result of the dielectric periodicity at the length scale of the electromagnetic waves striking
the material. When light propagates through the PC, it undergoes interferences that lead to the
formation of a photonic band gap. This band consists of frequencies in which electromagnetic
waves cannot be transmitted through the material due to destructive interference, which leads
them to display distinct structural colors.**®” The photonic band gap can be modulated by
changing the lattice parameters and the refractive indexes of the materials. PCs have been the
subject of many investigations with potential applications in solar cells®*’, development of

9% and displays’*. They

colorimetric sensors’ %, biosensors’>**, waveguides (optical filters )
can be classified as one-dimensional (1D), two-dimensional (2D), or three-dimensional (3D)
depending on their spatial periodic arrangements and variations in their refractive
index/dielectric constants. Particularly, 1D PCs consist of dielectric layers of alternating high-

and low-refractive index periodically arranged in only one dimension have been extensively

studied.” Examples of 1D PCs are dielectric mirrors, Bragg reflectors, dichroic filters, anti-
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reflection coatings, and Fabry-Pérot etalons or interferometers. A schematic illustration of a
typical Fabry-Pérot etalon (or simply etalon) is displayed in Figure 2.1(a). It consists of two
parallel reflective surfaces separated by a thin dielectric layer.100-101 Their optical properties
are a result of multiple beam interference between the two reflecting surfaces (mirrors). That is,
when light enters the cavity, it undergoes multiple internal reflections, resulting in constructive
and destructive interference and specific wavelengths of light being reflected/transmitted. The
purpose of the two reflective surfaces, the distance between them, and the refractive index of the
dielectric material is to create a path length difference between the transmitted/reflected
wavelengths, which dictates where the waves are in phase or not. Constructive interference
occurs when the transmitted/reflected wavelengths are in phase, and can be predicted using
Equation 2.1:
Am = 2dncosf (2.1)
where A is the maximum reflected/trasmitted wavelength, m is an integer for constructive
interference (or order of reflection), n is the refractive index of the dielectric material, d is the
distance between the two reflective mirrors, and 6 is angle of incident light. The etalon will
appear visually colored when constructive interferences occur in the visible region of the
electromagnetic spectrum. Their visible color depends on the wavelength of the light, its incident
angle, the thickness of the etalon and the refractive index of the dielectric. A number of ways can
be used to tune their visible color, including changing the refractive index of the medium or
controlling the distance, d, between the two reflective mirrors. The use of stimuli-responsive
polymers as a dielectric material is one of the many ways used to tune and control the distance

between the two reflective mirrors.
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The Serpe Group has developed etalon devices by sandwiching poly (V-
isopropylacrylamide) (pNIPAm)-based microgels between two thin, reflective Au layers that act
similar to Fabry-Pérot interferometers.”® PNIPAm-based microgels are thermoresponsive,
colloidally stable hydrogel microparticles.” ' Specifically, pNIPAm microgels experience a
volume phase transition at 32 °C in water, commonly referred as the lower critical solution
temperature (LCST). Below the LCST, the crosslinked polymer chains are highly solvated and
swollen. Above the LCST, the microgels collapse, expelling their water of solvation that results
in a decrease in their diameter. This process is highly reversible over many cycles, so they
reswell when the T < LCST. Furthermore, pNIPAm microgels can be chemically modified with
other comonomers to provide additional responsivity.'”'°® One of the most common
comonomer used is acrylic acid (AAc) that can render pNIPAm-based microgels pH responsive
due to the ionization of the carboxylic acid groups.”” '’ AAc has a pK, of 4.25, so when
pNIPAm-co-AAc microgels are in a medium where the pH is higher than its pK,, the carboxylic
groups are deprotonated, causing the microgels to swell as a result of charge-charge repulsion.
However, the microgels shrink when the pH of the medium decreases < pK, due to the lack of
charge-charge repulsion from the neutralized AAc groups. From these microgels, etalons were
fabricated using the “paint-on” method.'”® The “paint on” method consists of a concentrated
microgel solution (achieved via centrifugation of a dilute microgel solution) being continuously
spread on a Au-coated glass substrate (typically 15 nm Au) using the side of a micro pipette tip
while the microgel solution dries. After the microgel solution cannot be spread any further on the
surface, the microgel layer is allowed to dry for 2 h after which the excess microgels are
removed by extensively rinsing the substrate with DI water. Following overnight incubation in

DI water, the samples are rinsed again with DI water, dried with N, gas and a second Au layer
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(usually 15 nm of Au, but can be 5-30 nm) is finally deposited on top of the microgel layer,
obtaining the etalon structure. The structure of the device is shown in Figure 2.1(b). The
resulting etalons show characteristic peaks in the visible range as shown in Figure 2.2(c), which
are modulated by the microgel size. For instance, based on Equation 2.1 described above, the
peaks in the reflectance spectra are expected to shift to higher wavelengths (red shift) when the
microgel layer swells (e.g., when pNIPAm-co-A Ac microgels are exposed to solutions with pH >
pKa of the AAc), while the reflectance peaks are expected to shift to lower wavelengths (blue
shift) when the microgel layer shrinks (e.g., when pNIPAm-co-AAc microgels are exposed to
solutions with pH < pKa of the AAc). Similarly, varying the solution temperature above/below

the microgels’ LCST can lead to blue/red shifts in the reflectance peaks, respectively.
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Figure 2.1 (a) Schematic illustration of a typical Fabry-Pérot etalon composed of two reflective
mirrors (vertical yellow lines) separated by a dielectric material with refractive index n and
thickness of d. Incident light (blue arrows) striking the etalon at an angle @ enter its cavity and
undergo multiple internal reflection where constructive and destructive interferences occurs in
the transmitted (T1 and T2) or reflected (R1 and R2) waves. (b) Structure of the microgel based
etalon device composed of two reflective Au layers (II and IV) separated by a microgel layer
(III) and constructed on a glass substrate (I). (c) Representative spectra for an etalon composed

of pPNIPAm-co-AAc microgels.
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The Serpe Group has conducted extensive studies on microgel-based etalons and
demonstrated in a number of publications their universality for sensing, biosensing, and
controlled/triggered drug delivery applications via simple modification of the chemistry of the

-80, 109-112 : icati i
79-80. 109112 yyhile the etalon fabrication process is

microgels or the properties of the Au layers.
simple and straightforward, it is time consuming as each microgel layer has to be painted
individually, one at a time. Furthermore, their optical properties (i.e., color purity and
homogeneity) are highly dependent on the expertise and skills of the individual doing the
painting. In this chapter, I outline a new method based on doctor blade technique to obtain highly
packed microgel layers with minimal defects, resulting in etalon devices of high color purity and
uniformity, which is essential for using them as portable sensors where we will be using
inexpensive camera components to obtain images to determine RGB values. Doctor blading is a
well-established technique widely used in printing, coating processes, textile, paper making, and
photographic film to produce highly uniform flat films on large surface areas.'>'® The name is
thought to be originated from the blades used in the equipment for flatbed letterpress printing,
where it was first called a “ductor blade”, meaning to draw across surface. The blades were used
to control the amount of ink being deposited on the ductor rolls (printing cylinders) by wiping
the excess ink from the ductor rolls surface while the ductor rolls rotate in an ink supply. The
word ductor later became doctor. Doctor blade technique has been used by Jiang and coworkers
to fabricate in large scale highly ordered colloidal crystal-polymer nanocomposites.''” Here, we
utilize doctor blade technique to spread the microgel solution evenly across the surface of the
substrates, eliminating the variability of the painting process from person to person as everyone
does it slightly different. Moreover, we have developed a painting platform that can fabricate

over 1000 etalon devices in a single fabrication process, which is extremely important for their
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future commercialization. The optical quality and visual color purity of the etalons prepared by
both methods were compared using their reflectance spectra and the distribution of their RGB
values. Furthermore, the uniformity of the microgel films was characterized by ellipsometry. The
microgel films prepared using the doctor blade technique proved to be more uniform and
consistent from etalon to etalon and had higher microgel packing density. In addition, the etalons
that resulted from the microgel layers deposited using the doctor blade technique were highly
reproducible from batch to batch as demonstrated by their low standard deviations. We also
investigated how the conditions of the microgel synthesis (temperature and batch size) impacted
the optical properties of the resultant etalons. We found that microgels synthesized at higher
temperature (75 °C) yielded smaller microgels size than when synthesized at lower temperature
(70 °C) which resulted in etalons with different reflectance spectra but similar color (visually).
Furthermore, microgels prepared in large scale also showed smaller sizes, resulting in etalons
with reflectance spectra blue shifted and different colors. In addition, microgels synthesized
twice following the same procedure showed different sizes, resulting in etalons with different
reflectance spectra but similar colors (visually), implying that small variability in the microgel
size does not impact their visual color but the small variations in the microgel film thickness can
be observed in their reflectance spectra. Finally, we showed that the quality of the etalons
fabricated by different individuals were not significantly different in terms of the position of the

reflectance peaks and RGB values obtained from photographs.
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2.2 Experimental Section

2.2.1 Materials

The monomer N-isopropylacrylamide (NIPAm) was obtained from TCI (Portland, Oregon) and
purified by re-crystallization from hexane (ACS reagent grade, EMD, Gibbstown, NJ) prior to
use. N,N’-methylenebisacrylamide (BIS), acrylic acid (AAc), methacrylic acid (MAAc), 3-
Butenoic acid (VAAc), ammonium persulfate (APS), sodium hydroxide (NaOH), sodium
chloride (NaCl), and phosphate buffered saline (PBS) pH 7.4 were purchased from Sigma-
Aldrich (Oakville, Ontario) and used as received. Cover glasses (25 x 25 x 0.15 mm) and
calcium chloride (CaCl,) were obtained from Fisher (Ottawa, Ontario). Hydrochloric acid (HCI)
was obtained from Caledon Lab. (Georgetown, Ontario). A pH meter (JENCO 6173, San Diego,
CA) coupled with ROSS micro pH electrode (Thermo Scientific, Markham, ON) was used to
prepare solutions of pH 4 and 7.8. Cr and Au, both 99.999%, were obtained from ESPI Company
and MRCS Canada (Edmonton, AB), respectively. Whatman #1 paper filters were obtained from
GE Healthcare (U.K.) and deionized (DI) water with resistivity of 18.2 MQ-cm was obtained

from a Millipore Milli-Q-Plus system (Billerica, MA).

2.2.2 Painting Platform Fabrication

The custom-built platform for doctor blade was fabricated in house from aluminum. The
platform contains 16 square substrate holders as shown in Figure 2.2. The platform has a total
length, width and height of 145 mm, 145 mm, and 60 mm respectively, where 16 squares of 26
mm length, 26 mm width and 0.3 mm height were created to form the substrate holders. As the
height of the substrate holder is 0.3 mm and the thickness of the glass substrate is around 0.15

mm, it leaves a space of 0.15 mm to be filled with the microgel solution. The spacing between
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each substrate holder is 60 mm and 130 mm away from the edges. Apertures with round shape of
190 mm in diameter were created in the center of each substrate holder for easy removal of the
glass substrates from the platform after the painting process. In addition, each substrate holder is
connected to a vacuum chamber to hold the glass substrate flat and prevent it from moving

during the painting process.

Aperture

Figure 2.2 Photograph of the painting platform used to form homogenous microgel films onto

Au coated glass substrates.

2.2.3 Synthesis of pNIPAm-Based Microgels

Microgels were synthesized by surfactant free, free radical precipitation polymerization

P our synthesis, the monomer NIPAm (11.9 mmol) and the

as described previously.
crosslinker BIS (0.703 mmol) were dissolved in 99 mL of DI water in a 250 mL beaker. The

mixture was stirred for 30 minutes after which it was filtered through a 0.2 pm filter that was

attached to a 10 mL syringe which led into a 250 mL 3-necked round bottom flask to remove any
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particulate matter. The round bottom flask was fitted with a reflux condenser, thermometer, and
N, gas inlet (needle). The solution was then stirred at 400 rpm and bubbled with N, gas while
increasing the temperature to 70 °C over 1 h, after which the comonomer AAc (1.43 mmol) was
added to the reaction mixture in one aliquot. Following the addition of the initiator APS (0.2
mmol) dissolved in 1 mL of DI water, the polymerization reaction was carried out at 70 °C for 4
h under N, atmosphere. The suspension was then allowed to cool down overnight under stirring
and then filtered through glass wool to eliminate large aggregates. The suspension was again
filtered through a Whatman #1 filter paper and distributed into 50 mL centrifuge tubes for
purification. The suspension was centrifuged at ~10 000 rpm for 1 h to form a pellet and the
supernatant was replaced with DI water. The pellet was resuspended by vortexing and
centrifuged again. This process was repeated 6 times to remove any unreacted species and linear
polymer from the microgels. In the last centrifugation step, the supernatant was removed and a
concentrated solution of pNIPAm-co-10%AAc microgel was obtained. The synthesis of
pNIPAm-co-10%AAc microgels was carried out twice at 75 °C following the same procedure
described above and they are referred as pNIPAm-co-10%AAc-75A and pNIPAm-co-10AAc-
75B. Furthermore, pNIPAm-co-10%AAc microgel synthesis was also carried out in larger scale
at 75 °C. For instance, the volumes and moles were increased by 5 times and the reaction stirring
rate to 700 rpm. This microgel is referred to as pNIPAm-co-10%AAc-75C. All the following
microgels were also synthesized in larger scales but at 70 °C and stirring rate of 700 rpm. For
pNIPAm-co-10%VAAc microgels, the AAc monomer was replaced by VAAc in the procedure
above. For pNIPAm-BIS microgels, no comonomer was added and the procedure above was
followed but this time skipping the comonomer addition step. For pNIPAm-co-5%MAAc

microgels, the mols of monomers were changed to 63.148 mmol for NIPAm (90%), 3.508 mmol

32



for BIS (5%), 3.508 mmol for MAAc (5%), and 1 mmol for APS. Finally, the viscosity of the
microgel solution was further adjusted so that all types of microgels had similar concentrations.
For this, 100 puL of the microgel solution was deposited onto a microscope glass slide as a single
droplet. The microscope slide was quickly positioned vertically at 130° as shown in Figure 2.3
and the distance that it was dislocated in 1 min was recorded. DI water was added or removed by
centrifugation until the microgel solutions reached 0.15 to 0.3 inches in 1 min. Before each
measurement, the microgel solution was vortexed to ensure homogeneity and centrifuged in low
speed for 5 min to remove bubbles formed when vortexing. This process was repeated 3 times

for each microgel solution.

Microgel Solution

Starting Line i

P

-

._!-" j‘ll.
. \%, Glass Slide

Figure 2.3 Photograph of the experimental procedure for adjusting the viscosity of the microgel

solution.
2.2.4 Etalon Fabrication

2.2.4.1 Paint-on Technique

Etalons were fabricated following the paint-on technique found in ref.'”®. In our
fabrication, 625 mm” cover glasses (0.15 mm thickness) were washed using ethanol/DI water

and dried over a stream of N, gas. Following, 2 nm Cr (used as adhesion layer) and 15 nm Au
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were deposited onto the cover glasses using a thermal evaporator system (Torr International Inc.,
New Windsor, NY) at a rate of 0.19 A s and 0.17 A s respectively. The Au coated glass
substrates were placed onto a hot plate set at 35 °C where an aliquot of 40 uL of the desired
concentrated microgel solution was deposited and spread using the side of a micropipette tip
until the glass substrate was fully covered being mindful not to scratch the surface. The microgel
film was allowed to air-dry for 2 h, after which any excess of microgel was washed away by
rinsing the glass substrate with copious amount DI water. Next, the glass substrates were
incubated in DI water overnight and rinsed again with DI water then dried over a stream of N,
gas before a second layer of 2 nm Cr/15 nm Au (or 5 nm Au when mentioned) was deposited,
yielding 625 mm® etalon optical devices. Furthermore, etalon devices of different sizes were
prepared in the cover glasses (625 mm?) using a metal mask that was placed in front of the cover

glasses before each Cr/Au deposition.

2.2.4.2 Doctor Blade Technique

Cover glasses (25 x 25 x 0.15 mm) were washed by placing them into a container
containing a mixture of 1:1 ethanol/DI water and sonicating for 10 min using a ultrasonic cleaner
(Fisher Scientific, FS20). The cover glasses were then transferred to another container containing
DI water and sonicated again for another 10 min, after which they were removed from the
container and dried with N, gas. Following this, the clean cover glasses were coated with 2 nm
Cr/15 nm Au as described above. The Cr/Au coated glass substrates (16 in total) were placed in
each substrate holder of the fabricated painting platform with the coated side facing upwards.
Vacuum was then applied to hold the glass substrates flat in place. On the left side of each
substrate holder, 200 puL of the desired microgel solution was used to draw a straight line with a

length larger than 26 mm using a micropipette as showing in Scheme 2.1, removing any bubbles
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that formed during this process. With the assistance of a microscope glass slide (25 x 75 x 1
mm), the microgel solution was dragged from left to right along the surface of the painting
platform, filling the gap of 0.15 mm for the first two rows and then for last two rows. It is
important to point out that the microscope slide was not forced against the surface of the
platform, it was lightly dragged using only the weight of the slide to avoid scratching the surface
and contaminating the microgel solution. After forming the microgel films, the glass substrates
were removed from the platform and transferred to a hot plate set at 35 °C where they were
allowed to air-dry for 1 h. After the drying process, the excess microgel was washed away by
extensively rinsing the glass substrates with DI water until no traces of the gel could be seen.
Following, the glass substrates were placed into a Petri dish containing DI water and incubated
overnight at room temperature to remove any microgel that was not directly attached to the gold
surface. After the overnight water bath, the glass substrates were rinsed again with DI water and
dried with N, gas before a second layer of Cr/Au was deposited. Again, etalon devices of
different sizes were also fabricated using a metal mask that was placed in front of the glass
substrates (625 mm?) before Cr/Au deposition. Moreover, the thickness of the second Au layer
deposited was either 5 nm or 15 nm to demonstrate that the thickness of the top Au layer has
minimal effect on the quality of the etalon. Furthermore, the choice of the Au layer thickness
depends on the application. For instance, 5 nm top Au layer yield etalons with faster responses
than 15 nm. However, thicker top Au layer is preferred when conducting chemical modifications
on the top Au layer. It is important to note that the deposition rate for Cr an Au was kept constant
for all depositions to obtain reproducible films as the gold film quality varies with its thickness

e 12
and deposition rate.'*
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Scheme 2.1 Schematic illustration of the painting process for a single glass substrate using the
fabricated painting platform. (a) The Au coated glass substrate is placed in the substrate holder
and vacuum is applied. A micropipette is used to draw a straight line using 200 pL of the
concentrated microgel solution beside the substrate holder. (b) A microscope glass slide is used
to drag the microgel solution across the platform surface, filling the space between the glass

substrate and the surface of the platform, yielding a homogeneous microgel film.

2.2.4.3 Method Validation Using Doctor Blade Technique

The etalon fabrication method using the doctor blade technique was tested for optical
quality based on reflectance spectra, visual color purity and uniformity based on their RGB value
distribution obtained from photographs. We also investigated how these properties depended on
the individual that was generating the devices. To do this, two individuals that had minimal to no
experience with the etalon fabrication process were shown how to conduct the painting process

once and were then provided with a written protocol the following day for them to attempt the
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fabrication. They were given 3 glass substrates that had 64, 4 mm” Au squares patterned, and a
pre-concentrated solution of pNIPAm-co-10%AAcB75 microgel. The students were asked to
paint the Au patterned substrates using the microgel solution following the protocol provided.
The students returned the substrates, now coated with a microgel layer, and a second 2 nm Cr/5
nm Au layer was deposited. The resultant etalon arrays were incubated in DI water overnight
before reflectance spectra and pictures were collected. Moreover, etalon arrays were fabricated
from the same microgel reaction batch (pNIPAm-co-10%AAc) on two different days to

investigate their day-to-day variability.

2.2.5 Characterization and Measurements

2.2.5.1 Dynamic Light Scattering (DLS) Measurements

The hydrodynamic diameter of the microgels in DI water was measured using a
commercial Zetasizer Nano ZS — Malvern Instrument (Westborough, MA, USA) equipped with a
633 nm light source at 25 °C and the results can be found in Table 2.1. The reported value is an
average of 3 measurements where each measurement had 13-15 scans with an acquisition time of

4-5 seconds. The light scattering intensity was detected at 173°.

Table 2.1 Hydrodynamic Diameter and Standard Deviations for the Investigated Microgels

Microgel Hydrodynamic Diameter, Dy (nm)
pNIPAm-co-10%AAc 1251 £ 36
pNIPAm-co-10%AAc-75A 1089 + 35
pNIPAm-co-10%AAc-75B 958 £ 30
pNIPAm-co-10%AAc-75C 868 + 10
pNIPAm-co-10%VAAc 853+9
pNIPAm-co-5%MAAc 643 £6
pNIPAm-BIS 674 £ 11
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2.2.5.3 Ellipsometric Measurements

Ellipsometric measurements were performed in air on the dry microgel films after
soaking them overnight in water, after final water rinsing and before the second Au layer was
deposited using an imaging ellipsometer EP3-SE (Nanofilm, Accution GmbH, Germany) at
wavelength ranging from 380 to 750 nm and using nulling four zone mode at 42°. The thickness
measurements were done on microgel films coated on 4 mm?” and 625 mm” Au substrates. For 4
mm?, 16 measurements were done in 1 sensor array in the center of each square across the array.
Each measurement was an average of 3 spots as shown in Figure 2.10. For the 625 mm?®, 8
measurements were done around the region where the reflectance spectra were collected. Again,
each measurement was an average of 3 spots. EP4Model software (Nanofilm, Germany) was
used to perform the optical modeling and the thickness calculation. Cauchy dispersion model
was used to predict the thickness of the polymer layer and an effective medium approximation
(EMA) with 50%/50% mixture between the polymer optical constants and those of air was used

for the surface roughness.

2.2.5.4 Reflectance Measurements and Spectrum Analysis

Reflectance measurements in different locations of the etalons (625 mm?) were
conducted using a reflectance probe from Ocean Optics (Dunedin, FL) coupled with a LS-1
tungsten light source (spectral range of 360 to 20000 nm), and a Red Tide USB650 spectrometer
(detection range of 360 to 1100 nm). Prior the measurements, the etalons were incubated
overnight in a Petri dish containing pH 4, 300 ppm CaCl, solution. The probe was inserted into
the solution and its height was adjusted so the illuminated spot had a diameter of 3 mm. In
addition, the angle of the probe with respect to the etalon was kept at 90° to ensure that all

reflectance spectra were recorded at the same incident angle. The reflectance spectra were
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recorded using Ocean Optics Spectra Suite Spectroscopy Software over a range of 400 to 900
nm. At least 7 spectra for each etalon device of 625 mm? at different locations were recorded.
For etalon arrays, a spectrum was recorded for each etalon in pH 4 and pH 7 solutions, both
containing 300 ppm CaCl, to investigate the effect of the two painting techniques on their pH
responsivity. The reflectance spectra were collected in DI water for the method validation
experiments.

For etalon size response-dependence experiments, etalons composed of pNIPAm-co-
10%AAc microgels, top Au layer thickness of 15 nm, prepared with different sizes ranging from
625 mm’ to 4 mm’, were incubated in PBS buffer pH 7.4 prior to being exposed to an NaCl
solutions of increasing concentration, which was prepared using PBS buffer as a blank. The
etalons were fixed in a Petri dish where 600 pL of PBS buffer was transferred to the center of the
device. The reflectance probe was inserted into the solution and the reflectance spectrum was
recorded after 20 min of stabilization. Then, various amounts of 1 M NaCl solution in PBS
buffer (38.4, 47.7, 114.2, 160 and 240 pL) was successively added to the 600 pL of PBS buffer
solution using a micropipette.

The reflectance spectra for the pH and NaCl response experiments were analysed by
choosing a peak to be monitored and fitting it into a Gaussian to obtain an objective measure of

the peak position.

2.2.5.5 Picture Acquisition and Color Analysis

Photographs of the etalons in different pH solutions were acquired using a custom-built
3D printed white box, referred as 3D printed box #1, as shown in Figure 2.3. It was coupled with
a raspberry pi, raspberry pi camera, diffuser, and white light-emitting diodes (LEDs). The

camera was fixed at an angle of 10° relative to the etalon arrays, and the distance from the
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camera to the sensors was ~7 cm. Here, the etalons in a Petri dish containing the desired pH
solution was placed inside the box and the box was closed. Following, a picture was acquired
using the raspberry pi system for each etalon device. For the method validation experiments,
photographs of the etalon arrays were taken using a cell phone camera (LG 4), a mini studio box
coupled with white LEDs, and a tripod. The photographs were taken in the lab bench where the
angle of the cell phone to the bench was kept at 10° and the distance from the cell phone to the
etalon array was kept at ~20 cm. The color of the etalons (4 mm?) were further characterized by
cropping the images, removing the background and edges, and extracting the RGB values from

an area of 68 x 68 pixels using MATLAB software (R2018b).

: RaspberryPi mm

Diffuser

Etalon Array

Figure 2.4 Photograph showing the costume-built 3D printed white box #1 and set up used to
take pictures of the etalon devices at different pH values. The camera is angled at 10° relative to

the sensor array surface.

2.3 Results and Discussion
pH and temperature-responsive pNIPAm-co-AAc microgels were synthesized in different

reaction conditions. These reactions are known to produce highly dispersed and porous, spherical
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microgels and it was confirmed by visualizing them under an optical microscope. Table 2.1
shows their hydrodynamic diameter in DI water measured by DLS. Specifically, pNIPAm-co-
10%AAc microgels were synthesized at a different reaction temperatures and batch volume to
investigate how fluctuations in temperature and reaction scale impacts the microgel size and the
reproducibility of the fabricated etalons. In addition, for industrial purposes and large scale
production of the etalon devices, a large amount of microgel solution is needed. Thus, a reaction
volume of 100 mL is not feasible as it yields only ~ 5 mL of the concentrated microgel solution.
We increased the reaction volume by 5x and evaluated how this affected the microgel size,
which in turn could impact the color of the resulting etalons devices. Figure 2.4 shows TEM
images of the dried microgels prepared in small scale at 70 °C, 75 °C, and large scale at 75 °C
and their average size, calculated using ImageJ software from the measurement of at least 150
microgels, were 534 + 17 nm, 511 + 36, and 513 + 22, respectively. Microgels prepared at 70 °C
were larger than those prepared at 75 °C, presumably due to the higher temperature causing the
microgels to collapse earlier in the synthesis, and leading to more nuclei that can grow into
smaller microgels. In addition, microgels prepared at a different reaction scale (same
temperature) showed similar sizes, suggesting that the temperature is a more important factor
affecting the microgel size rather than the reaction scale. However, as can be seen from the DLS
measurements, the size of the pNIPAm-co-10%AAc microgels synthesized in a larger reaction
scale showed to be significantly smaller (868 = 10 nm) than those synthesized in a smaller
reaction scale (1089 + 35 nm and 958 + 30 nm). Pelton and coworkers also observed that
increasing the reaction scale result in microgel with smaller diameters.®” The authors prepared
microgels in a total reaction volume of 0.5 and 4 liters which gave microgels with average

diameters of 402 and 308 nm respectively. Based on these results, we decided to keep the
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synthesis of pNIPAm-co-10%VAAc, pNIPAm-co-5%MAAc, and pNIPAm-BIS at larger scale

and 70 °C reaction temperature.

Figure 2.5 TEM images of (a) pNIPAm-co-10%AAc, (b) pNIPAm-co-10%AAc-75B, and (c)
pNIPAm-co-10%AAc-75C microgels, scale bars are 5 pm in each image.

From these microgels, etalon devices were fabricated using the “paint-on” and doctor
blade technique to evaluate their ability to produce homogeneous microgel films and pure
colored devices. Figure 2.5 shows photographs and reflectance spectra for 4 different etalon
devices of 625 mm? constructed using the “paint-on” technique at different pH values. Details of
the paint-on technique can be found in the experimental section. Briefly, a small aliquot of the
concentrated microgel solution was spread over the surface of a Au coated glass substrate using
the side of a micropipette tip. The excess microgel was removed by continuously washing the

glass substrates with DI water, overnight incubation in DI water, and a final water rinsing step.
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Following, the substrates were dried with N gas and a second Au layer was deposited to yield
the etalon structure. The resulting etalons were incubated overnight in the desired pH solution to
ensure stability and that any color heterogeneity comes from the thickness variation of the
microgel film across the device rather than some regions reaching an equilibrium state faster than
other regions. As can be seen in Figure 2.5(a-d), the pH responsive etalons prepared with
pNIPAm-co-5%MAAc, pNIPAm-co-10%AAc75C,and pNIPAm-co-10%VAAc microgels
showed different colors at high and low pH. This is attributed to the protonation and
deprotonation of the carboxylic groups present in the microgels. At high pH values, the
carboxylic groups are deprotonated and, as a result of the charge-charge repulsion, the microgel
layer swell, changing the distance between the two Au layers and resulting in a color change. As
expected, the etalon constructed from pNIPAm-BIS microgels showed no color change at the
different pHs as they do not contain weak acid groups. Furthermore, the uniformity of the color
for these etalons was very poor, which is a result of variations in the packing density of the
microgels presumably caused by the way the microgel was spread on the surface. The color
purity of the etalon devices is highly dependent on the quality of the microgel layer acting as a
dielectric layer between the two Au layers. Figure 2.5(e-h) shows spectra collected from
different regions of the devices that were incubated overnight in pH 4, 300 ppm CaCl, solution
and the insets show the corresponding location where the spectra were recorded. As can be seen,
the spectrum significantly varies from location to location, which can compromise the usability
of these devices for sensing application. It has been shown that a highly concentrated microgel
solution and the drying process are critical to obtaining jammed microgel films and overcome the
“coffee-ring effect”.'”® However, the procedure by which the microgel solution is spread on the

substrate surface and the microgel concentration are also crucial to obtain a highly packed
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microgel layer with minimal defects. To visualise this, we can assume the glass substrate is a
blank canvas, the microgel as paint, and the pipette tip as a brush. As the brush spreads the paint
on the surface of the blank canvas, traces are left behind that correspond to the locations where
the brush was passed on the canvas. In addition, every time the microgel solution is spread on the
substrate surface, it is spread at a different concentration as the microgel solution is continuously
drying, becoming viscous and yielding films with different packing densities. Moreover, it is
fairly easy to scratch the surface with the pipette tip and the procedure is time consuming as the
substrates have to be painted one at a time, which makes this approach not ideal for large scale
fabrication. Thus, from a practical point of view, the paint-on technique used to fabricate the
etalon devices is not ideal and the quality of the devices is highly dependent on the individual’s

expertise.
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Figure 2.6 Photographs showing etalon devices made from (a) pNIPAm-BIS, (b) pNIPAm-co-
5%MAAc, (c) pNIPAm-co-10%AAc75C, and (d) pNIPAm-co-10%VAAc microgels fabricated
using the “paint-on” technique obtained in pH 4, 300 ppm CaCl, and pH 7.8, 300 ppm CacCl,
solutions (insets). (e-h) Reflectance spetra for the corresponding etalon devices obtained in pH 4,

300 ppm CaCl, collected from 8 different regions (insets).
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To address these issues, we developed a painting platform that uses doctor blade
technique to spread the microgel solution evenly and can paint many substrates of 625 mm? (16
in total) at the same time. Details of the painting procedure are described in the experimental
section and shown in Scheme 2.1. Briefly, Au coated glass substrates were placed in each
substrate holder and the microgel solution of fixed concentration was spread with the assistance
of a microscope glass slide. After forming the microgel film, the Au coated glass substrates were
transferred to a hot plate set at 35 °C and allowed to dry in air for 1 h. Then, the excess microgels
were removed by extensively rinsing the substrates with DI water and incubating overnight in DI
water. Incubating the films in DI water overnight increases the quality of the resultant microgel
layer by possibly breaking up multiple microgel layers and removing them from the microgel
layer that is directly attached to the Au, leaving only a highly packed microgel monolayer that is
directly bound to the Au surface. Finally, a second Au layer was deposited to obtain the etalon
structure. The top Au layer had a thickness of 15 nm for all the etalons except for the etalon
composed of pNIPAm-co-10%AAc-75C microgels, which was 5 nm. In this case, 5 nm was used
to demonstrate that the thickness of the top Au layer does not influence the quality (color
uniformity) of the etalons. Figure 2.6 show photographs of the resulting etalon devices at
different pH values and their corresponding reflectance spectra collected from 7 different
regions. As shown, the etalons prepared by the doctor blade method are more uniform in color
than etalons made using the paint-on method, which is a direct result of the increased microgel
layer quality. Moreover, the reflectance spectra collected from different regions on the
corresponding etalon devices show minimal variation compared with the paint-on method,

demonstrating that these films have similar packing densities. Furthermore, decreasing the
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thickness of the top Au layer to 5 nm had no significant effect on their quality. Still, these etalon

devices also showed some color variation, presumably due to their large surface area.
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Figure 2.7 Photographs showing etalon devices made from (a) pNIPAm-BIS, (b) pNIPAm-co-
5%MAAc, (c) pNIPAm-co-10%AAc75C, and (d) pNIPAm-co-10%VAAc microgels fabricated
using the doctor blade technique obtained in pH 4, 300 ppm CaCl, and pH 7.8, 300 ppm CaCl,
solutions (insets). (e-h) Reflectance spetra for the corresponding etalon devices obtained in pH 4,

300 ppm CaCl, collected from 7 different regions (insets).
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To obtain etalon devices with higher color purity, we further decreased its size to 4 mm®.

We hypothesized that the probability of forming defects on the microgel layer decreases as the
surface area decreases. Furthermore, 1,024 etalon devices could be made in a single fabrication
process, which is extremely important for high production and commercialization of the devices.
Here, 64 etalon devices composed of pNIPAm-co-10%AAc microgels were constructed on a 625
mm? cover glass using a metal mask as showing in Figure 2.7. The etalons had a top Au layer
thickness of 5 nm and were incubated in DI water. As shown, these etalons are of high color
purity, uniformity and highly reproducible. To quantify the color purity of these etalon devices,
we compared the RGB value distributions for etalons fabricated using both methods as shown in
Figure 2.8(a,b). As evident, the distributions of the R, G, and B values for etalons prepared by
the doctor blade technique are less broad, with a shape that resembles a normal distribution,
which is a result of their higher color purity and uniformity. On the contrary, the RGB
distributions for etalons fabricated using the paint-on method is much broader due to the color
heterogeneity presented on these devices (Figure 2.8(c,d)). In addition, doctor blade technique
also yields etalons with higher spectral quality. Figure 2.9 shows the average for 102 reflectance
spectra collected from individual pNIPAm-co-10%AAc-75C microgel based etalons (4 mm?)
devices that were prepared by both methods and the shaded area on each spectrum corresponds
to their standard deviation. As we can see, the shaded area in the spectrum for the etalons
prepared using the paint-on method is much higher due to the poor thickness consistency from
etalon to etalon while the shaded area is significantly smaller in the spectrum for etalons
fabricated using the doctor blade technique, which demonstrates the reproducibility of the
fabrication process. These results revealed that the microgel films prepared by the paint-on

method not only vary in a single etalon, but also from etalon to etalon.
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Figure 2.8 Photograph of 64 etalon devices fabricated on a 625 mm? glass substrate using doctor
blade technique. Each green square corresponds to an individual etalon device. Etalons were
constructed from (a) pNIPAm-co-10%AAc, (b) pNIPAm-co-10%AAc-75A, and (b) pNIPAm-
c0-10%AAc-75C microgels and the top Au layer had thickness of 5 nm. Etalons were incubated

in DI water.

The uniformity of the microgel layer was further investigated by measuring their film
thickness by ellipsometry before the second Au layer was deposited. Ellipsometric measurements
were done on 8 different locations of a film composed of pNIPAm-co-10%AAc-75C microgels
formed on 625 mm” Au coated substrates (etalons found in Figure 2.5(c) and Figure 2.6(c)).
The thickness was measured on 3 spots of each location and the averages for the 8§ measurements
were 91 £ 6 and 96 + 2 for films made by the paint-on and doctor blade method respectively.
Furthermore, ellipsometric measurements were also performed on 16 microgel layers formed on
4 mm”* Au coated glass substrates and their average thickness was 88 + 8 and 103 + 3 for films
made by the paint-on and doctor blade method respectively. As noted, the standard deviation for
films prepared based using the doctor blade technique is significantly lower than those prepared
using the paint-on method. The precision of the film thickness was increased by 3x, indicating
that the variation of the packing density of the microgel films is significantly smaller from

location to location and from etalon to etalon. In addition, variations in film thickness could also
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be observed in the ellipsometric measurements as shown in Figure 2.10. From the ellipsometric

contrast images we can see dark and lighter regions on films prepared by the paint-on technique,

which was very common with the paint-on method. In contrast, the films prepared by the doctor

blade technique were highly homogeneous. Moreover, the measured film thickness is slightly

higher when using the doctor blade technique, which is in agreement with the measured

reflectance spectra shown in Figure 2.9 as the peak with max reflectivity is positioned at longer

wavelengths, which is a result of a larger distance between the two Au layers when the microgels
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Figure 2.9 RGB value distribution for etalons constructed from pNIPAm-co-10%AAc-75C

microgels using (a) doctor blade techinque, (b) paint-on method. RGB values distribution for

etalons prepared by (c) student A and (d) student B.
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Figure 2.10 Average reflectance spectra for 102 etalon devices of 4 mm® composed of pNIPAm-
co-10%AAc-75C microgels that were fabricated by the paint-on technique (solid) and doctor

blade technique (dashed). The shade on lines corresponds to their standard deviations.

- | b

Figure 2.11 Ellipsometric contrast images of pNIPAm-co-10%AAc75C microgel films prepared
by (a) doctor blade and (b) paint-on techniques. Images were acquired using 532 nm laser and

the red squares are the locations where the measurements were done.

The color uniformity and purity of the etalons fabricated using the doctor blade technique
was also demonstrated by investigating their pH dependent optical properties and by comparing

it with responses from the etalons fabricated by the paint-on technique. Figure 2.11 shows
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representative spectra for different etalons at pH 4 and 7.8, and their corresponding peak shift
can be found in Table 2.2. As shown, the precision of the measurements was significantly
increased for all 4 types of etalons prepared by the doctor blade method. This implies that these
etalons exhibit more consistent optical properties from etalon to etalon as evidenced by their
lower standard deviation and yield more reproducible results. In addition, the calculated peak
shift (response) for the pH responsive etalons was higher, with lower standard deviations, than
those prepared by the paint-on technique, presumably due to the higher packing density of
microgel films formed when using the doctor blade method as suggested from the ellipsometric
measurements. In the case of etalons composed of pNIPAm-co-10%VAAc microgels prepared
via the paint-on method, the peak at 542 nm could not be monitored as it moved to wavelengths

higher than our detection range. Thus, we calculated the response based on the peak at ~622 nm.
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Figure 2.12 Representative spectra for etalons composed of (a) pNIPAm-BIS, (b) pNIPAm-co-
5%MAAc, (¢) pNIPAm-co-10%AAc, and (d) pNIPAm-co-10%VAAc microgels at pH 4 (solid)
and pH 7.8 (dashed). The arrows indicate the direction and total peak shift.
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Table 2.2 Peak position and response (peak shift) to pH for etalons prepared by paint-on and

doctor blade methods.

Etalon composed of Method Peak at pH 4 Peak at pH 7.8 Response

pNIPAm-BIS Paint-on 592 +8 588+ 10 3+6
Doctor blade 637+6 637+ 6 0+1

pNIPAm-co-5%MAAc Paint-on 557+9 615+12 58+£7
Doctor blade 519+8 611+7 92 +4

pNIPAm-co-10%AAc Paint-on 447+ 12 768 = 16 311 £10
Doctor blade 494 +5 831+9 3375

pNIPAm-co-10%VAAc Paint-on 542 +26 622 + 25 81 +12
Doctor blade 513+6 820+ 10 3076

To investigate how the size variability of the microgels prepared at a different reaction
temperature (70 and 75 °C), scale (100 and 500 mL) impact the reproducibility of the fabricated
etalons, we compared the average reflectance spectra collected from 102 etalon devices (4 mm?)
constructed from pNIPAm-co-10%AAc, pNIPAm-co-10%AAc-75A, pNIPAm-co-10%AAc-
75B, and pNIPAm-co-10%AAc-75C microgels. The results can be found in Figure 2.12(a). As
can be seen, the peaks in the reflectance spectra for these etalons are positioned at different
values, suggesting that these microgels generated films with different thickness presumably due
to their different hydrodynamic diameters. Interestingly, microgels prepared at different
temperature (70 and 75 °C) and same reaction scale (100 mL) showed different hydrodynamic
diameters (Table 2.1) and generated etalons with distinct reflectance spectra. However, their
visual color was very similar as shown in Figure 2.7(a,b). Similarly, microgels prepared at the
same temperature (75 °C) and same reaction scale (100 mL) also showed different hydrodynamic
diameters and yielded etalons with distinct reflectance spectra, but with a very similar visual
color (data not shown). On the contrary, microgels that were fabricated at the same temperature

(75 °C) but different reaction batch (100 and 500 mL) generated etalons with distinct reflectance
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spectra and color as shown in Figure 2.7(b,c) and Figure 2.12(b), presumably due to their
significant size difference. As noted from their reflectance spectra, the wavelengths at ~ 500 nm
undergo constructive interference for etalons composed of pNIPAm-co-10%AAc-75A microgels
while they undergo destructive interference for etalons composed of pNIPAm-co-10%AAc-75C
microgels, which can explain their different visual color. Therefore, the results here suggest that
small variability in the microgel size does not have a major impact on their visual color, but these
variations can be easily observed in the reflectance spectra and can compromise the
reproducibility of the fabricated etalons. However, the low standard deviation in the reflectance
spectra for these etalons demonstrates that they were highly reproducible in each batch.

Subsequently, we investigated the reproducibility (day-to-day variability) of the
fabrication process. For this, etalons composed of pNIPAm-co-10%AAc microgels were
fabricated on two different days and the average reflectance spectra for each batch is shown in
Figure 2.12(b). As we can see, the reflectance spectra were very similar with peaks at ~ 770 and
772 nm, demonstrating that these etalons had similar optical properties and their fabrication was
very reproducible.

To illustrate the universality of the doctor blade method, etalon devices were fabricated
by two students that had minimal to no experience on the fabrication process and their color
uniformity and consistency were compared by evaluating their reflectance spectra and
distributions of the RGB values. Student A had fabricated etalon device once using the paint-on
method while student B had never had contact with the fabrication process. Once again, 102
spectra were collected from individual etalon devices and the average spectrum along with their
standard deviation can be found in Figure 2.12(c). Etalons were composed of pNIPAm-co-

10%AAc-75C and the spectra were also recorded in DI water. As we can see, the reflectance
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spectra for both students were very similar to the one previously prepared by the investigator and
the small standard deviations in each spectrum demonstrate the high precision of the fabricated
etalon devices. The RGB values distributions for these etalons were also sharp and similar to
each other as can be seen in Figure 2.9 (c,d). Using the proposed doctor blade method, the
quality of the etalons in terms of color purity, uniformity, and consistency were greatly enhanced

and does not depend on the manufacturer expertise.

55



a b .

S S - -

@ @ 1.0 ; 3

Q Q ; ) ?'.“~

E & il ]'.I"\ 5 K i _?«—

o D 08 i “§ 31 A

& = i "'.'\ =,_-A_F r'\_

'E} ‘0-.] 1. f‘f 3 £ B B

2 € 06 b’ t i i

— = 04 e Iy

: Yy 1 7 \

S S o2 % T 3
L2 -t &

= = (ol -

N2 Y
L T T T T
500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

-
Lo

Normalized Reflectance (%) o

500 600 700 800 900
Wavelength (nm)

Figure 2.13 Average reflectance spectra for etalons composed of (a) pNIPAm-co-10%AAc-75C
(green short dashed), pNIPAm-co-10%AAc-75B (red dashed), pNIPAm-co-10%AAc-75A
(black solid), pNIPAm-co-10%AAc (blue dashed dot) microgels. (b) Average reflectance spectra
for etalons fabricated in two different days using the same microgel solution (pNIPAm-co-
10%AAc). (c) Average reflectance spectra for etalons fabricated by student A (purple dashed),
student B (green dashed dot), and investigator (blue solid) using the doctor blade method. All the
spectra represent the average of 102 etalons. The error bars in each spectrum correspond to their
standard deviation and the average of the peak position with the standard deviation is located

above of the peaks in (b) and (c).

Finally, we investigated the etalon’s response dependence with size. For this, etalons

composed of pNIPAm-co-10%AAc microgels were fabricated in different sizes, ranging from
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625 mm® to 4 mm?. The fabricated etalons were incubated in PBS buffer pH 7.4 solution and
exposed to increasing concentrations of NaCl solutions (also prepared using PBS buffer pH 7.4
as a blank). The accumulative peak shift was recorded and the results can be found in Figure
2.13. As evident, the response to NaCl did not vary significantly with size, suggesting that is

more dependent on the microgel film thickness and less on the size of the.

120 =
[ |
100 = H
g !
= B0 =
E
= H
w
x B0 = .
: d - m &35 crn:
o a0 X & 1.00cm
= ! A O38om
L ¥ 004om’
20 - '
T T T T T T 1 7
0.0 0.2 0.4 0.& 0.8 1.0

MNaCl Concentration (M)

Figure 2.14 Accumulative peak shift for etalons of different sizes composed of pNIPAm-co-
10%AAc microgels. Each data point represents the average of 4 measurements and the error bars

correspond to the standard deviation.

2.4 Conclusions

In summary, we have applied a new method that utilizes a custom-built painting platform
and the doctor blade technique to fabricate highly uniform microgel layer on Au coated
substrates. Etalon devices were fabricated using 4 types of pNIPAm-based microgels and
following the paint-on and doctor blade methods. Their optical properties, color purity and
uniformity were compared based on their reflectance spectra and RGB value distributions. Using

the proposed method, the variability of the etalons was significantly decreased as demonstrated
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by the lower standard deviations in their reflectance spectra and pH responses. Furthermore, we
showed that the quality of the etalons fabricated does not depend on the manufacturer expertise
and someone with no experience in the fabrication process can achieve devices with similar
qualities. Furthermore, the variability in the microgel sizes due to reaction temperature and
reaction scale on the fabricated etalon devices was also tested. We observed that these variability
in microgels size can easily be seen in the reflectance spectra but small changes in the microgel
size does not impact on their visual color. In the next chapter, we will evaluate their potential as

portable colorimetric pH sensors.
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Chapter 3

Detecting Solution pH based on Colorimetric Measurements

of pNIPAm Microgel-Based Etalon Optical Devices

3.1 Introduction

Stimuli responsive polymers that respond to external stimuli by changing (reversibly)
their chemical and/or physical properties have been a focus of considerable scientific
investigations due to their potential application in drug delivery'?!, smart coatings'*, sensing and
biosensing.'*® Their vast potential is a result of the variety of chemical modifications that can
render microgels responsive to specific external stimuli, such as temperature, pH, solvents,
biomolecules, light, etc. A well studied stimuli responsive polymer is poly(N-
isopropylacrylamide) (pNIPAm) which is known to undergo a reversible phase change at the
lower critical solution temperature (LCST) of 32 °C, where the polymer switches from a random
coil, fully water-soluble when the solution T < 32 °C to an insoluble globule conformation when
the solution T > 32 °C.>® When crosslinked, thermoresponsive hydrogel colloidal particles, called
microgels, can be obtained that exhibit similar properties. Microgels based on pNIPAm are
highly soluble and swollen when the solution T < 32 °C while they collapse, expelling their
water of solvation at T > 32 °C. The volume phase transition temperature (VPTT) can be

124-127

modulated by the addition salts and surfactants in the aqueous medium, changes in the

128

solvent polarity, = or chemically by copolymerization with a more hydrophilic/hydrophobic
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comonomer.*” 7" '* Increasing the overall hydrophobicity of the copolymer is known to lower

the LCST while increasing the overall hydrophilicity tends to raise the LCST to higher
temperatures. Hence, the introduction of functional comonomers in the microgels synthesis
provides a gateway to obtain versatile systems with particular properties for specific needs. A
common modification is the introduction of ionisable comonomers that shifts the VPTT to higher
values and renders ionic microgels that are pH responsive in addition to temperature.'®” '*° The
swelling of neutral microgels based on pNIPAm is determined by the equilibrium between the
polymer elasticity and the osmotic pressure. However, the introduction of localized ionisable
groups into the microgels network introduces an additional osmotic pressure to the swelling that
depends on the effective charge density of the microgels and can be explained based on the
Donnan potential of the mobile counterions.”” > Moreover, additional electrostatic repulsive
forces of like charges need to be considered when dealing with these systems. Thus, the swelling
state of ionic microgels depends on the amount of the ionisable comonomer introduced, the
solution pH and ionic strength that influences the degree of ionization and the Debye screening
length. Examples of ionisable comonomers include acrylic acid (AAc), methacrylic acid
(MAACc), and vinylacetic acid (VAACc). A schematic representation of the microgels behaviour in
containing AAc, MAAc, and VAAc in response to pH variations is displayed in Figure 3.1.
Anionic microgels that are responsive to either a narrow or broad pH range can be obtained from
these comonomers.'”” When the solution pH > pK, of the pendent groups, most of the carboxylic
acid groups are in their deprotonated form and the microgels swell as a result of charge-charge
repulsions and increased in the osmotic pressure. However, when the solution pH < pK,, most of

the carboxylic acid groups are protonated and the microgels shrink.
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Figure 3.1 Swelling mechanisms of (a) pNIPAm-co-AAc, (b) pNIPAm-co-MAAc, (c) pNIPAm-
co-VAAc microgels. At pH = pK,, the degree of protonation equals the degree of deprotonation.
At pH > pK,, most of the carboxylic groups are in the deprotonated form while at pH < pK,,

most of the carboxylic groups are protonated.

Our group has fabricated etalon optical devices from pNIPAm-based microgels by

sandwiching a highly packed microgel monolayer between two thin reflective Au layelrs.78'79 D

ue
to their structure, the etalons are visibly colored and show unique multi-peak reflectance spectra
which are a result of light interference when resonating in the microgel layer between the two
reflective Au layers. For constructive interference, the peak position and order can be predicted

using Equation (3.1).

Am = 2dncos0 (3.1

where the maximum wavelength (1) being reflected/transmitted depends on the refractive index

(n) of the dielectric layer (microgel layer), the angle of incident light (8), the peak order (m), and
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the distance between the two Au layers (d), which in this case is modulated by the swollen state
of the microgels. Therefore, a shift in A visually seen as a color change is expected as the
thickness of the microgel layer, d, changes in response to external stimuli. We have
experimentally observed that the optical properties of the etalons is mainly dictated by d when 6
is fixed, indicating that the changes in refractive index of the microgels as they collapse is
negligible compared to d.”*

The group has demonstrated in numerous publications the potential of the technology for

84, 110, 132

sensing DNA,* ! proteins, volatile organic compound vapors,* hydrogen peroxide

(H,0,),* ' carbon dioxide (CO,),"** lipids (triglycerides),”” solution pH,'"® glucose, '*

36 7

hormone (progesterone) in aqueous medium,”® humidity,”” and for determining molecular
weight of polymer."**'* In all cases, the color change in response to the specific target or stimuli
was quantified by tracking the peak shift in the reflectance spectra using a reflectance probe
coupled with tungsten light source and spectrometer. In this study, for the first time, colorimetric
measurements based on the RGB the etalon devices (obtained from digital images) were carried
out to quantify their color change in response to solution pH. Furthermore, the ability of using
the etalons as portable pH sensors for drinking water was explored. Four sets of etalons were
investigated and those composed of pNIPAm-co-5%MAAc microgels showed promising results.
Furthermore, reference models were created covering a pH range of 4 to 8, validated, and tested
against a range of salt concentration and temperature. Finally, the sensors were used to predict

the pH of drinking water samples. The mean absolute error (MAE) was calculated to be 0.3 pH

units for ideal solutions and 0.6 pH units for more complex solutions.
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3.2 Experimental Section

3.2.1 Materials

N-isopropylacrylamide (NIPAm) monomer was purchased from TCI (Portland, Oregon)
and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, NJ)
before use. N,N’-methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), methacrylic
acid (MAAc) (99%), vinylacetic acid (VAAc) (97%), ammonium persulfate (APS) (=98%),
sodium chloride (NaCl), sodium hydroxide (NaOH) were obatained from Sigma-Aldrich
(Oakville, Ontario) and were used as received. Hydrochloric acid (HCI) was purchased from
Caledon Lab. (Georgetown, Ontario). Whatman #1 paper filters were obtained from GE
Healthcare (U.K.). Deionized (DI) water with resistivity of 18.2 MQ-cm was obtained from a
Milli-Q Plus system and was used for all experiments. A pH meter (JENCO 6173, San Diego,
CA) coupled with ROSS micro pH electrode (Thermo Scientific, Markham, ON) was used to
prepare solutions of varying pH values (from 4 to 8) using either NaOH or HCI. Cover glasses
(625 mm?) with thickness of 0.13 — 0.17 mm and calcium chloride (CaCl,) were purchased from
Fisher (Ottawa, Ontario). Cr flakes (99.999%) were obtained from ESPI (Ashland, OR) and Au

(99.99%) was obtained from MRCS Canada (Edmonton, AB).

3.2.2 Synthesis of pNIPAm-Based Microgels

Microgels were synthesized via surfactant-free free radical precipitation polymerization
following a previously published procedure. Briefly, the monomer solution containing NIPAm
(59.5 mmol) and BIS (3.515 mmol) was filtered through a 0.2 pm syringe filter and transferred
to a 1 L 3-neck round bottom flask fitted with a reflux condenser, nitrogen gas inlet,

thermometer, and stir bar. The solution was purged with N, gas while stirring and heated to 70
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°C for over 1 h. Following, one of the comonomers AAc or VAAc (7.15 mmol) was directly
added to the reaction mixture using a micropipette and the polymerization was initiated by
injecting in one aliquot a solution of ammonium persulfate (APS) (1 mmol dissolved in 1 mL DI
water). The reaction was allowed to proceed at 70 °C for 4 h under N, gas atmosphere. Next, the
resulting suspension was cool down overnight at room temperature while stirring and filtered
through glass wool to remove large aggregates. The resulting microgel solution was finally
purified via centrifugation 6 times and stored as a concentrated microgel pallet. Following this
procedure, microgels composed of 10%AAc and 10%VAAc was obtained. For microgels
composed of 30%AAc the mols of NIPAm, BIS, and AAc were 45.7, 3.151, and 21.09 mmol
respectively while for microgels composed of 5%MAAc the mols of NIPAm, BIS, and AAc
were 63.148, 3.508, and 3.508 respectively. Before using the microgels to fabricate the etalon
devices, their concentration was adjusted. For this, 100 pL of the microgel solution was
transferred to a microscope glass slide as a single droplet, quickly positioning it vertically and
recording the distance that it traveled for 1 min. DI water was added or removed until achieve

0.15 to 0.3 inches in 1 min.

3.2.3 Etalon Fabrication

Etalon arrays were fabricated following the doctor blade technique described in Chapter
2. Shortly, ethanol/DI water rinsed cover glasses were coated with 2 nm Cr/15 nm Au using a
thermal evaporator system (Torr International Inc., New Windsor, NY). Following, the cover
glasses were placed in the painting platform and with the assistance of a microscope glass slide,
the microgel solution of fixed concentration was spread through the painting platform surface,

forming a film of ~0.15 mm on the surface of the cover glasses. The cover glasses were quickly
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transferred to a hot plate set at 35 °C and allowed to air-dry for 1 h. The excess microgel was
then removed by extensively rinsing the cover glasses with DI water until no traces of the gel
could be seen. The glass substrates were incubated in DI water at room temperature overnight
and a second 2 nm Cr/5 nm Au layer was deposited after they were rinsed again with DI water
and dried with N, gas. The deposition rate was kept constant at 0.19 A s and 0.17 A s™ for Cr
and Au respectively. Furthermore, a metal mask containing 64 squares of 4 mm” was placed in
front of the cover glasses to obtain 64 etalons as an array in a single cover glass. The resulting
etalon arrays were soaked in DI water overnight at room temperature, after which they were

ready for the pH experiments.

3.2.4 pH Analysis and Picture Acquisition

Overnight hydrated etalon arrays were exposed to solutions of varying pH and ionic
strength (IS). For this, the etalon array was transferred to a Petri dish containing 10 mL of the
desired pH/IS solution, allowing the excess of DI water to drip. After 20 minutes incubation,
photographs of the etalon array was obtained using a studio mini box and two types of a custom-
built 3D printed white box: one with the camera angled at 10° (box #1, see Figure 2.3 of Chapter
2) and the other one with the camera angled at 0° (box #2) relative to the sensor surface as shown
in Figure 3.2. Both 3D printed boxes had similar dimensions and were coupled with a raspberry
pi 4, raspberry pi camera V2 8MP, LEDs, and a diffuser. Details of the dimensions for the box
#2 can be found in Appendix C. After 20 minutes incubation in the desired pH solution, the Petri
dish was placed inside the 3D printed box, the box was closed, and a photograph was taken using
the raspberry pi system. In the studio mini box set up, photographs were taken using a cell phone

camera (LG 4) and a tripod. The cell phone was angled at 10° relative to the bench’s surface and
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the distance from the camera to the sensors was kept at ~20 cm. After photographing, the etalon
array was rinsed with DI water for 30 seconds and transferred to another Petri dish containing
~20 mL of DI water where it was incubated for > 30 minutes to reset. After resetting the etalon
array, it was again exposed to another solution of the desired pH/IS for 20 minutes repeating the
procedure described above. The etalon arrays were reused at least 10 times before being
disposed. It is important to point out that as the etalons composed of pNIPAm-based microgels
show temperature responses, the temperature for all the solutions during the experiments was
tracked, which varied from 19 to 21 °C. We observed (data not shown) that this small variation

in temperature did not caused a significant color change.

Raspberry Pi Camera

r

Etalon Array

Figure 3.2 Photograph of the costume-built 3D printed box #2 coupled with a raspberry pi,
camera angled at 0° relative to the sensor surface, LEDs, and a diffuser. Its dimensions are 15,
6.9, and 12 cm in length, width, and height respectively. The sensor support is 7.3 cm away from

the camera.
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3.2.5 Reflectance Measurements

Reflectance spectra for the etalons in response to pH were collected using a Red Tide
USB650 spectrometer, a LS-1 tungsten light source, and a reflectance probe obtained from
Ocean Optics (Dunedin, FL). The spectra were recorded using Ocean Optics Spectra Suite
Spectroscopy Software over a wavelength range of 450-950 nm. Moreover, emission spectra for

the LEDs were recorded using the same apparatus but with the tungsten light off.

3.2.6 Color Characterization

Color model is an abstract mathematical representation of colors in space that uses
mathematical functions to convert or predict a color coordinates position determined from a
combination of primary colors and describing ways that colors can be represented.'*® For
instance, the RGB color model is an additive color system that uses various combinations of
Red, Green, and Blue and it is commonly used for display in electronic systems such as
computers, digital cameras, and TVs.'*' In the 24-bit RGB color model, each channel uses 8 bits
that corresponds to possible integer values ranging from 0 to 255. For example, a color can be
numerically expressed as an RGB triplet (r,g,b), indicating how much (from 0 to 255) of each
red, green, and blue is combined. Thus, there are 256*256*256 = 16,777,216 possible colors by
combining different ratios of red, green, and blue. Since the colors are represented by three
components, a 3D RGB cube can be constructed by considering each component (R, G, and B)
as a Cartesian coordinates in a Euclidean space where all the components assume positive
integers as showing in Figure 3.3(a). The cube assumes values within 0-1 range where the
resulting color is black in the origin (0, 0, 0,) while it is white in the vertex (1, 1, 1) opposite to

the origin. RGB values in the range of 0 to 255 can be converted to 0-1 range by simply dividing
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their values by 255. In this model, the hue of a color is defined by the intensity of each
component and the saturation is defined by the difference between the highest and lowest
intensity values. As each color in this system is represented by a single dot in the 3D space inside
of the RGB cube, it is possible to perform quantitative measurements of their color similarity by
calculating the distance between them. In addition, colors can be distinguished based on their
brightness, hue, and saturation properties, which can also be represented as luminance
(brightness) and chrominance (hue and saturation) components.

The RGB color model is a device dependent as different devices reproduce or detect a
specific RGB value differently due to the nature of the light source and the detection system that
varies from manufacturer to manufacturer. For example, digital cameras often operate with a
Bayer filter arrangement, where the green channel is given 2 detectors while red and blue
channels are given 1 detector each. These 4 detectors result in 1 group of 4 pixels where each
pixel has only one of the three color component (red, green, or blue) and the other two colors are
interpolated. Usually, the green channel is given more detectors to obtain higher luminance
(brightness) resolution rather than chrominance resolution as human eyes are more sensitive to
the green region of the spectrum.'**

The CIE XYZ color space, also known as CIE 1931 color space, was the first
mathematically defined color space that links spectral colors (wavelengths in the visible region
of the electromagnetic spectrum) with the physiological perceived colors that humans can see.'*"
' 1t was create by the International Commission on Illumination (CIE) in 1931 and is based on
the tristimulus values denoted by X, Y, and Z obtained from color matching functions that
correlates the light spectral power (spectral radiance) with the spectral sensitivity of the three

individual kinds of cone photoreceptor cells.'**'*® Here, colors are represented by a combination
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of X, Y, and Z where Y is intentionally set to closely match the luminance while X and Z give
chromaticity (hue and saturation) information. It maps a range of physically produced colors to
an objective description of the colors that we can see from mixing different amounts of the three
primary colors red, green, and blue, similar to an additive color model. Thus, the primary colors
are considered as hypothetical as they do not correspond to the true wavelengths of light. Rather,
it is the amount of each stimulus that defines the color.

The concept of color can be broken down into luminance and chromaticity. Since the Y is
intentionally set as luminance, all possible chromaticites will fall in the XZ plane at that specific
luminance. Similar to RGB color model, the XYZ values can also be represented in a 3D space
considering the three components as the Cartesian coordinates where the XZ plane defines the
chromatic color and the Y coordinates specifies the luminance.'*’” The chromaticity coordinates

can be normalized relative to their sum according to Equation 3.2, 3.3, and 3.4:

X
*= vz (3.2)
Y
Y= Xiviz’ (3:3)
vA
z= X+Y+Z=1—x—y (3.4)

Consequently, chromaticity information can be represented in a 2D diagram known as
CIE xyY color space as shown in Figure 3.3(b) and is commonly used to represent colors in
practice. The CIE XYZ color space is a representation of color that is independent of the device
and serves as standard reference from which other color spaces are defined. For instance, a color
model is usually associated with a color mapping function that translates the color model to a
reference standard color space such as the CIE XYZ, establishing a define color-gamut. Matrix

transformations can convert sSRGB values into XYZ tristimulus values and be represented in the
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CIE xy chromaticity diagram. ™ In Figure 3.3(b) we can see the reference CIE XYZ color space

containing the standard RGB (sRGB) color space (inset black triangle) of the RGB color model.

Figure 3.3 (a) RGB color space represented as a cube where the values originate from the origin
(0, 0, 0) to a maximum value 1 and (b) CIE xyY chromaticity space where the outer curve
boundary correspond to the monochromatic locus with the wavelengths displayed in nanometers

and the inset black triangle is the SRGB color space.

For the investigation in this chapter, we used an 8 megapixel raspberry pi camera module
V2 that uses a Bayer filter organised as BGGR pattern and a complementary metal-oxide-
semiconductor (CMOS) imaging sensor (Sony IMX219) with pixel size of 1.12 x 1.12 pm."*
When capturing images, the voltage in each pixel is recorded and converted into a digital
representation called analog-to-digital unit (ADU) or digital number (DN), which can be
recorded as either 12 or 14 bits depending on the camera’s circuitry. If the camera is able to
record 12 bits, each pixel can record 4,096 different brightness levels while 14 bits results in

16,384 different brightness levels. When the camera makes an exposure, the photograph can be

saved as raw file or in a “positive” file format such as JPG for visualization. If the photograph is
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saved as raw file, the camera’s data sensor is recorded as raw Bayer data and contains the full
resolution, minimally processed data collected from each pixel. In this case, the raw data
contains twice as many green pixels as red or blue and a demosaicing process needs to be
performed to make it a normal looking image.

Usually, most output devices can only display 8 bits per channel and the original input
data in the form of 12 or 14 bits must be converted. By default, most digital cameras process the
photograph raw file into JPG/JPEG. In this case, the camera converts the 12 or 14 bits file into 8
bits mode and now each pixel has 256 brightness levels for each color channel. In addition, a
Bayer demosaicing process is performed which translates the Bayer array pattern of primary
colors into an image that contains values for each primary color (RGB values) at each pixel. This
is achieved by using statistical tools to predict the brightness level of the adjacent missing colors.
The color in an image is thus represented by the value of brightness that each primary color
possesses in each pixel.

The response of a digital image sensor is directly proportional to the number of photons
that strike each pixel and the response is said to be linear. Thus, the data that is saved as a raw
file is also linear. That is, the input tone will be equal to the output tone and the image will look
darker with low contrast compared to normal photographs. However, human perception of
brightness is non-linear with higher sensitivity to changes between darker tones than to changes
between lighter tones, closely approximating a log curve. Therefore, a non-linear curve must be
applied to the image to enhance the contrast between neighbouring regions of brightness, making
the tonality of the image more closely match the way human visual perceptual system works.

These non-linear adjustments, called gamma correction, are applied by a software inside the
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camera when the image is saved as JPG/JPEG. In the raspberry pi camera, the sensor is gamma
corrected and the image is gamma encoded when it is saved.

Here, the color information of the etalons was stored in 24 bits (8 bits for each channel)
as JPG format, which was obtained entering in the command line raspistill application in the
default mode where the blue and red gains are set to 1.5 and 1.2 respectively (fixed white
balance). In addition, by default, the sharpness, contrast, color saturation, and EV (exposure
value) compensation are all set to 0 while the brightness to 50. The images were cropped in order
to isolate each individual etalon for further color analysis. Following, the mean sRGB values
were obtained from 68 x 68 pixels and when mentioned, they were converted into XYZ
tristimulus values using matrix transformations to be represented as CIE xy chromaticity

coordinates.
3.2.7 Grouping

All the etalons were clustered into 5 groups based on their chromaticity coordinates at pH
4 and 8 using the k-means clustering algorithm. For a given set of observation vectors (X1, X,...,
Xn), the k-means clustering algorithm partitions the dataset into k sets (S;, S5, ..., Sk) of distinct
non-overlapping groups, where each observation is assigned to the cluster with the closest
centroid while recalculating (updating) the mean of the centroid and minimizing the in-cluster

150-152

sum of squares of the residuals. Mathematically, the centroids are calculated based on

Equation 3.5:
] = Zf:leESi”x_ wil|? (3.5)
where y; is the mean of data set in the centroid Si, x is the set of observations, and k is the

specific number of the cluster.
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3.3 Results and Discussion
3.3.1 Color variation as a Function of pH for pNIPAm-co-10%AAc Microgel-

Based Etalons

Initially, we evaluated the ability of predicting solution pH based on the RGB of etalons
composed of pNIPAm-co-10%AAc microgels. For this, we prepared etalons of 4 mm? size
following the Doctor blade technique as discussed in the experimental section. Next, the etalon
devices were individually exposed to solutions of varying pH (from 2 to 7) for 20 minutes. This
range of pH was chosen considering the pH responsivity range of microgels containing acrylic
acid (pKa ~ 4.25). Pictures of the etalons were obtained using a cell phone camera (LG 4) with
an angle fixed at 10° and a mini-studio box to maintain constant light conditions. The distance of
the camera to the sensors was 12 cm. Furthermore, the etalons were tested against two water
samples of pH 5.5 and 3.9 that were prepared by adjusting the pH of DI water and a drinking
water sample that was collected from a nearby water fountain, which had a pH 7.7 measured
with a pH meter. Figure 3.4(a) shows the actual cropped photographs of the etalons in different
pH values and the drinking water sample. As we can see, the color of the etalons in the standard
solutions gradually changes from red to green, with a color transition between pH 4 to 5,
indicating that the etalons can be used to qualitatively classify acidic and neutral solutions based
on their color. Furthermore, we can predict from the images that the water sample’s pH is higher
than 7 as it shows a brighter green. However, for more accurate measurements, we plotted the R,
G, and B values of the etalons against the pH. As shown in Figure 3.4(b), the R values decreases
as the pH increases while the G value decreases from pH 2 to 4 and increases from pH 4 to 7,
and the B value increases from pH 2 to 4 and decreases from 4 to 7. To predict the drinking

water sample’s pH, which can vary from 5 — 8, the values from 4 to 7 was fitted into a linear
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regression model using the least squares to obtain the best fit. Using these equations, the

predicted pH value for the water sample was 7.3 £+ 0.2, which is the mean and standard deviation

of the pH calculated from R, G, and B models, while the pH measured using a pH meter was 7.7.

A t-test indicated these results do not differ statistically, since the #.4icuiaei= 3.464, less than the

tabulated value of ¢ at the 95% confidence level (4.303). Moreover, the pH predicted for the two

water samples of pH 5.5 and 3.9 were 4.8 + 0.8 and 3.7 + 0.8 respectively.
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Figure 3.4 (a) Actual photographs of the etalons composed of pNIPAm-co-10%AAc microgels

under different pH values. Each square correspond to one etalon in the assigned pH value located

above each square. These pHs were obtained using a pH meter while the predicted pH for the

water sample was calculated based on the RGB regression models from 4 — 7. (b) Changes in

RGB value as a function of pH. The inset equations were obtained from fitting the data from pH

4 to 7 into a linear regression model using the least squares.
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3.3.2 Evaluation of the Etalon’s Performance as Portable pH Sensors

Based on these promising results, we further investigated the performance of the etalons
as portable pH sensors. For this, we 3D printed a support for holding etalons as shown in Figure
3.5(a). We will call it prototype 1. Here, etalons arrays of 3 were incubated in pH standard
solutions (references) located on both sides of the sample chamber, also containing 3 etalons.
The intention of having etalons soaked in the standard pH solutions is to use their color to create
internal calibration curves as the RGB model is device dependent. This would eliminate
variations in the RGB values caused by different camera manufacturers. In addition, the etalons
used for each portable sensor were collected from the same cover glass slide so their color was
compared among themselves. A write-on transparency film was used to seal the top of the
chambers, except the sample chamber, and they were filled with the standard pH solutions
through small holes located on the side of each chamber, after which they were sealed with
thermoplastic adhesive (hot glue). The etalons in the sample chambers were hydrated with DI
water and then exposed to a water sample of pH 8.5 for 20 minutes after which a picture of the
whole device was taken (Figure 3.5(a)) with a cell phone at 10° inside of the mini studio box.
The picture was analysed by cropping individual etalons and extracting their average %RGB
values. Figure 3.5(b) shows their average %RGB values as a function of pH. As shown, the
RGB values do not follow the linear trend previously observed. This might be due to angle
variation from top to bottom of the etalons relative to the camera and the small volume of the
standards used to fill the chambers that are subjected to pH variations, affecting the final color
the devices. Furthermore, cross contamination between the standards and the formation of
bubbles were also an issue in prototype 1, which might have caused this non-linear behaviour in

the pH responses. Nonetheless, when fitting the data from pH 8 to 12 into linear regression,
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except for blue channel that was from 6.5 to 10, and using the models to predict the pH of the
water sample, the pH calculated was 7.9 + 0.7, and using only the green channel, it was 8.5.
However, these results were obtained because we knew the pH value of the water sample, which
allowed us to use the right calibration curves (from pH 8 to 12). In a more complex situation of

measuring unknown pH solutions, the prediction would not be accurate.

Figure 3.5 (a) Photograph of the prototype 1 pH sensor using the etalon devices composed of
pNIPAm-co-10%AAc microgels. The photograph was taken after the etalons in the sample
chamber were exposed to the water sample for 20 minutes. The etalons in the reference chambers
were incubated in the desired pH solution standard for at least 4 hours to assure stability. (b)
Averages of the %RGB values as a function of pH obtained from the etalons in (a). Each data
point represents the average of 3 etalons and the error bars correspond to their standard

deviations.

To avoid the problems above mentioned, we 3D printed another type of support for the
etalon devices as shown in Figure 3.6(a). Here, each sensor support contains a square reservoir
that holds 3 etalon devices in an array and has dimensions of 2, 1, and 0.2 cm in length, width,

and depth respectively. Before assembling the etalons in the sensor support, we exposed them to
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pH 8 solution and only those that showed a green color were selected for further use. As different
cell phones capture and process images differently, we used two colored tapes (blue and green)
as a reference for correcting the RGB values of the etalons and correlate it with an already
existing internal calibration curves to calculate the solution pH. Initially, these sensors were used
to create the internal calibration curves in two environments with different light conditions using
the same cell phone to investigate how the light conditions affect the models and the RGB of the
tapes. For this, 4 sensors containing 3 etalons each were exposed to pH 4, 6 and 8 solutions (DI
water adjusted with HCl or NaOH) and pictures were taken after 20 minutes in the mini studio
box and on the lab bench. Moreover, the angle of the cell phone was kept constant at 10° for the
mini studio box and the pictures looked similar to the one shown in Figure 3.6(a) top. However,
when using the same conditions to take pictures on the lab bench, the etalons seemed dim. Thus,
we changed the position of the phone to obtain an optimum recording of their colors and the
pictures looked similar to the one shown in Figure 3.6(a) bottom.

As the G channel showed to be more sensitive to changes in pH (higher slope), we used
only the G channel for our calculations and the results are displayed in Figure 3.6(b, ¢). As we
can see, the color changes of the etalons as a function of pH in both conditions were very similar.
The linear regression models created on the lab bench and in the mini studio box were (5.0 +
0.3)x + (5.4 = 2) and (5.0 £ 0.4)x + (4.6 = 2.5) respectively, suggesting that the different light
conditions have minimum effect on the models as their sensitivities were very similar. We
believe that this was due to the optimal position of the camera where the etalons showed brighter
colors. However, the %G values for both tapes did show variations even though the same cell
phone was used. For the green tape, the average %G values were 52 + 3 and 58 + 4 for the

pictures obtained on the lab bench and in the mini studio box respectively while for the blue tape,
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they were 28 + 1 and 25.3 £ 0.2 respectively. Interestingly, the changes in the %G value for both
tapes were not proportional as expected. The %G value increased from 52 to 58 while it
decreased from 28 to 25.3 which might be due to the transfer functions that are automatically
applied to the images, converting linear RGB space into non-linear in order to mimic the non-
linear way that humans perceive colors. Due to the non-linear variation in the %G values for the

tapes, we decided not to use them as a reference for the pH calculations.
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Figure 3.6 (a) Picture of the 3D printed sensor containing 3 etalons incubated in pH 8 solution
inside of the mini studio box (top) and incubated in pH 4 solution on the lab bench (bottom).
Calibration curves for G channel obtained from the 3D printed sensors in the lab bench (b) and in
the ministudio box (c). Each data pont represents the average for 12 individial etalons and the

error bars are their corresponding standard deviations.

We further applied the linear regression model obtained on the lab bench to predict the
solution pHs used to construct the linear regression model in the mini studio box and vice versa.
The average of the calculated pH values using the lab bench linear regression model were 3.9 +
0.2,5.6 £0.2, and 7.8 £ 0.2 while the average of the calculated pH values using the mini studio
box linear regression model were 4.2 + 0.3, 6.1 + 0.3, and 8.3 + 0.3 with a mean absolute error of

0.2 for both models. Following, we investigated how the angle of the camera and incubation time
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affect the pH calculations. For this, we exposed the 3D sensors with etalons initially dried to a
water sample of pH 8.6 and obtained pictures over time at different angles. As shown in Figure
3.7(a), the %G value reaches its maximum after 10 minutes and plateaus up to 65 minutes, after
which its value rapidly decreases and seems to plateaus again. Figure 3.7(b) shows the
corresponding %G values in terms of pH calculated using the lab bench liner regression model.
As we can see, the angle had a great impact on the calculated pH. Depending on the angle, the
pH could vary 1.6 units, suggesting that the angle is of utmost important parameter and should be
fixed through all measurements for good accuracy and precision. Furthermore, the pictures
should be taken after 20 minutes and no more than 40 minutes as the standard deviations of the
etalons decreased to their minimum after 20 minutes, meaning they achieved a uniform color,
and their color drastically changed after 60 minutes. After the experiment, the solution was
removed from the pH sensor and the etalons were allowed to air-dry. Following, they were was
re-exposed to the pH 8.6 solution and again pictures were taken overtime at different angles.
This process was repeated twice and the pH values calculated (data not shown) were
significantly different, suggesting that the etalons should be reset with DI water before being
used again. Finally, we exposed the pH sensor to drinking water samples and the calculated pH
values were not as accurate. The pH of drinking water is usually > 7.0, thus a green color would
be expected but it was not always the case. Rather, the etalons showed a red color, suggesting
that the composition of the water was impacting the etalons response to pH. This is presumably
due to the higher ionic strength of the drinking water which decreases the Debye screening
length, decreasing the Columbic repulsion of the dissociated carboxylic acid groups and
affecting their swelling behaviour. Thus, more studies needed to be carried out to evaluate how

the concentration and type of ions affect their pH responses.
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Figure 3.7 (a) %G values over time for one 3D printed pH sensor containing 3 etalons and (b)

their corresponding pH values calculated using the lab bench linear regression model.

3.3.3 Type of Light Source

The color change as a function of pH for etalons composed of pNIPAm-co-10%AAc
microgels was characterized in solutions with different types of radiation to determine the best
lighting conditions. For this, 4 sensor arrays containing 64 etalons each were soaked in DI water
overnight for hydration. Following, each sensor array was transferred to a Petri dish containing
~10 mL of the desired pH solution and allowed to incubate for 20 min, after which it was placed
inside the 3D printed box #1 (with the camera angled at 10°) and a picture was captured using
either white, green, or blue LEDs. The emission spectra for the LEDs are displayed in Figure
3.8(a). As shown, the while LED has a sharp peak in the blue region of the electromagnetic
spectrum (~443 nm) and a broad peak covering the green and red region (500-650 nm) while the
green and red LEDs show a sharp peak at ~ 514 and 630 nm respectively. Figure 3.8(b) shows
the photographs of the etalons in pH 4 and 8 using the three LEDs. It can be observed from the
images that the etalons change color from green to red when using the white LED and

interestingly, their color darkens when using the green LED while it lightens when using the red
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LED. We hypothesized that their color darkens when using the green LED due to the destructive
interference when the pH is increased to 8. When the etalons were in pH 4, they showed a
constructive interference peak in the reflectance spectrum at around 500 nm as noted in Figure
3.8(c). As the green LED also emits radiation at around 514 nm, the etalons will look much like
the green background and thus they looked lighter with low contrast with the background.
However, when the pH was increased to 8, they showed a destructive interference peak at around
540 nm and a constructive peak at around 625 nm. As a result, the wavelengths of light emitted
from the green LED undergo destructive interference and the etalons looked darker with high
contrast against the background. In the case of the red LED, the etalons looked darker in pH 4 as
the LED emits radiation at 630 nm where the etalons showed destructive interferences. However,
they had constructive interferences at ~ 630 nm which coincides with the wavelengths of light
emitted from the red LED and as a result, the etalons looked lighter with low contrast against the

red background.
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Figure 3.8 (a) Emission spectra for the white (black-solid), green (green-dashed), and red (red-
dot dashed) LEDs used for the experiments. (b) Photographs for the same array of etalons
composed of pNIPAm-co-10%AAc microgels in pH 4 and 8 captured using white, green, and red
LEDs and (c) their corresponding reflectance spectra in pH 4 (green-solid) and 8 (pink-dashed).

The sRGB of the etalons were extracted from the images captured under the three light
conditions and were converted into CIE xy chromaticity coordinates as displayed in Figure 3.9.
This transformation was carried out for a more accurate representation of the etalon’s colors as
the CIE xyY color space is device independent. We believe that using this approach would
eliminate the dependency of the RGB values with the devices. As we can see, the pH responses
for the etalons under green light did not show a larger response range compared to the pH
responses under the white and red LEDs. Furthermore, their color change was focused on the

white spot of the CIE xyY color space while under the white and red LEDs, their showed a wider
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color variation. We can notice in Figure 3.8 (b) that the pictures obtained using green and red
LEDs had a white background, which might be due to the demosaicing process and gamma
correction that is automatically applied to the images. In this case, the pictures should be saved
as raw Bayer file for further analysis. Based on these results, we decided to continue our
experiments using the white LEDs although the red and green LEDs also showed to be very

interesting and could be a focus of future investigations.

== ]

CIEy

Figure 3.9 Chromaticity coordinates for the etalons as function of pH for the photographs
captured under white (black), green (green), and red (red) LEDs represented in the CIE xyY
color space. Each plot is represented by 1024 data point.

3.3.4 Color Variation as a Function of pH for Etalons Composed of Different

Types of Microgels

The response to pH of etalons fabricated using different types of microgels was further
characterized to determine the better system that offers a gradual color change as a function of
pH. For this, four sets of pNIPAm-based microgels were synthesized via free radical

precipitation polymerization that was fed with 5% mol of AAc, MAAc, VAAc, and 30% mol of
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AAc where 5% mol of the crosslinker BIS was kept constant for all the microgels. PNIPAm
homopolymer microgels do not exhibit pH responsive properties. However, the incorporation of
pH-sensitive comonomers into the network such as AAc, MAAc and VAAc can yield pH
responsive microgels due to the protonation/deprotonation of the carboxylic groups. When these
anionic microgels are in solution with pH > pK, of the weak acids, the carboxylic groups are
mostly deprotonated, causing the microgels to swells due to the charge-charge repulsions of the
localized negatively charged groups and the increased in osmotic pressure inside of the
microgels due to the influx of ions from the external solution.'>® However, when the solution pH
is decreased < pK, of the weak acid, the microgels deswell due to the lack of charge repulsion
within the network. The transition from swelling to deswelling states of the anionic microgels as
a function of pH is not fast at their pK,s as the protonation of the carboxylic groups is directly
influenced by their surrounding environment such as the distribution of the carboxylic group
units and the ionization state of adjacent units.'>*'> Rather, the microgels gradually swell with
increasing pH solution.”® Indeed, the swelling/deswelling behaviour is highly dependent on the
type of the pH-sensitive comonomer, their distribution within the microgels and their
concentration.””'”” When these anionic microgels are used to fabricate etalon optical devices, pH
responsive devices whose color is dependent on solution pH are obtained. Furthermore, taking
advantages of the pH responsive properties dependence with the nature and concentration of the
pH sensitive comonomers, we prepared etalon optical devices composed of pNIPAm-co-
5%MAAc, pNIPAm-co-10%AAc, pNIPAm-co-10%VAAc, or pNIPAm-co-30%AAc microgels
that are expected to respond differently to variations in solution pH. Here, 4 sensor arrays each
containing 64 etalons of 4 mm® were fabricated following the Doctor blade method. The

fabricated etalons were hydrated overnight with DI water after which they were exposed to
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solutions with varying pHs. Moreover, based on our previous results suggesting that the presence
of ions in solution could affect the etalon’s response behaviour to pH, the solutions were
prepared by adjusting the pH of DI water with NaOH or HCI and the ionic strength adjusted to
300 ppm using NaCl. In fact, McPhee et al. observed that the diameter of pNIPAm microgels at
25 °C (highly swollen) decreased in the presence of small amount of electrolyte (0.0001 M KCl)
but no changes were observed when the concentration was increased up to 0.01 M.*® Following,
each etalon array was transferred to a Petri dish containing 10 mL of the desired pH solution and
allowed to incubate for 20 minutes, after which they were placed inside of the 3D printed box #1
and photographs were captured. In addition, the 3D printed box was coupled with white LEDs as
previous results showed a larger dynamic range in the CIE xy chromaticity coordinates of the
etalons response to pH. Following, the sensor array was rinsed with DI water for 30 seconds and
soaked in DI water for at least 30 minutes before being exposed again to another pH solution.
The photographs were processed for color analysis by cropping the etalons and extracting their
corresponding RGB values. Next, the RGB values were scaled to 0-1 by diving all their values
by 255 and quality control was assessed. Here, the etalons were classified into 5 groups based on
their chromaticity coordinates at pH 4 and pH 8 using k-means grouping algorithm. By
performing this quality control, etalons that exhibit different colors and pH-response behaviour
that are not easily visible are classified to different groups to increase the accuracy and precision
of the pH measurements. For simplicity, only the groups that had etalons represented in all the
sensor arrays and with high frequencies will be discussed. The changes in RGB values as a
function of pH for the 4 sets of etalons are shown in Figure 3.10(a-d). By inspection, it is
apparent that among the 4 types of etalons investigated, those composed of pNIPAm-co-

5%MAAc and pNIPAm-co-10%VAAc microgels showed distinct response behaviour in the 3
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channels. In the case of pNIPAm-co-5%MAAc microgel-based etalons, their R value increased
from pH 4 to 5 and decreased linearly from pH 5 to 8. The G value decreased linearly from 4 to 7
and increased from 7 to 8 while the B value increased linearly from 4 to 7 after which it
decreased from 7 to 8. The distinct response behaviour in the 3 channels of these etalons makes
them a potential candidate to be used as portable pH sensors. Interestingly, etalons composed of
pNIPAm-co-10%AAc microgels showed significantly different responses to pH in solutions of
300 ppm IS compared with very low IS solutions (Figure 3.4(b)), which is in agreement with
our earlier observations when measuring the pH of drinking water samples. The same
phenomenon was observed for the 4 sets of etalons investigated. Figure 3.10 (e) and (f) contains
the changes in RGB values as a function of pH for etalons prepared with pNIPAm-co-5%MAAc
and pNIPAm-co-10%VAAc microgels but in very low IS solutions. As noted, their responses
significantly changed when compared with their pH responses in solutions where the IS was
adjusted to 300 ppm (Figure 3.10(a,c)). However, when the IS of the solution was varied from
50 ppm to 500 ppm, their pH response behaviour had minimal variations, suggesting that there
might be a range of IS where variations in salt concentration have minimal effect on their color
change in response to pH. Furthermore, pNIPAm-co-10%AAc microgel-based etalons exhibited
lower response sensitivities when the solution IS was adjusted to 300 ppm while the opposite
was observed for etalons composed of pNIPAm-co-5%MAAc and pNIPAm-co-10%VAAc
microgels. However, no significant changes in the RGB values were observed for pNIPAm-co-
10%VAAc microgel-based etalons when the pH was varied from 7 to 8 as shown in Figure
3.10(c). Therefore, pNIPAm-co-5%MAAc microgel-based etalons were a focus of subsequent

investigations.
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Figure 3.10 Changes in RGB values as a function of pH for etalons prepared using (a) pNIPAm-
co-5%MAAc, (b) pNIPAm-co-10%AAc, (¢) pNIPAm-co-10%VAAc, and (d) pNIPAm-co-

30%AAc microgels in solutions with 300 ppm L.S adjusted with NaCl. (e) and (f) correspond to

the changes in RGB values as function of pH for etalons composed of pNIPAm-co-5%MAAc

and pNIPAm-co-10%VAAc respectively, but in very low IS solutions. Each data point

corresponds to the average of the etalons in the group and the error bars are their standard

deviations. The group frequencies were 21, 42, 32, and 31% for (a), (b), (c), and (d) respectively

from a total of 1024 etalons.
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3.3.5 Evaluation of the 3D Printed Box

We further investigated the performance of the experimental set up used for the digital
image acquisition of the etalon devices. For this, images for three sensor arrays incubated in pH
4 and pH 8 solution was obtained using the 3D printed box #1 (with the camera angled at 10°)
and their RGB values as a function of their position in the sensor array are displayed in Figure
3.11(a). The camera was angled in this set up to avoid the shadow of the camera on the etalons
and the 10° was chosen because the etalons showed a brighter color at this angle. The etalons in
the sensor array was numbered from left to right in each row (8 rows in total). For instance,
etalon #1 correspond to the etalon located on the top-left of the first row while the etalon #64
correspond to the last position of the row 8 bottom-right. As we can see from Figure 3.11(a), the
etalons located at the beginning of the sensor array show higher RGB values compared with the
etalons located in the last row which was attributed to the angle of the camera as the first etalons
were viewed with a slight different angle compared to the last etalons. Therefore, another box
was fabricated with the camera angled at 0° as shown in Figure 3.2. The camera was placed so
its shadow would be located in the center of the sensor array, affecting only 4 etalons of the
sensor array. When repeating the above mentioned experiment, but now using the new fabricated
box #2, it was noticed that the patterns previously observed was significantly minimized as
shown in Figure 3.11(b). Following, digital images of the sensor array were obtained using both
boxes at different positions by rotating the glass slide 90° for 4 times, completing a full rotation
of 380°. Following, their RGB values were converted to XYZ tristimulus values and their xy
chromaticity coordinates along with their luminosity values in the 4 rotation positions are
displayed in Figure 3.12 for both boxes. As noted, the chromaticity and luminosity values had

minimal variation when rotating the sensor arrays for the new fabricated 3D printed box #2 as
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demonstrated by small changes in their xyY values as function of rotation position while for the
box #1, significant variations could be observed as their xyY values either decreased or increased
depending on the rotation position. Based on these results, the 3D printed box #2 was further
used to evaluate the performance of the etalons to detect solution pH as it showed minimal effect

on their RGB values.
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Figure 3.11 RGB values for etalons in pH 4 (lighter colors) and pH 8 (darker colors) obtained
with the 3D printed box #1 (a) and #2 (b). Each graphic displays the RGB values for 3 sensor
arrays as separated by the vertical lines. The number of the etalon corresponds to its position in
the sensor array which was number based on the rows. Etalon #1 correspond to the first row

position, left to right.
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Figure 3.12 Chromaticity coordinates xy and luminosity values for 64 etalons one sensor array
rotated at 90° for 4 times obtained using the 3D printed box #1 (a) and #2 (b). Each line

represents xyY values at each rotation.

3.3.6 Colorimetric pH Measurements for pNIPAm-co-5%MAAc¢ Microgel-

Based Etalons in Complex Solutions

The color of the etalons composed of microgels containing 5% mol MAAc was
characterized under different pH values. The etalon devices respond to solution pH by changing
their color due to the protonation/deprotonation degree of the MAAc ionisable groups within the
microgels that causes them to swell or shrink, changing the distance between the two reflective
Au layers and leading to a color change. The amount of color change can be characterized by
monitoring the shift in the reflectance spectrum peaks. However, the instrumentation is bulky,
relatively costly and not suitable for field use. Thus, colorimetric measurements based on digital
images seem to be the starting point to bring this technology to the next level. Here, 6 sensor
arrays containing 64 etalons of 4 mm’ were prepared following the Doctor blade technique
discussed in Chapter 2, yielding a total of 384 etalon devices. Moreover, pNIPAm-co-5%MAAc

microgels were chosen as their color change to pH was gradual and covered the full range of pH
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tested. The fabricated etalons were hydrated overnight with DI water and were exposed to
solutions with pH varying from 4 to 8. The pH solutions were prepared by adjusting the pH of
300 ppm CaCl, solution with either NaOH or HCI. CaCl, was used as Ca”" is always present and
its concentration in drinking water is higher than the other cations such as Mg®", Na*, and K. In
addition, 300 ppm concentration was used considering the total dissolved solids (TDS) of
drinking water, which can be as high as 400 ppm, after which the test of the water is
compromised. Next, the digital images were cropped and their RGB values converted to XYZ
tristimulus values. Again, the etalons were classified into 5 groups using k-mean clustering
algorithm. Grouping was determined by their chromaticity coordinates at pH 4 and 8, given by
their vector (pH4x; pH4y; pH8x; pH8y). The results of the grouping is shown in Figure
3.13(a,b) and as we can see, each etalon is assigned to one specific group and each group is
clustered (centered) for both pH 4 and 8. Following, the etalons in each group were randomly
divided into two groups, a training group with Negiens = 278 (80%) to generate the reference
models and a validation group with neions = 69 (20%) to independently test the reference models.
The chromaticity coordinates as a function of pH for the two most populated groups are shown in
Figure 3.13(c,d). The solution pH for each group was predicted using a linear regression of the
chromaticity coordinates, a + bx + cy, where each group had its own model. The results can be
found in Table 3.1. The mean absolute error (MAE) was calculated for the model, which is the
average of the differences between the measured pH and the predicted pH for the etalons used in
the training. In addition, the MAE was calculated for the validation group, which in this case is
the average of the differences between the predicted pH for the etalons in the validation group
(not used for the training) and the measured pH. Furthermore, the etalons in the validation group

was shuffled 100 times (20% of the etalons were randomly selected 100 times) to obtained a
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closer approximation of the true MAE. As shown, the MAEs for the etalons used in the training
were slightly lower than the MAE for the etalons in the testing group. The lowest value of the

MAE was 0.24 pH units while the maximum value was 0.31 pH units between the 3 most

populated groups.
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Figure 3.13 CIE xyY color space showing the xy chromaticity coordinates for the pNIPAm-co-
5%MAAc microgel-based etalons at pH 4 (a) and 8 (b) that were classified into 5 groups
represented by different colors and the pH responses for the green (c) and yellow (d) groups

presented in (a) and (b).
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Table 3.1 Frequency of etalons in each group and their mean absolute errors

f training (%) MAEtraining ﬁest (%) MAEtest

Group 1 34 0.27 22 0.31
Group 2 5 0.28 4 0.29
Group 3 20 0.26 26 0.26
Group 4 15 0.24 16 0.35
Group 5 26 0.23 32 0.24

We further investigated the concentration range where the reference models created at
300 ppm CacCl, could still be used to predict the solution pH with minimal effect on the accuracy
of the measurements. For this, 6 sensor arrays were exposed to pH 4 and 8 solutions with the
concentration of CaCl, varying from 50 to 600 ppm. For simplicity, the results for one sensor
array are displayed in Figure 3.14. At low pH (Figure 3.14(a)), the color of the etalons showed
more variations due to the changes in the IS than at high pH. For 50 and 600 ppm, the data starts
deviating from center where most of it is concentrated. At high pH, there is an overlap of the
chromaticity coordinates for the etalons under different CaCl, concentration. However, it does
not imply that the microgels are not responding to variations in the solution ionic strength but the
responses are not sufficiently high to produce a chromatic color change. For more details of the
etalons responses to solution ionic strength, reflectance spectrum measurements should be
carried but it is not relevant to this investigation as our intention is to perform colorimetric
measurements of the etalons. The results here suggest that the reference models generated at 300
ppm of CaCl, concentration could be applied to predict the solution pH for water samples with
TDS ranging from 50 to 600 ppm as they did not show significant variation in their chromaticity

coordinates in this concentration range.
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Figure 3.14 Chromaticity coordinates for pNIPAm-co-5%MAAc microgel-based etalons at pH 4
(a) and pH 8 (b) under different CaCl, concentrations. Each concentration is represented by 64

etalon devices.

Next, we investigated how the nature of the cation affects the accuracy of our
measurements. For that, 6 sensor arrays were also exposed to pH solutions varying from 4 to 8
with the ionic strength adjusted to 900 ppm using NaCl, considering that the reference models
were generated in solutions with ionic strength of 900 ppm adjusted with CaCl,. Furthermore, we
acknowledge that drinking water composition varies from place to place and in most cases, the
concentration of bicarbonates (HCO5") is higher than the concentration for cations. Nevertheless,
we believe that cations have a greater impact on anionic microgel’s response to pH than anions
due to the negatively charged units in the microgels when the solution pH > pK, of the ionisable
groups. The digital images were processed following the same procedure as described above and
the comparison of the xy chromaticity coordinates for 347 etalons at pH 4 and 8 with the IS of
the solutions adjusted using NaCl or CaCl, is shown in Figure 3.15. At low pH, the color of the

etalons did not vary significantly when using NaCl or CaCl, while at high pH, there was visible
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changes in their chromaticity coordinates. In this case, CaCl, resulted in higher xy values than

NacCl.
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Figure 3.15 Comparison of the chromaticity coordinates for etalons composed of pNIPAm-co-
5%MAAc microgels in pH 4 (a) and 8 (b) where the IS of the solutions was adjusted to 900 ppm
using NaCl (orange) and CaCl, (blue).

To further investigate how this variation affects the accuracy of the pH measurements, we
applied the reference models generated in the presence of CaCl, at 20 °C to predict the pH of the
solutions where the IS was adjusted using NaCl. Again, 6 sensor arrays and 4 pH solutions (4, 5,
7, and 8) were used for the calculations. The MAE for the measurements can be found in Table
3.2. As is apparent, the MAE in each group almost doubled for the pH measurements in solutions
containing NaCl compared with the MAE for the pH measurements done in solutions containing
CaCl,. Although this is an extreme case where the concentration of NaCl is relatively high, it
suggests that the accuracy of the measurements can decrease by half when dealing with more

complex solutions.
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Table 3.2 Comparison of the MAE for the predicted pH of solutions containing NaCl and CaCl,

MAEnaci MAEcacr
Group 1 0.65 0.31
Group 2 0.60 0.29
Group 3 0.39 0.26
Group 4 0.47 0.35
Group 5 0.46 0.24

Following, as pNIPAm-based microgels are inherently thermoresponsive, we further
investigated the effect of temperature variations on the pH measurements. Here, 4 sensor arrays
were incubated in pH 4 and 8 solutions at ~5, 15, 20, 25, and 35 °C for 20 min and digital images
were obtained using the 3D printed box #2. In addition, the pH solutions were prepared with 300
ppm CaCl, concentration. The results are displayed in Figure 3.16. As we can see, the etalons
showed significant color changes within the temperature range studied. At low pH (Figure
3.16(a)), the temperature-induced color change was significantly higher than at high pH and the
responses closed a complete circle in the CIE xyY color space. However, at high pH, the color
change was not as abrupt but still significant. The reason for this larger color change at low pH is
due to the ionization of the MAAc groups that are protonated at pH 4. At this pH, the
undissociated carboxylic groups have little effect on the thermoresponsive properties of
pNIPAm."”® At high pH, however, the temperature-induced conformational change of the
microgels is affected by the Coulombic repulsion of the localized negatively charged groups in
the microgels network and the increase in osmotic pressure inside of the microgels, making them
swollen and shifting their LCST to higher temperatures. This phenomenon has already been
documented by others when studying the thermoresponsive properties of anionic microgels
under high and low pH.”® ''® 1°° Nevertheless, the etalons also showed significant color change

in response to variations in temperature at high pH, which is attributed to the ionic strength of the
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solution. Compared with salt-free solutions where the charge density of the microgels increases
with pH, increasing the ionic strength to ~900 ppm using CaCl, decreases the Debye screening
length due to the screening of the negative charges by the ions in solution, reducing the repulsive
electrostatic forces between the negatively charged carboxylic groups within the microgel
network.”” As a result, the microgels are freer to collapse/swell as the temperature is increased or

decreased which is translated as color changes when the microgels are assembled into an etalon

structure.
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Figure 3.16 Temperature responses for etalons fabricated with pNIPAm-co-5%MAAc microgels
at pH 4 (a) and 8 (b).

The reference models obtained in 300 ppm CaCl, concentration at 20 °C were again
tested to predict the pH of the solutions at 15 and 25 °C. The results are shown in Table 3.3. As
we can see, the MAEs for both temperatures are significantly high, suggesting that for optimal
pH measurement, the solution temperature should be maintained at around 20 °C. Interestingly,
the MAE for the predicted pH 8 at 15 °C is significant slower compared with the other MAEs,

especially for group 2 and 3, presumably due to the temperature that is considerably below
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pNIPAm’s LCST where the microgels are highly soluble and swollen. At this low temperature,
the electrostatic repulsion of the carboxylic groups when the pH is increased, even though highly
screened, seems to dictate the swollen state of the microgels, suggesting that the etalons are able
to predict the solution pH at low temperatures when the solution pH is higher than the pK, of the
MAAc groups. Moreover, the temperature response displayed in Figure 3.16(b) indicates that

solution temperature could be predicted if the solution pH is known.

Table 3.3 MAE for predicted pHs at 15 and 25 °C using the linear regression models obtained in
300 ppm CaCl, at 20 °C

T=15°C T=25°C
pH 4 pH 8 pH 4 pH 8
Group 1 2.2 0.81 2.1 2.6
Group 2 2.5 0.35 2.5 2.3
Group 3 2.7 0.37 1.1 2.1
Group 4 2.8 0.50 0.6 1.9
Group 5 1.8 1.6 0.8 2.6

Finally, the reference models for each group were used to predict the pH of drinking
water samples. The sensor arrays were exposed to 3 different drinking water samples for 20
minutes and digital images were obtained using the 3D printed box #2 coupled with white LEDs.
The water sample 1 was collected from the public water system and the water sample 2 and 3
were from store bought bottled water. The pH values measured with a pH meter for the water
sample 1, 2 and 3 were 7.6, 5.7, and 7.0 respectively while their TDS values were 184, 18, and
290 ppm respectively as measured using a conductivity meter. In respect to their conductivity,
they showed to be 375, 36, 591 uS/cm respectively. The MAE for each group and for each
sample can be found in Table 3.4. The MAEs for the water sample 1 were similar to the MAE

calculated for the etalons in the testing group (see Table 3.1) while the MAE for the water
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sample 2 and 3 were significant high. The water distributed to the city of Edmonton comes from
the North Saskatchewan River and is moderately hard, containing around 165 mg/L of CaCOj;
and a yearly average pH of 7.8 with a average conductivity of 350 uS/cm. This information was

collected from EPCOR’s website (www.epcor.com) under Edmonton Water Quality Reports,

accessed on 2020-03-06. This explains the low MAE in the predicted pH for the water sample 1
as the water composition is mainly composed of Ca’" and bicarbonates ions with the
concentration in the range of 50 to 600 ppm. However, the water sample 2 and 3 showed
significantly high MAE which is attributed to the significant low TDS of the water sample 1,
which is out of the concentration range that the reference models can be used, and the relative

low Ca®" concentration in the water sample 2.

Table 3.4 MAE for the drinking water samples using the reference models

MAEsample 1 MAEsgample 2 MAEsgample 3
Group 1 0.39 0.80 0.71
Group 2 0.26 0.90 0.90
Group 3 0.15 0.97 0.66
Group 4 0.34 1.0 1.1
Group 5 0.30 0.72 0.67

3.4 Conclusions

In this chapter, we explored the possibility of using the etalon devices as portable pH
sensors. The ability of the etalons to detect solution pH based on colorimetric measurements was
investigated and the limits of the technology were explored. We found that the angle of the
camera was extremely important for precise and accurate measurements. Furthermore, the
optimal sample exposure time was found to be between 20 to 40 min as the color of the etalons

were not completely uniform before 20 minutes and their color drastically changed after 60
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minutes. Moreover, we observed that the etalons response to pH in very low IS solutions were
significantly different when ions were present in the system. Thus, the color changes in response
to pH for 4 sets of etalons were characterized at 20 °C in solutions containing 300 ppm of CaCl,
concentration. Among those, the etalons composed of pNIPAm-co-5%MAAc microgels showed
promising results and was chosen for further investigations. The impact of the experimental set
up on the color of the etalons was also explored. We found that the 3D printed box with the
camera set at 0° showed minimal effect on their color. In addition, using white LEDs to capture
pictures gave a larger range for the color change. Following, reference models were generated at
20 °C, 300 ppm of CaCl, concentration in a pH range of 4 to 8. The models were validated
against 20% of the etalons that were not used to create the curves and the MAE of the pH
measurements was found to be around 0.3 pH units. Next, we investigated how variations in salt
concentration, the nature of the cations, and variations in temperature impacted the pH
measurements. We observed that the models could be applied to a concentration range of 50 to
600 ppm and that exchanging CaCl, to NaCl, the MAE was increased to 0.4-0.6 pH units
depending on the group of etalons. Furthermore, the temperature was also an important
parameter affecting the color of the etalons and should be kept near 20 °C for optimal pH
measurements. Finally, we applied the reference models to predict the pH of drinking water

samples which gave a MAE of 0.15 and 0.4 pH units for the most populated groups.

100



Chapter 4

Detecting Changes in Solution Ionic Strength using
pNIPAm-co-10%AAc Microgel-Based Etalon Optical

Devices — In Collaboration with SolarDew International

4.1 Introduction

Access to safe drinking water is a basic human right and essential to maintain good
health, productive lives and hence, crucial for economic growth and development of a country.
The United Nations (UN) has declared that access to safe drinking water is a fundamental step
towards improving living standards globally and included it as one target of the Sustainable
Development Goals (SDGs) to be achieved by 2030. Despite considerable effort over the past
years, 785 million people still lack access to basic drinking water services and 2.2 billion people
lack access to safely managed water services according to World Health Organization (WHO)."’
The goal to provide universal access to safely managed drinking-water services has proven to be
elusive and slow. Contaminated drinking water is estimated to cause 829 000 deaths each year
and it is linked to the transmission of preventable diseases such as diarrhoea, cholera, dysentery,

157

and hepatitis A."”" With population growth, climate change, and urbanization, it is estimated that

157
Water covers

half of the world’s population will be living in water scarce areas by 2025.
around 70% of the Earth’s surface, but most (97.2%) of it is saline and undrinkable. For many,

the only available water is contaminated, saline, or both. Therefore, there is a need for a simple
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and inexpensive means of creating safe drinking water from diverse water sources. SolarDew
International is developing a new solar-based water purification technology that can desalinate
and purify saline water. The technology uses solar energy as a power source and purifies
seawater through a process called pervaporation using non-porous membranes. Briefly, the water
inside of the SolarDew panels is heated by the sun and evaporates, passing through the patented
membranes, and leaving behind various contaminants, e.g., bacteria, viruses, heavy metals, and
salts. The clean water condenses on one side of the membrane and is collected as distilled water
with pH 9 and conductivity of < 10 uS/cm. The purified water is then re-mineralized with a
combination of calcium and magnesium to improve taste and meet water quality standards. After
the purified distilled water is extracted from the system, concentrated brine drains automatically
from the panel. The quality of the membranes is key to this process working efficiently, and if a
membrane fails by cracking, this can lead to the drinking water being contaminated. Importantly,
when a membrane fails, the drinking water will increase in conductivity/ionic strength, which
can potentially be detected. While the change in water ionic strength will be too low to taste,
analytical tools need to be used to detect the increase in ionic strength in a continuous fashion
such that failed membranes can be replaced quickly. The two main types of water conductivity
sensors are commercially available, i.e., toroidal (inductive) conductivity sensors.'>*">’
Contacting conductive sensors measure the conductivity of the water using two metal electrodes,
where an alternating voltage is applied between the two electrodes immersed in the water sample
and the resulting ionic current is measured. The resistance is then measured based on the
measured ionic current and related to the solution conductance. Toroidal conductivity sensors
use two wire-wound metal toroids encapsulated in a corrosion-resistant plastic case. An

alternating voltage is applied to one of the toroid which causes an ionic current in the solution
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that is sensed by the second toroid as a magnetic field, inducing a current in the second toroid
that is directly proportional to the solution conductance. Even though these conductive sensors
are portable, practical, have a wide measurement range, and measure the conductivity with high
accuracy, they require calibration steps, are powered by batteries, can be hard to integrate into
other systems and cannot be used to measure the conductivity of solutions in real-time.
Furthermore, for some applications, there is no need for such accuracy and complexity. The
SolarDew panels are intended to be used in remote areas where electricity may not be available
thus the technology requires no electricity to operate and the introduction of batteries is seen as
potential hazard to the environment and an additional cost. In addition, the desalination
technology is intended to be used by anyone with or without scientific background so
colorimetric sensors are preferred where the color change should occur between two contrasting
colours as it should be easy for the user to identify. Therefore, there is a need to develop a low
cost sensor to measure the ionic strength or conductivity of the product water that undergoes a
visual color change at a specific value that does not require calibration steps and the changes in
the conductivity can be easily interpreted. In doing so, it can confirm the quality of the water and
thus reassure the user that the water being produced is safe to drink. The technology must be
robust, low cost and have no electrical parts in order to perform optimally.

Stimuli-responsive hydrogel particles (microgels) undergo changes in physical and/or
chemical properties in response to stimuli such as pH, ionic strength, light, and temperature.'®""
11 Poly (N-isopropylacrylamide) (pNIPAm)-based microgels have been extensively studied due
to their inherent thermoresponsive properties.”® Microgels composed of pNIPAm are known to
expel > 90% of their solvating water by collapsing at temperatures >32 °C and reswelling when

the temperature is decreased to <32 °C. This transition is reversible over many cycles and the
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temperature at which it occurs is commonly referred to as the lower critical solution temperature
(LCST). PNIPAm-based microgels can be synthesized with various sizes depending on the
sysnthesis conditions and can be easily modified (chemically) to respond to other stimuli by
incorporating functional comonomers into them at the time of synthesis.”® % ¢ 162163 g,
instance, microgels that are temperature and pH responsive can be prepared by incorporation of a
weak acid or base into pNIPAm-based microgels. A common comonomer used to add pH
responsivity to pNIPAm microgels is acrylic acid (AAc), which has a pK, of ~4.25.'°7 1% These
microgels show pH responsive properties due to the ionization of the carboxylic groups that
causes the polymer to swell due to the charge-charge repulsion. In addition, when pNIPAm-co-
AAc microgels are in a solution with pH > pKa of the AAc, the localized negative charges
increase their osmotic pressure, causing them to further swell and easily attract positively
charged ions.

The Serpe Group has fabricated microgel-based etalon devices by placing a monolayer of
pNIPAm-based microgels between two thin reflective Au layers.” The group has done extensive
studies on these devices since we first reported them in 2011.7* 7% 8% 1% PNIPAm microgel-based
etalons can be fabricated by doctor blade technique (see Chapter 2) where a concentrated
solution of pNIPAm-based microgels is spread on the surface of a Au coated (typically 15 nm)
glass substrate and allowed to air-dry. Following, the excess microgels that are not directly
bound to the Au surface is removed by extensively washing the substrates with deionized (DI)
water and dried with N, gas before depositing a second layer of Au with a thickness of 5-25 nm.
The structure of these optical devices is illustrated in Figure 4.1. The devices exhibit visual
color, which is a direct result of light interference within its structure. Here, the microgel layer

acts as a dielectric layer, and the Au layers act as reflective mirrors. When light impinges on the
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device, some of the light is reflected and some passes to the cavity (microgel layer) where it
resonates and undergoes constructive and destructive interference, resulting in a reflectance
spectra with a reflectance peak/or peaks at specific wavelengths (1) that can be predicted from
Equation (4.1):

Am = 2dncos6 4.1)
Where m is the peak order (an integer), n is the refractive index of the microgels, d is the
distance between the two Au mirrors, and 8 is angle of incident light. As a result, the position of
the reflectance peaks (and the device color) depends on the distance between the two Au mirrors,
which in turn is controlled by the hydration state of the microgel layer. When in water, the
microgels in the etalons exchange solvent molecules and ions with the external solution from the
side and through the porous top Au layer, similar to Donnan membrane equilibrium.” Changes
in the external solution ionic strength would cause changes in the osmotic pressure inside and
outside of the microgels, causing them to shrink or swell.'®*'®® In addition, the presence of
cations can screen the negative charges of anionic microgels, reducing their electrostatic

repulsion and causing them to shrink.

A A A A A A

Figure 4.1 Illustration of the pNIPAm-based etalon structure, which consists of a monolayer of
highly packed microgels (blue particles) placed between two reflective Au layers (yellow)

fabricated on a glass substrate (dark blue bottom).
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In this research project, the etalons were used to monitor and detect small changes in the
ionic strength of purified water (pH 9 and conductivity of < 10 puS/cm) being produced by the
SolarDew panels. The etalons seemed to be a great candidate for this as the technology does not
require any electrical parts and the color change can be easily visualized by the naked eye. For
this, we evaluated the performance of etalons composed of pNIPAm-co-10%AAc microgels to
detect small variations in solution ionic strength. In addition, a 5 nm Au-top layer was used
instead of the 15 nm top Au layer commonly used to achieve faster response times. This is
because the thin Au is more porous than thick Au, allowing the solution and the etalon to reach
equilibrium quickly. Increasing the porosity of the top Au layer increases the number of sites
where the exchange between solvent molecules and ions occurs, resulting in faster responses. We
characterized the color change of the etalons upon NaCl exposure using a reflectance probe over
a range of 0.9 to 200 mM. The sensor initially showed a green color in pH 9 and turned red upon
exposure to small amounts of NaCl. Its color continued to be red up to 50.5 mM (3500 ppm) and
then goes back to the green color initially observed. In addition, the usability of the sensors was
demonstrated by measuring their intra-day and inter-day precisions. The sensor showed to be
highly stable over many cycles of NaCl exposure. The temperature range at which the sensors
showed to be green was found to be 17 — 35 °C and the resetting time was decreased by exposing

the sensors to pH 3 solution.

4.2 Experimental Section

4.2.1 Materials

N-isopropylacrylamide (NIPAm) was obtained from TCI (Portland, Oregon) and purified by

recrystallization in hexane (ACS reagent grade, EMD, Gibbstown, NJ) before use. N,N’-
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methylenebisacrylamide (BIS) (99%), acrylic acid (AAc) (99%), ammonium persulfate (APS)
(>98%), sodium chloride (NaCl), sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich (Oakville, Ontario) and were used as received. Whatman #1 paper filters were obtained
from GE Healthcare (U.K.). Deionized (DI) water with resistivity of 18.2 MQ-cm was obtained
from a Milli-Q Plus system and was used for all experiments. A pH meter (JENCO 6173, San
Diego, CA) coupled with ROSS micro pH electrode (Thermo Scientific, Markham, ON) was
used to adjust the pH of the solutions. Glass substrates (25 x 25 mm) with thickness of 0.13 —
0.17 mm was obtained from Fisher (Ottawa, Ontario). Cr flakes (99.999%) and Au (99.99%)

were purchased from ESPI (Ashland, OR) and MRCS Canada (Edmonton, AB), respectively.

4.2.2 Synthesis of pNIPAm-co-10%AAc Microgels

PNIPAm-co-10%AAc microgels were synthesized via free radical precipitation
polymerization following a previously published procedure. In short, 59.5 mmol of NIPAm and
3.515 mmol of BIS were dissolved in 495 mL of DI water in a 1 L beaker. The mixture was
stirred for 30 min and filtered through a 0.2 pm syringe filter into a 1 L 3-neck round bottom
flask which was fitted with a reflux condenser, nitrogen gas inlet, thermometer, and stir bar. The
solution was purged with N, gas while heating to 75 °C over ~1 h, after which 7.15 mmol of
AAc was directly added using a micropipette. The reaction was then initiated by injecting in one
aliquot of a solution of ammonium persulfate (APS) (I mmol). The reaction was allowed to
proceed for 4 h at 75 °C, under N, atmosphere. Following, the resulting microgel suspension was
allowed to cool down overnight at room temperature and then filtered through a Whatman #1
paper filter to remove large aggregates formed during the polymerization reaction. Next, the

microgels were purified via centrifugation and resuspension process in DI water 6 times. In the
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last centrifugation, the supernatant was removed and a highly concentrated microgel solution
was obtained. Finally, its concentration was adjusted by transferring 100 uL of the microgel
solution to a microscope glass slide as a single droplet, quickly positioning it vertically at 130°
and recording the distance that it slid for 1 min. DI water was added or removed until it reached

0.15 to 0.3 inches in 1 min.

4.2.3 Etalon Fabrication

Etalons of 9 mm® were fabricated by following the doctor blade method described in
details in Chapter 2. Briefly, cover glasses (625 mm?”) were cleaned with etalon and DI water
using an ultrasonic cleaner (Fisher Scientific, FS20). Following, the glass substrates were coated
with 2 nm Cr and 15 nm Au using a thermal evaporator system (Torr International Inc., New
Windsor, NY). The deposition rates were 0.19 A s™ and 0.17 A s™' for Cr and Au respectively
and Cr was used as adhesion layer. In addition, a metal mask containing 25 squares of 9 mm®
was placed in front of the cover glasses to obtain 25 etalons of 9 mm?. Next, the Cr/Au coated
glass substrates were placed in the substrate holders of a custom-built painting platform (see
Figure 2.2, Chapter 2) and the microgel solution was spread on their surface with the assistance
of a microscope glass slide (see Scheme 2.1, Chapter 2). The glass substrates were transferred to
a hot plate set at 35 °C and the microgel solution was allowed to air-dry for 1 h. The excess of
microgel was then removed by extensively rinsing the glass substrates with DI water. Following,
the glass substrates were incubated in DI water overnight before being rinsed and dry with N,
gas. The dried glass substrates were placed inside the thermal evaporator and a second (top) layer
of 2 nm Cr and 5 nm Au were deposited. Again, a metal mask was placed in front of the glass

substrates before the depositions. It is important to mention that the deposition rate for Cr an Au
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was kept constant for all depositions to obtain reproducible films. Finally, etalons of 9 mm” were
obtained after the second Cr/Au layer and were incubated overnight in DI water before being
used. Furthermore, a quality of control was performed where only those etalons that reached a

green color at pH 9 were used for the experiments.

4.2.4 Reflectance Spectra Measurements

Reflectance measurements for the etalons in response to increasing concentrations of
NaCl were done using a Red Tide USB650 spectrometer (detection range of 360 to 1100 nm), a
LS-1 tungsten light source (spectral range of 360 to 20000 nm), and a reflectance probe obtained
from Ocean Optics (Dunedin, FL). A solvent blank solution was prepared by adjusting the pH of
DI water to 9 using NaOH (0.1 M) and a pH meter, which was then used to prepare a solution of
1 M NaCl. The etalons were incubated overnight in the blank solution and only those that
showed a uniform green color were selected to be tested. For the measurements, an etalon was
transferred into a custom-built temperature controlled chamber containing 13 mL of the blank
solution and a small stir bar. Following, the chamber was closed, the temperature was set to 25
°C and the reflectance probe was inserted into the chamber through a small aperture located on
top of the chamber’s lid. The probe was then immersed in the blank solution and its distance
from the etalon was adjusted for optimal signal. Reflectance spectra were collected using Ocean
Optics Spectra Suite Spectroscopy Software over a wavelength range of 450-950 nm. After
stabilization, e.g. the spectrum was no longer shifting after 15 minutes, increasing volumes of the
1 M NaCl solution was successively added using a micropipette. We ensured that the reflectance
spectrum was stable (no longer shifting after 15 min) before each successive addition and they

were recorded only after stabilization. This procedure was repeated for 4 times using 4 different
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etalon devices. Temperature control experiments were done using the same custom-built
temperature controlled chamber as described above, but instead of adding NaCl, the temperature
was increased from 2 to 35 °C.

For the reusability experiments (intraday and interday), a closed flowing system was built
to mimic the real system where the sensors will be placed and it is depicted in Scheme 4.1. Here,
the etalon was inserted into a closed chamber fitted with an inlet and outlet tubes and the
reflectance probe. Two peristaltic pumps were used with the same flow rate to add (peristaltic
pump A) and remove (peristaltic pump B) the solutions, creating a continuous flow over the
etalon device. The etalon was first stabilized with the blank solution using the closed system.
After stabilization, the reflectance spectrum was recorded and a fixed amount of NaCl was added
to the centrifuge tube. After stabilization with the NaCl solution, another spectrum was recorded
and the NaCl solution in the centrifuge tube was replaced with the blank solution. The etalon was
again allowed to stabilize in the blank solution before recording the reflectance spectrum. This
process was repeated 10 times in one day and 30 times during 30 days, being exposed to NaCl
once every day.

The reflectance spectra were analyzed by assessing the change of the peak position
centered at ~508 nm. For this, a Gaussian was fit to the reflectance spectra and the center of the

peak Gaussian was recorded to obtain an objective measure of the peak position.
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Scheme 4.1 Illustration of the closed flowing system used for the intra-day and day-to-day

reusability tests.

4.3 Results and Discussion

pNIPAm-co-10%AAc microgels were chosen to fabricate the etalon devices in this work
due to their higher sensitivity towards small changes in solution ionic strength, which we will
discuss in detail in the next Chapter, and due to their green appearance in pH 9 solution. When
using colorimetric devices for sensing applications that will be used by untrained personnel, it is
important to consider the psychology of the colors. Whether obvious or not, humans tend to
associate colors with emotions.'®”®® For instance, red is a primary color often associated with
love, passion, and can stimulate people to make quick decisions. However, it can also signify
danger or warning. On the contrary, green is a secondary color and often associated with nature,
healing, hope, and is usually used to indicate safety. As we intend to use the etalon devices for
water quality control, the use of a red-related colored etalon to indicate that the water being

produced in safe to drink would go against these conceptions and associations. Thus, the use of a
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green-related color to indicate safety is one important parameter to be considered. PNIPAm-co-
10%AAc microgels were synthesized via free radial precipitation polymerization and showed a
hydrodynamic diameter of 919 + 18 nm in DI water as measured by DLS. Furthermore, they
showed to be highly dispersible in water and spherical as shown in Figure 4.2(a). From these
microgels, etalons of 9 mm? were fabricated on 625 mm?” cover glasses using a metal mask that
yielded 25 etalons per substrate as shown in Figure 4.2(b). After the fabrication process, the
etalons were subjected to a quality control criterion where only those that showed a uniform

green color in the blank solution (pH 9) were selected for further testing.

Figure 4.2 (a) TEM images of the pNIPAm-co-10%AAc microgels in the dried state and (b) the
resulting etalons of 9 mm? constructed from them in the blank solution. Scale bar in panel (a)

represents 0.5 um.

The glass substrate was cut into 25 pieces to obtain individual etalon devices and their
reflectance spectrum in the blank solution showed two distinct peaks at ~508 and ~760 nm as
shown in Figure 4.3(a). They were then individually exposed to increased concentrations of
NaCl, from 0.9 to 200 mM, and the peak at ~508 was chosen to track their color change. The
exchange of solvent molecules and ions with the microgels is believed to occur through the
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porous top Au layer and from the sides of the etalons. As can be seen from Figure 4.3(b), the
sensors are initially green and upon exposure to very small amount of NaCl (0.9 mM), their color
quickly changed to red and a red shift (shifting to higher wavelengths) of the peaks in the
reflectance spectrum was observed. The red shift is caused by the swelling of the microgel layer,
increasing the distance between the two reflective Au layers. Interestingly, the microgels are
expected to shrink when the solution IS is increased. However, the microgels continued to swell
up to 3.4 mM of NaCl, after which no significant change was observed up to 5 mM. Following,
at concentrations > 5 mM, a continuous blue shift (shifting to lower wavelengths) was observed
which is caused by the microgels shrinking. Moreover, its color continued to be red up to 50.5
mM of NaCl and then turned back to the green color initially observed as the peak monitored

enters the green region of the electromagnetic spectrum.
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Figure 4.3 (a) Characteristic reflectance spectrum for pNIPAm-co-10%AAc microgel-based
etalon devices in pH 9 solution and (b) their response to increasing concentrations of NaCl. The
data point represents the average of 5 measurements and the error bars are their standard
deviations. The insets are the corresponding color of the etalons at specific NaCl concentration.
Initially, the sensors are green and showed red color at concentrations of 0.9 — 50.5 mM, after

which they return to their initial green color.
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The initial swelling behaviour of the microgels at low NaCl concentration (< 3.4 mM),
characterized by a red shift in the reflectance spectrum, can be explained by the Donnan
equilibrium theory. The exchange of mobile ions and solvent water molecules between the
swollen anionic microgels in the etalon and its surrounding is represented in Scheme 4.2. The
etalons are initially equilibrated with a solution of pH 9 (adjusted with NaOH) and as
demonstrated in Scheme 4.2, the microgels in equilibrium with its surroundings bear a strong
resemblance with Gibbs-Donnan equilibrium that is used to describe the equilibrium existent
between two solutions that are separated by a semi-permeable membrane. In fact, the swollen
anionic microgel is a solution and acts as its own membrane preventing the fixed negative
charges randomly distributed through the microgels from diffusing into the external solution,
creating a swelling force commonly referred as the swelling pressure. In this low salt
concentration regime, the concentration of mobile ions is greater in the microgels than in the
external solution due to the attracting power of the fixed negative charges and to satisfy the
condition of electroneutrality. Consequently, the osmotic pressure of the solution inside of the
microgels will be greater than that of the external solution. Due to this osmotic pressure
difference, water molecules are driven into the microgels from a less concentrated external
solution, causing them to swell. In addition, increasing the concentration of cations inside the
microgels decreases the Debye screening length of the negatively charges groups and although
they can approximate each other closer, the osmotic pressure inside on the microgels maintain
them in a swollen state. Further increasing the concentration of NaCl up to 3.4 mM will decrease
this concentration difference, yet existent and causing the microgels to continue swell but now
decreasing its swelling capacity. At a concentration of 3.4 — 5 mM, it seems that equilibrium was

reached, where the osmotic pressure inside and outside of the microgels are similar, thus the
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microgels neither swells nor shrink. We believe that this concentration is highly dependent on
the % (mole) of AAc in the microgels and will be a focus of future investigations. At NaCl
concentrations > 5 mM, the concentration difference between the mobile ions inside and outside
the microgels increases again but now the osmotic pressure outside of the microgels will exceed
that of inside, driving water molecules into the external solution and causing them to shrink. In
addition, with a reduced osmotic pressure inside of the microgels and increased in Na'
concentration, the electrostatic repulsion between the localized negative charges is tremendously
reduced and the charges can get closer to each other, contributing even more to their shrinking
behaviour. At high salt concentrations (> 100 mM), Hofmeister effects (salting-in/out) start

impacting the microgels swelling behaviour, which we will be discussed in the next Chapter.

- Solvent #

Scheme 4.2 Illustration of the etalon device showing the swollen anionic microgels in

equilibrium with the NaCl solution. Fixed charges are resented by @, sodium ions (Na") by 7,
and chloride ions (C1) by @.

The reusability of the etalons was further demonstrated by determining their intra-day
and inter-day precisions. The intra-day precision was determined by exposing a etalon device to

solutions of ~1.5 mM NaCl 10 times over 2 days. Here, a closed flowing cycle was built to
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mimic the real system where the etalons would be placed and it is depicted in Scheme 4.1. The
etalon was placed in such way that a continuous water stream flowed over the device and a fixed
volume of NaCl solution was added to the centrifuge tube and stirred. We noted that the etalon’s
response was very quick, taking ~ 10 s to completely reach a red color after exposure to the NaCl
and ~10 minutes for the reflectance spectrum to be stable (peaks no longer shifting). After
stabilization, the solution inside the centrifuge tube was replaced with the blank solution 3 times
to assure that the NaCl was completely removed from the system. Following, once the peak had
moved back to its initial position, the etalon was exposed again to the NaCl solution. It is
important to point out that the time scale for the peak to return to its initial position was
significantly higher than the response time, taking approximately 40 min. This phenomenon is
referred to as hysteresis and has been already documented in our previous publication when
studying the etalons response to pH.”* In our case, when the external solution is exchanged with
the blank solution, the ions inside of the microgels will migrate from the microgels to the
external solution, from their high concentration on the microgels to their lower concentration in
the external solution. Nevertheless, due to the localized negative charges in the microgels, Na
and CI ions will still be present inside of the microgels and their migration to the external
solution will be significantly slow. The process of exposing the etalons to NaCl solution and
resetting them with the blank solution was repeated 10 times between two days, 5 times for each
day. Inter-day precision (day-to-day) was determined following the same procedure described
above but exposing the etalon to NaCl solution once a day for 30 days. The results can be found
in Figure 4.4. The averages and standard deviations for the initial peak and the response were
561 = 8 and 620 £ 3 nm for intra-day and 523 + 8 and 615 + 8 nm for inter-day tests respectively.

As demonstrated, the standard deviation of the measurements did not increase after 10 and 30
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cycles compared with the standard deviations for the individual tests, which were 505 £ 14 nm
for initial peak and 604 = 11 nm in response to 1.7 mM. In fact, the variance among the etalons
was slightly higher than the variance of their individual responses. The ability of the etalons to
return to their initial color after been exposed to solution ionic strength changes for many cycles
is very important from an economic point of view as the devices do not need to be replaced every
time they detect a failure of the desalination system. Furthermore, its reusability is also of
upmost importance from an environmental point of view as less waste is generated from the
disposal of the sensors. However, the time required for the sensors to be reset is still not ideal. To
decrease the reset time, we exposed the devices to a pH 3 solution for 10 minutes. We believe
that exposing the etalons to pH 3 solution (DI water adjusted with HCl) causes the protonation of
the carboxylic groups, neutralizing the negative charges of the microgels and breaking the ionic
interactions. This would facilitate the diffusion of Na” and CI ions from the microgels to the
external solution. Here, we used round-shape etalons with a diameter of 5 mm that were prepared
using a metal mask. After exposing them to a very high NaCl concentration (35 g/L, similar to
sea water concentration), the etalons were rinsed with DI water for 30 sec, then exposed to a pH
3 solution (DI water adjusted with HCI) for 10 minutes while stirring, rinsed again with DI water
and re-exposed to the blank solution, taking 10 - 15 min for its color to be uniformly green. The
color of the etalon devices in each solution used is shown in Figure 4.5. Following this

procedure, the etalon devices could be completely reset in 20 - 25 minutes.
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Figure 4.4 The repeatability of pNIPAm-co-10%AAc microgel-based etalons to varying ionic
strength for (a) intra-day and (b) inter-day tests.
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Figure 4.5 Etalons composed of pNIPAm-co-10%AAc microgels under different solutions used
for their resetting after salt exposure. The etalons are initially green at pH 9 solution and once
they are exposed to (a) NaCl solution, their color change to a mixture of violet and orange. After
rinsing with DI water and (b) incubating them in pH 3 solution, their color turned to violet and

finally returned to its initial green color after (c) incubating in pH 9 solution.

Finally, as the temperature of the water being produced from the desalination technology
can be as high as 80 °C, we investigated the working temperature range where the etalons show a
green color. The etalons were subjected to temperature changes from 2 to 35 °C inside of the
temperature controlled chamber containing 13 mL of pH 9 solution. As shown in Figure 4.6, the
microgels shrink as the temperature increases, leading to a blue shift in the reflectance spectra.

Furthermore, the shift is more significant at temperatures > 25 °C. When fitting the data points
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from 2 to 25 °C and from 25 to 35 °C into a linear regression model, the slopes were -1.7 and -
3.6 respectively. PNIPAm homopolymer microgels suspension show a sharp phase transition at
~32 °C, where the microgels undergo from a swollen to collapse state. Upon incorporation of
AAc groups, the temperature swelling/deswelling behaviour of these microgels is highly
dependent on the acrylic acid content, their charge density (solution pH), and solution ionic
strength.”” ' 1% The LCST of these microgels is shifted to temperatures > 32 °C when the
solution pH > pK, due to the charge-charge repulsions between the negatively charged groups,
the hydrophilic nature of the comonomer AAc, the lower NIPAm content, and the osmotic
swelling.”® However, when increasing the pH to 9, the ionic strength of the solution is increased
due to the addition of Na" and OH™ ions, which decreases the Debye screening length and the
repulsive electrostatic forces, causing the microgels to shrink at lower temperatures. This
explains the broader and larger shift in the reflectance spectra at temperatures > 25 °C.
Moreover, the etalons showed to be visually green at temperatures 17 — 35 °C and red color at T
<15 °C. Thus, the temperature of water being produced should be decreased to 17 — 35 °C before
bring exposed to the sensors. This can be easily achieved by allowing the water that is coming
out of the desalination system to flow through a length of tubing where it can exchange heat with

the environment.
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Figure 4.6 Temperature response for the etalons composed of pNIPAm-co-10%AAc microgels.
Each data point represents the average of 3 measurements and the error bars are their respective

standard deviation.

4.4 Conclusions

We have prepared etalon devices composed of pNIPAm-co-10%AAc microgels and
investigated their performance to detect small changes in solution ionic strength. We found that
these etalons are uniformly green when in equilibrium with pH 9 solution and their color quickly
turned to red when exposed to 0.9 mM of NaCl. Their color continues to be red up to 50.5 mM
of NaCl although shifts in the reflectance spectrum could be observed in this concentration
range. It implies that the etalon devices can be used to detect early leakage in the desalination
system as long as the ionic strength does not exceed 2,951 ppm, which is not expected at early
stages of the system’s failure. Furthermore, the etalons response to NaCl at different
concentrations could be explained by the Gibbs-Donnan equilibrium theory. The devices showed
to be highly reusable as demonstrated by their intra-day and inter-day precisions with a working

temperature range of 17 °C to 35 °C. We also demonstrated that the etalon devices could be
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easily reset by exposing the devices to a pH 3 solution. The results presented in this chapter
clearly demonstrate the potential of the etalons to be used in other systems where monitoring

changes in chemical composition of known systems is desired.
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Chapter 5

Probing the Dynamics of Hofmeister Series Ion Interactions

with Poly (/NV-Isopropylacrylamide) Microgels-Based Etalons

5.1 Introduction

In 1888, Franz Hofmeister first reported on the effect various salts had on hen egg protein

170 From these studies, the Hofmeister series was established, which

solubility in water.
qualitatively ranks ions by their ability to precipitate/solubilize proteins or macromolecules in
aqueous solution. The order of the ions relevant for this work in the Hofmeister series are shown
in Figure 1. lons to the left of chloride and sodium are referred as kosmotropes ("order-makers")
and those to the right are referred to as chaotropes ("disorder-makers"). At first it was thought
that kosmotropic and chaotropic ions affect the solubility of proteins or macromolecules by
changing the water bulk structure.'”' However, more recent studies demonstrated that the
interaction of ions with polymer chains have the highest impact on their physical behaviour
rather than the change in the bulk water structure.'’>"'’® Substantial attention has been paid to
Hofmeister phenomena due to their relevance in biological studies such as enzymatic activity,'”’

8

protein stability,'”® channel-facilitated membrane transport,'”® bacterial growth,'™ and

germination.'®' Not only limited to biological systems, the Hofmeister series plays an important

.. . . . 182-184
role on the selectivity and response of ion sensing devices.'**'®
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Figure 5.1 Cations and anions of the Hofmeister series relevant to this work.

Stimuli responsive polymers that undergo chemical or physical changes in response to
their environment have been widely used in a variety of applications such as drug delivery,
artificial muscles, sensing and biosensing.'®'*® Due to its thermoresponsive properties, poly(N-
isopropylacrylamide) (pNIPAm) has been a focus of many investigations since it was first
reported by Heskins and Guillet in 1968.%° Specifically, linear pNIPAm exists as a random coil
(and is solvated) in water below the lower critical solution temperature (LCST) of 32 °C, while it
exists as a globule (and is relatively desolvated) when T > LCST.> "% Like linear pNIPAm,
pNIPAm-based microgels are hydrophilic and fully water-soluble/swollen at T < LCST, while
they are relatively hydrophobic and collapse (expelling their solvating water) at T > LCST; this

56, 58

transition is reversible over many cycles. Furthermore, pNIPAm-based microgels can be

easily modified with other functional groups to render them responsive to a variety of external

107, 189

stimuli such as pH, ionic strength,'” and light,"'. One of the most common chemical

modifications used is acrylic acid (AAc) that can render the microgels pH responsive.lgg'lgo’ 192
Specifically, when pNIPAm-co-AAc microgels are in a medium where the pH > pKa of AAc
(~4.25), the carboxylic acid groups are mostly deprotonated (and negatively charged) and the
microgels swell due to Coulombic repulsion between the negatively charged groups. In addition,
increasing the internal charge repulsions as the pH is increased leads to an increase of the
osmotic pressure exerted by the mobile ions screening the fixed charges, causing the microgel to

further swell. However, when they are in a medium that has a pH < pKa, the carboxylic acid

groups are protonated (neutralized) and the microgels adopt a smaller volume as a consequence
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of the reduced electrostatic repulsion. Moreover, it is not surprising that the swelling state of
these microgels is affected by cations in solution as they can influence the Debye screening
length of the charged groups. Increasing the solution ionic strength can lead to more screening of
the charges, which reduces the charge-charge repulsions within the microgel and additionally

cause them to decrease in diameter.

As pNIPAm contains both hydrophilic (amide) and hydrophobic (isopropyl) groups, it
has been used as a model system to understand the ionic interactions in aqueous protein solutions

127, 193-19% I+ has been suggested that

that are responsible for the Hofmeister ranking of salts.
kosmotropic anions can polarize adjacent water molecules that are hydrogen bonded to the
oxygen and nitrogen of pNIPAm’s amide groups, thereby destabilizing their interaction and
affecting pNIPAm's LCST."*” ' Thus, high charge density anions that form hydrate complexes
(highly hydrated), which are located on the left side of Hofmeister series, have a greater impact
on pNIPAm’s LCST than less hydrated anions as they are able to easily polarize and disrupt
interactions between water molecules and the amide groups. In addition, highly hydrated anions
decrease the number of water molecules that are available to form hydrogen bond with the
polymer, decreasing its hydration. Furthermore, the addition of ions to the solution increases the
surface tension of the water/polymer hydrophobic interfaces, which increases the free energy
cost to form cavities to accommodate the hydrophobic isopropyl groups and the polymer
backbone.'?” 7173 These effects, well known as the salting-out effect, decreases
protein/macromolecule solubility and increases their stability via the formation of aggregates
followed by a phase separation. On the contrary, the salting-in effect, which is better described as

the direct interaction of weakly hydrated ions of low charge density with the polymer, can

increase macromolecule solubility and decrease its stability.'”>"” In molecular dynamics studies
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of pNIPAm by Qian and coworkers, they showed that the cations interact more strongly with the
carbonyl oxygen of the amide groups than the anions and that the strength of this interaction
highly depends on the cation-anion contact pair association constant.'”> The weaker the ion-
pairing interaction is, the stronger the cation interacts with the carbonyl oxygen, which makes the
salting-out effect less pronounced. Their results indicated that anions do not interact directly with
the carbonyl oxygen and its weak interaction is mediated via a positively charged cation. Rather,
anions have a relatively strong interaction with the isopropyl group of pNIPAm with the least
hydrated anions having the stronger binding. However, recent studies reported by Cremer and
coworkers revealed that weakly hydrated anions, such as SCN', interact with the amide nitrogen
and the adjacent a-carbon of a pentameric peptide (VPGVG) and these interactions, along with
ion pairing, dictates the Hofmeister series.'”’ The polarizability and hydration properties of
specific ions seems to play an important role in the Hofmeister series and recently, Bruce et al.'”®
reported that the degree of hydration of a weakly hydrated anion (chaotropic) could be
modulated by another strongly hydrated anion (kosmotropic). Their studies revealed that in a
mixture of salts, the combined effect of a weakly and strongly hydrated anion, such as in Nal and
Na,SOg4 respectively, is nonadditive and the 1on hydration and ion-polymer interaction could be
modulated by the presence and concentration of another kosmotropic/chaotropic anion. While
significant progress has been made in understanding the Hofmeister effects on polymers, its

microscopic origin is still not yet completely understood.

We have reported on the fabrication and use of Fabry-Pérot etalon or simply “etalon” for
many applications, which are constructed by sandwiching pNIPAm-based microgels between
two thin Au layers as illustrated in Figure 5.2(a)."® 2% The devices exhibit unique optical

properties (i.e., multipeak reflectance spectra and color) that are a result of constructive and
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destructive interference of light entering the etalon and resonating in the microgel cavity. The

optical properties can be predicted by Equation 5.1
A=2ndcosf /m (5.1)

where A is the maximum wavelength being reflected, » is the refractive index of the dielectric
(microgel) layer, d is the distance between the two Au mirrors, 6 is the angle of incidence light,
and m is the order of the reflected peak (e.g., 1, 2, 3,...). Since the microgels are temperature
responsive materials, the optical properties can be tuned as a function of water temperature. We
point out that at constant 6, the optical properties of the microgel-based etalons are dominated by
the distance between the two Au layers as the change of the refractive index of the microgel
layer as a function of solvation state is small compared to the thickness change. Important for
this submission, exposing the etalons to salting-out inducing ions, the microgels’ solubility
decreases and they collapse, decreasing the distance between the two Au layers and resulting in a

blue-shift in the peaks observed in reflectance spectra as shown in Figure 5.2(b).
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Figure 5.2 (a) The basic structure of pNIPAm microgel-based etalon composed of a microgel
layer (II) sandwiched between two Au layers (I and III) on a support glass substrate (IV) (b)
Representative reflectance spectra showing a blue shift upon exposure to a salt solution or

increase in the temperature.

126



In this Chapter we explored the microgels’ responsivity to aqueous solutions composed
of specific salts in the Hofmeister series, i.e., NaCl, CH;COONa, KCI, MgCl,, CaCl,, MgSOy,,
NaSO,, (NH4),SO4 by exploiting the etalon structure. Etalons composed of pNIPAm-based
microgels with and without AAc were fabricated and their optical properties studied using
reflectance spectroscopy. The position of the reflectance peak, and how the position changed
with addition of the ions above, was used as an indicator of how the microgels themselves
responded to the specific ions. This is the first attempt to study how specific ions in the
Hofmeister series affect the hydration state of microgels in a confined space. The results revealed
that the etalons responded to the salts in a manner that could be predicted from the Hofmeister
series. In addition, a detailed analysis of the response process was performed in real-time, which
allowed us to track details of the response that could not be seen in steady state measurements.
Serpe and coworkers have demonstrated that it is possible to monitor the deswelling of the
microgels in real-time but detail analysis of the kinetic response and how it can be correlated
with the species in solution was never attempted.''® By monitoring the peak shift over time in
response to salt ions, it was revealed that the etalons respond to a combination of osmotic and
salting effects. Furthermore, etalons prepared with non-ionic microgels (containing no AAc)
showed higher sensitivity at higher salt concentrations due to the lack of charge repulsion
inherently present in anionic microgels that prevents further deswelling of the microgels.

The results presented here are of great interest for our future ion sensing systems, and can
lead to a more comprehensive understanding of the Hofmeister series, and how ions interact with
both natural and synthetic polymers. Importantly, etalons uniquely allow us to directly probe the
effect that specific ions have on the microgel hydration state in real time and account for osmotic

pressure and Hofmeister effects, which is extremely hard (or impossible) to probe using other
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%1 The dynamics of the salt response

commonly used techniques, e.g., dynamic light scattering.
process can be used for ion sensing applications due to their unique response patterns, such as
the response shapes, e.g., the time that the etalon response reaches its maximum, the magnitude
of the response, and the time required to reach equilibrium. Finally, this system allows us to
investigate fundamental properties of ion exchange, i.e., etalons allow us to probe ion exchange
kinetics, and study how kosmotropic and chaotropic ions can affect each other during the

exchange process. All of this together allows us to access ion exchange dynamic data that is not

possible using any other approach.

5.2 Experimental Section

5.2.1 Materials

N-isopropylacrylamide (NIPAm) was obtained from TCI (Portland, Oregon) and purified
by recrystallization from hexane (ACS reagent grade, EMD, Gibbstown, NJ) prior to use. N,N’-
methylenebisacrylamide (BIS) (~99%), acrylic acid (AAc) (~99%), ammonium persulfate (APS)
(~98%), sodium hydroxide (NaOH), ammonium sulfate ((NH4),SO4), magnesium chloride
(MgCl,), and sodium chloride (NaCl) were purchased from Sigma-Aldrich (Oakville, Ontario)
and were used as received. Glass substrates (25 mm x 25 mm) and calcium chloride (CaCl,)
were obtained from Fisher (Ottawa, Ontario). Potassium chloride (KCIl) was purchased from
EMD (Mississauga, Ontario). Sodium nitrate (NaNQOs), sodium sulphate (Na;SO4), magnesium
sulphate, hydrochloric acid (HCl) and sodium acetate (NaCH3COO) were obtained from Caledon
Lab. (Georgetown, Ontario). Deionized (DI) water, with resistivity of 18.2 MQ-cm, was

obtained from a Millipore Milli-Q-Plus system (Billerica, MA). Cr (99.999%) and Au (99.99%)
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were obtained from ESPI Company and MRCS Canada (Edmonton), respectively. Whatman #1

paper filters were purchased from GE Healthcare (U.K.).

5.2.2 Synthesis of pNIPAm-Based Microgels

PNIPAm-based microgels containing 10% AAc (pNIPAm-co-10%AAc) were prepared
by free radical precipitation polymerization of the monomer NIPAm with BIS as the crosslinker
and AAc as a comonomer following a previously published procedure.”** In short, NIPAm (11.9
mmol) and BIS crosslinker (0.703 mmol) were dissolved in 99 mL of deionized water in a
beaker. The resulting mixture was filtered using a 20 mL syringe affixed with a 0.2 pL filter and
transferred into a 3-neck round bottom flask which was fitted with a reflux condenser, nitrogen
gas inlet, thermometer, and stir bar. The solution was allowed to heat to 70 °C over ~1 h, after
which AAc (1.43 mmol) was directly added using a micropipette. The reaction was then initiated
by transferring a solution of ammonium persulfate (APS) (0.2 mmol in 1 mL of DI) into the
reaction mixture. The reaction was allowed to proceed for 4 h at 70 °C, under N, atmosphere.
The resulting microgel solution was allowed to cool overnight at room temperature, and then
filtered using a Whatman #1 paper filter to remove large aggregates that might have formed
during the polymerization reaction. Finally, the microgels were purified via centrifugation and
resuspension in water 6 times and the concentrated microgel solution was collected. The same
procedure described above was used to synthesize microgels composed of NIPAm (13.33 mmol)

and BIS (0.703 mmol) without the addition of AAc.
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5.2.3 Microgel Characterization

Dynamic light scattering (DLS) was used to measure the microgel hydrodynamic
diameter in DI water using a commercial Zetasizer Nano ZS — Malvern Instrument
(Westborough, MA, USA) equipped with a 633 nm light source at 25 °C. Differential
interference contrast (DIC) microscopy images of the microgels in the dried state were obtained
using an inverted microscope (Olympus IX71) equipped with a iXon electron multiplying CCD

camera (Andor Technology) at 100x magnification and is displayed in Figure 5.3.

Figure 5.3 Microscopic image of microgels based on pNIPAm-co-10%AAc in the dried state
with average diameter size of 0.67 £ 0.04 pm. A drop of concentrated solution was placed on a
glass substrate coated with 15 nm Au and allowed to dry at 35 °C. Following, the excess of
microgels was rinsed off and the substrate was incubated in DI water overnight. The substrate
was then rinsed with DI water, dried over N, and used for image. The highly dense part in the

image corresponds to where the drop of concentrated microgel solution was added.
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5.2.4 Etalon Fabrication and Surface Characterization

Etalons were prepared following a previous reported “paint-on” protocol.””® Briefly, a
concentrated solution of microgels was used to create a homogenous, monolithic coating on a 15
nm Au-coated glass substrate (1 inch?) after which another 15 nm Au layer was deposited using a
thermal evaporation system (Torr International Inc., New Windsor, NY). It is important to note
that 2 nm Cr was always deposited before the Au layer to facilitate the strong adhesion of the Au
to the glass. 1 cm’ etalons were obtained using a metal mask that yielded 4 etalons/glass
substrate as shown in Figure 5.4(a). After the etalons were fabricated, they were immersed in a
freshly prepared aqueous solution with a pH 7 (adjusted with NaOH), and 100 mM IS (adjusted
with addition of NaCl) for at least 3 h before being used for the salt response experiments. We
refer to this solution as our “standard solution”. For experiments at the various solution pHs,
etalons were immersed in a solution containing the desired pH with the IS constant (100 mM).
Scanning electron microscopic (SEM) images of the etalon’s surface were collected using a LEO
1430 SEM (Carl Zeiss SMT AG, formerly LEO Electron Microscopy Ltd., Oberkochen,

Germany) and is shown in Figure 5.4(b,c).
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Figure 5.4 (a) Photograph of 4 etalons with size of 1 cm? obtained using a shadow mask in DI
water. The glass substrate was cut into 4 pieces using a tungsten scribing pen to obtain 4
individual etalons. Representative SEM images of the etalons surface composed of pNIPAm-co-
10%AAc microgels (b) before and (c) after the salt exposure experiments. The etalons was 30°

angled relative to the source.

5.2.5 Salt Response Measurements and Reflectance Characterization

The standard solution (pH 7, 100 mM IS adjusted with NaCl) was used to prepare 1 M
solution of each salt (NaCl, CH;COONa, KCIl, MgCl,, CaCl,, MgSO4, NaSO4, (NH4),SOy4,
NaNOs) and also to stabilize the etalons before the salt response experiments. Etalons soaked in
the pH 7 standard solution for at least 3h were quickly transferred to a small Petri dish and fixed
in place with adhesive tape. The Petri dish was then placed on a hot plate set at 25 °C, after
which 600 pL of the standard solution was transferred to the center of the device. The R400-7
VIS-NIR optical reflectance probe, which was purchased from Ocean Optics (Dunedin, FL), was
inserted into this solution such that the light was striking the normal of the etalon. Spectra were
recorded using Ocean Optics Spectra Suite Spectroscopy Software over a wavelength range of
450-950 nm and spectra were only collected once the signal was stable, for example, the peak
position was no longer changing after 15 minutes. To the 600 pL of standard solution on the

etalon, varying amounts (38.4, 47.7, 114.2, 160 and 240 pL) of a given 1 M salt solution was
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successively added using a micropipette. Before each successive addition, we ensured that the
reflectance spectrum was stable. For the kinetics measurements, the experimental conditions
were the same as described above, but the reflectance spectrum was collected every 3 seconds
rather than after stabilization.

For all experiments, the resultant reflectance spectra were analyzed by assessing the
change of the position of the reflectance peak centered at ~770 nm. A Gaussian was fit to the
reflectance spectra to obtain an objective measure of the peak position. In all cases, the

experiments were repeated at least three times.

5.3 Results and Discussion

DLS was used to measure the diameter of the pNIPAm-co-10%AAc microgels in DI
water, which showed a hydrodynamic diameter of 1.1 + 0.1 um. Etalons were constructed from
microgels and their surface characterized by SEM before and after exposure to the salt solutions.
As can be seen in the images in Figure 5.4(b, ¢), exposure of the etalons to the salt solutions
doesn’t appear to impact the etalon structure. The etalon response to a variety of salt solutions
such as NaCl, CH3;COONa, KCI, MgCl,, CaCl,, MgSQO,4, NaSO4, (NH4),SO4 was assessed by
monitoring the position of the reflectance peak. As shown in Figure 5.5, the etalons were
responsive to all the salts used, meaning that the salt ions can affect the physical conformation
(i.e., hydration state) of the microgels sandwiched between the two Au layers, causing a peak
shift in the reflectance spectrum. Furthermore, we observed that the response increased as the
salt concentration increased. Specifically, Figure 5.5(a) shows the etalon response to
monovalent and divalent chlorides. As can be seen, Ca’" and Mg yielded enhanced responses
compared to Na“ and K'. In addition, K" showed a more substantial response than Na',

especially at higher concentrations, but the etalon’s response to Ca>" and Mg”" appeared similar
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over a broad range of concentrations. Following the Hofmeister series, we were expecting larger
responses for K and Na* are expected to yield a larger response compared to Mg”" and Ca®" as
they contribute to salting-out effect. However, the opposite was observed here. This can be
attributed to the composition of the microgels used to prepare the etalons, which contain
carboxylic acid groups that are deprotonated at pH 7. Mg”" and Ca" are both divalent ions and
can decrease more significantly the Debye screening length of the negatively charged carboxylic
groups than K and Na", considerably reducing the electrostatic repulsion and leading to larger
responses. Therefore, in these systems, the strength of the salting-out effect needs to be
considered along with the magnitude of the charge of the cations. This is consistent with earlier

* when studying the swelling behavior of

observations reported by Basser and coworkers'®
sodium polyacrylate gels in aqueous solutions of NaCl, KCI, and CaCl,. The authors found that
as the concentration of salts was increased, the swelling degree of the gels gradually decreased,
which was attributed to the reduction in the difference between the concentration of ions inside
and outside of the gel as the concentration of ions outside of the gels increased. Furthermore,
they observed that the effect of the ions on the swelling equilibrium of the gels followed the
Hofmeister series for monovalent cations, such as Na" and K, and the concentration of divalent
cations were shown to have a greater impact on the deswelling of the gels compared to the
monovalent cations. Moreover, Mg®" and Ca®" are both chaotropic ions and do not contribute to
the salting-out phenomena like Na™ and K', which explains the larger response of K (more
pronounced salting-out effect) over Na™ and similar response for Ca’" and Mg®". Thus, for
anionic pNIPAm-based microgels, the ability of cations to screen the negatively charged groups

and reduce the charge-charge repulsions in the microgels needs to be taken into account along

with the Hofmeister effects.
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Figure 5.5(b, c¢) shows the etalons’ response to different anions and cations, respectively.
In Figure 5.5(b) (salts contain the same cation and different anions), we observed that the
etalons responded to SO42' > CH3;COO™ > CI'. As is evident from the Hofmeister series, the
strongest salting-out anion SO4*, and is expected to have the largest response while C1” should be
the smallest. This is consistent with our observations and can be attributed to the fact that the
anions will not contribute to charge screening within the microgels. Rather, their response will be
manifested as a salting-out effect, which is currently used to explain the Hofmeister ranking of
ions. Nonetheless, we attribute the significantly larger response for Na,SO4 to the fact that in
addition to the strong salting-out effect contribution from sulphate ions, there are two Na' ions
present which can highly decrease the Debye screening length and allow closer proximity of the
negatively charged carboxylic groups. This is in agreement with our early observations (Figure
5.5(a)) where the cations had a greater impact on the deswelling state of anionic microgels. In
Figure 5.5(c) (salts contain the different cations and the same anion), we observed that the
etalons responded to NH;" > Na > Mg”" with some minor deviations from the sequence at low
salt concentration. SO4*” and NH," are kosmotropic and highly contribute to salting-out effect.
Both of them are located on the extreme left side of Hofmeister series due to their greater ability
to precipitate proteins.”** Furthermore, in (NH,),SOy4 there are three kosmotropic ions available
for interaction. Not surprisingly, (NH4),SO4 was shown to yield the largest overall etalon
response out of all the sulphates tested as predicted from Hofmeister series. It is noteworthy that
the responses for sulfates the MgSO,4, NaSO,, (NH4),SO4, which are known to form ion-pairing
in solution, showed a linear behavior with increasing electrolyte concentration. However, the
response for NaCl, KCl, CH;COONa, MgCl,, and CaCl, adopted a non-liner behavior. The

effect of salts in solution has been demonstrated to be non-linear in some cases as shown by
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Sadowski and coworkers when studying amino-acid solubilities in solution, osmotic coefficients

of complex electrolyte systems, and activities of univalent cations and anions in aqueous

solution.
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Figure 5.5 Cumulative wavelength shift of pNIPAm-co-10%AAc etalons in pH 7 standard
solution for (a) monovalent ((Il) NaCl, (®) KCI) and divalent ((4) MgCl,, (') CaCl,) chloride
salts; (b) sodium derivative salts ((ll) NaCl, (%) NaCH;COO, and () Na,SO,); (c) sulphates ((

) Na,SOs, (
pH 3, (O) pH 5, () pH 7, and (L) pH 9. The ionic strength was kept constant (100 mM) for

) MgSOs, and () (NH4),SO4) and (d) NaCl response at different pH values: (#)

each solution. Each data point represents the average of three independent experiments and the

error bars are the standard deviation for each measurement.
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We further investigated the etalon’s response to NaCl at different solution pH as some of
the salts used for this investigation generated solutions with pH varying from 5.6 (MgCl,) to 9.6
(CaCl,). In this range of pH the degree of protonation of the carboxylic groups varies,'”® which
may influence the etalon’s response to the salt solutions. For this, pH 3.0, 5.0, 7.0, and 9.0
solutions were prepared and the ionic strength adjusted to 100 mM using NaCl and finally 1 M
NaCl solutions were made at these pHs. The etalon response to NaCl at the different pHs is
shown in Figure 5.5(d). As can be seen, the response of the etalons to NaCl was statistically
similar for solutions with pH > 5. Therefore, we can conclude that the pH variation for MgCl,
and CacCl, did not significantly affect the etalon response, and the observed responses are a result
of the interactions between the specific ion and the polymer itself.

It is important to note that we observed a blue shift of the peaks in the reflectance spectra
for all the salts used in this investigation, which is a result of microgel collapse, regardless of if
the salt ion is classified as kosmotropic or chaotropic. We hypothesize that this final blue shift is
due to the presence of cations screening the negatively charged carboxylic groups, causing the
anionic microgels to shrink. However, the degree of deswelling depends on the charge of the ion
and its position in the Hofmeister series (salting-in/out effect) as previously discussed. In
addition, the total blue shift observed is also attributed to the etalons response as a result of
osmosis. A schematic illustration for the proposed response mechanism is shown in Scheme 5.1.
When the salt solution was initially injected, its concentration is higher in the external solution
than inside of the etalon, which ultimately drives water molecules from the microgels to the
external solution where the salt concentration is higher, causing the microgels to deswell as a

result of osmosis. In parallel, as the ions diffuse across the solution due to the concentration
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gradient and start entering the microgels the negatively charged carboxylic groups are screened
by the cations and a concurrent salting-in/out effect that also impacts the hydration state of the
anionic microgels, according to their ranking in the Hofmeister series. An eventual equilibrium
in microgel diameter (and microgel layer thickness) is reached that is a combined result of
osmosis, Hofmeister effects, and the extent of charge screening in the microgels. As the salt
concentration in the external solution increases with further addition of salt solution, more water
molecules are driven by osmosis from the microgels to the external solution, causing them to
further shrink and a further blue shift is observed in the reflectance spectra. For kosmotropic
ions, which are known to cause the polymer to collapse, their response is additive to the collapse
induced by the osmotic effect and the magnitude of charge screening as both cause the microgels
to collapse while for chaotropic ions, which are known to cause the polymer to swell, their
response is non-additive and is subtracted from the response caused by the osmotic effect and
reduced in charge-charge repulsion. Therefore, if the degree of swelling caused by the salting-in
effect is smaller than the degree of deswelling caused by the osmotic effect and reduced charge-
charge repulsion, a final blue shift is observed. This implies that the degree of swelling for all
chaotropic ions studied here did not overcome the degree of deswelling caused by the osmotic
effect and reduced in charge-charge repulsion. However, the degree of swelling indeed depends
on type of chaotropic ions as they showed different responses as can be seen in Figure 5.5(c)
(NH," > Na" > Mg”"). To visualize the etalon response to osmotic and salting-in/out effects, we
monitored the etalon response over time upon exposure to 60 mM of (NH4),SO4, NaCl, and
MgCl,. These three salts were chosen because they are located in different positions along the
Hofmeister series. By monitoring the peak shift kinetics, we are able to probe the real-time

responses of pNIPAm to the addition of salt, which is a very unique aspect of utilizing the etalon
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structure to probe Hofmeister effects. As can be seen in Figure 5.6, we divided the response
kinetics into 3 phases. In phase 1, a fast blue shift was observed in the first minute for all the salt
ions, which we attribute to the microgel’s osmotic response, as previous discussed. At this point,
we assume that the microgels have no direct interaction with the ions, and only respond to the
solution ionic strength via osmosis. This is similar to observations reported by Sivanantham et al.
when characterizing the swelling kinetics of water-swollen polyacrylamide hydrogels when

exposed to various concentration of NaCl.%

The hydrogel underwent deswelling at short times
as the ionic solution pulled the water molecules from the hydrogel due to the osmosis effect. In
phase 2, ions start entering the microgel as osmosis proceeds, bringing water molecules back and
resulting in a red shift. The transition from phase 1 to phase 2 is faster for (NH4),SO4 and MgCl,
(around 0.5 and 0.2 s respectively) than for NaCl (around 1 min), which we attribute to their
higher ionic strength difference that causes their diffusion rate to be higher. In phase 3, the
Hofmeister effects start to impact the microgels response to the ions in solution, ultimately
dominating the final response. Here, a continuous blue shift was observed for MgCl, and
kosmotropic (NH4)2SO4. The continuous blue shift observed for MgCl, is due to the charge of
Mg”" that needs to be considered when using etalons prepared with anionic microgels. For non-

kosmotropic NaCl, a continuous red shift was observed and the transition from phase 2 to the

Hofmeister effect could not be distinguished, leaving NaCl with only two phases.
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Scheme 5.1 Schematic illustration of pNIPAm-co-AAc microgels-based etalon response to salt
ions. Initially, the etalons are in equilibrium with the standard solution (100 mM IS adjusted with
NaCl). After addition of salt, in this case NaCl, the concentration of Na" and CI ions in the
external solution increases, increasing the difference in concentrations inside and outside of the
microgels, driving water molecules out of the microgels into the external solution and causing
them to shrink. Following, the ions diffuse to the anionic microgel layer where charges are being
screened and salting-in/out effect take place. Further addition of salt increases the concentration
of the ions in the external solution, causing the microgels to further shrink and further decrease

in the Debye screening length, which is observed as a further blue shift.
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Figure 5.6 Kinetics of the etalon response to 60 mM of (a) (NH4)2SO4, (b) NaCl, and (c) MgCl,.

Etalons were constructed using p(NIPAm)-co-10%AAc microgels. The salt solution was quickly

added to the solution that the etalon was immersed and then mixed to ensure homogeneity. The

insets show the corresponding response kinetics up to 15 minutes. The dashed lines indicate the 3

defined stages of response kinetics as explained in the text.

Furthermore, we investigated how etalons prepared with non-ionic microgels responded

to the salts. For these experiments, pNIPAm microgels were used that did not contain AAc, but

keeping the total number of moles of monomer and crosslinker constant (14.0 mmol). The

hydrodynamic diameter of the microgels measured by DLS was 0.78 = 0.17 um in DI water,
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smaller than the microgels containing AAc due to the lack of charge repulsion. The response of
the resultant etalons to NaCl and (NH4),SO4 was assessed, as shown in Figure 5.7(a, b). As can
be seen, the etalons also exhibit a concentration dependent response, and the response of etalons
composed of non-ionic pNIPAm microgels to NaCl and (NH4),SO4 was greatly enhanced
compared to etalons composed of anionic microgels. This can be explained by considering that
the swelling forces are remarkably increased as a result of the localization of negative charges
present in pNIPAm-co-AAc microgels compared to non-ionic pNIPAm-based microgels.””
Scheme 5.2 schematically depicts the effect of localized charges on the deswelling power of the
microgels. When the carboxyl groups are deprotonated, such as in pH > 5, the negatively charged
carboxyl groups on the polymer chains leads to electrostatic repulsion that expands the network.
When exposed to salt solutions, the microgels collapse by a mechanism previously discussed,
although the remaining localized charges still cause the microgels to be swollen. On the other
hand, microgels prepared with no AAc show a higher volume change when they are exposed to
salts because of the lack of charge repulsion in the microgel network, effectively making the salt
ions more effective at causing the microgel to collapse. We could also observe this phenomenon
when analyzing the effect of pH on the salt response (Figure 5.5(d)). The response to NaCl was
significant enhanced when the pH of the solution was 3 (below the pKa of AAc). Finally, we
investigated how the etalons composed of non-ionic pNIPAm-based microgels respond to NaCl,
CaCl,, and NaNOs. Here, we explored how cations and anions of the Hofmeister series influence
the etalon’s response. The results found in Figure 5.7(c) shows that the response for these salt
ions follow the Hofmeister series, i.e., NaCl gave larger responses compared to NaNOs. The

210
l.

same order in the sequence was reported by Lopez-Leon et a when characterizing the effect

of electrolyte type and concentration on the hydrodynamic diameter of cationic and anionic
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pNIPAm microgels. The authors found that the minimum salt concentration needed to induce the
collapse of the microgels follows the sequence: ClI" < NO3; < SCN'. Thus, CI" ions would yield
larger responses from the etalons as the microgels start to collapse at lower concentrations. In the
case of cations, Na gave larger responses compared to Ca®’, although these differences are not
as significant as those observed for the anions. The difference in the maximum peak shift for Na"
and Ca>" was around 11 nm while CI" and NO5™ was 36 nm. This larger difference in response for
the anions compared with the cations is primarily due to the fact that anions are polarizable and
their hydration is stronger than that for cations.”''?" The stronger hydration of anions is
attributed to the possibility of intrashell hydrogen bond formation of the anion with the hydrogen
atom of water molecules and charge transfer between the anion and the water molecules as it is
easier for the oxygen atom of the water molecule, which is very electronegative, to accept

171, 212, 214 :
’ Therefore, anions can

negative charge from anions than positive charge from cations.
contribute to a stronger salting effect than cations and thus their responses are more pronounced.
We also noticed that for chaotropes ions, such as Ca", the total peak shift for etalons made with
anionic microgels is significant larger compared to the peak shift for etalons based on non-ionic
microgels. Based on that, anions were shown to have a significant influence in the etalon’s

response compare to cations when using non-ionic microgels while cations influence strongly in

the etalons response when using anionic microgels.
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Figure 5.7 (a) Etalon response to NaCl prepared using () anionic and ((P) non-ionic pNIPAm

microgels. (b) Etalon response to (NH4),SO4 prepared using (%) anionic and (“F) non-ionic

pNIPAm microgels. (¢) Etalon response to () NaCl, () CaCl, and (&) NaNO; prepared using

pNIPAm microgels (no AAc). Each data point represents the average of three measurements and

the error bars are the standard deviation for each value.

144




Etalon Prepared with
pNIPAm-co-AAc Microgels
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Etalon Prepared with
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Scheme 5.2 Schematic illustration of the effect of ionic (top) and non-ionic (bottom) microgels
on the response magnitude of the etalons. For etalons prepared with pNIPAm-co-AAc microgels,
as the microgels shrink, the relative distance from one charged carboxyl group to another
decreases, increasing the electrostatic repulsion. Even though the charges have been screened by
counterions in solution, represented by the red arrows and smaller charge in the scheme, further
deswelling is not favorable. On the contrary, non-ionic microgels undergo a larger volume
change due to the lack of fixed charges along the polymer chain that would prevent it from

further deswelling.

We further investigated the etalons’ response to a mixture of salts and if we could predict
the total shift based on theoretical calculations. Here, the etalons were exposed to increasing
concentrations of a mixture of 1:1 NaCl and (NH4),SO4 and the accumulative peak shift is shown
in Figure 5.8. The theoretical values were calculated from their individual peak shift and
considering that they were addictive of equal intensity. As we can see from Figure 5.8, the
theoretical values are very similar to the measured peak shift. This suggests that the detection of
specific ions in solution and their concentration might be possible using the etalon devices.

However, more studies need to be done to determine if the contributions to the total peak shift
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for a mixture of kosmotropic and chaotropic ions are additive, non-additive, and how the

intensity of their contributions varies with concentration and type of ions.
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Figure 5.8 Comparison of peak shifts for a mixture of 1:1 (‘%) NaCl and (NH4),SO4 with (™)
theoretical calculations based on the individual peak shifts for (Ill) NaCl and (#) (NH;),SOy.
The theoretical calculations were done considering that their contributions to the total peak shift

was additive with equal intensity.

Finally, we explored the reusability of the etalons after salt exposure and the results can
be seen in Figure 5.9. For this experiment, the device was first exposed to the NaCl solution,
washed three times with DI water and incubated for 30 min in DI water before again being
exposed to a solution of NaCl with the same concentration. Finally, the etalon was rinsed and
again exposed to the NaCl solution. As can be seen in Figure 8, the position of the reflectance
peaks were very similar (as can be seen from the small standard deviations in the peak position)
after multiple exposure and rinsing cycles. Thus, the optical devices were used at least three

times before being discarded.
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Figure 5.9 Reflectance spectrum for etalons (solid line) before and (dashed line) after exposure
to 500 mM of NaCl. The x-axis error bars located above and below the peaks correspond to their

standard deviation.

5.4 Conclusions

In this study, we investigated the dynamics of pNIPAm-based microgel interactions with
various Hofmeister series salts (e.g., NaCl, CH;COONa, KCl, MgCl,, CaCl,, MgSQO4, NaSOs,
(NH4)>SO4) by exploiting the optical properties of microgel-based etalons. Two sets of etalons
were prepared with pNIPAm-co-10%AAc and pNIPAm microgels. We found that kosmotropic
ions produced larger responses than chaotropic ions, with exception of Ca>" and Mg”" for etalons
composed of pNIPAm-co-10%AAc microgels, as the salts contribute to both the salting-out
effect and can also minimize the Coulombic repulsion within the microgels. Interestingly, by
monitoring the response of the etalons over time, we could conclude that the etalons respond to
osmosis in addition to the salting effects as all the salts generated a blue shift in the reflectance
spectra. Furthermore, etalons fabricated with microgels without AAc showed higher sensitivity
toward salt exposure compared to etalons composed of pNIPAm-co-10%AAc microgels. We

attribute this to the lack of charge repulsion in the pNIPAm microgel-based devices that
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enhances their ability to respond to salts. The results here make clear that the microgel response
to salt is very complex, although using etalons to probe the dynamics of the salt response, we
were able to understand the relative importance of osmosis and “Hofmeister effects” on the
microgel hydration state. This is a unique aspect of the work here compared to other studies that
utilize measurements at equilibrium conditions to probe these salt interactions. Thus, this system
represents a platform to understand many more important processes that define and control

polymer hydration state.
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Chapter 6

Conclusions and Future Outlook

This thesis was focus on scaling up the etalon fabrication process, and addressing color
uniformity and reproducibility issues. Moreover, we explored the ability of the etalons to be used
as portable sensors where, for the first time, their color change was characterized using average
RGB values. Chapter 2 of this dissertation was focused on fabricating etalons of high color
purity and uniformity using doctor blade technique. We compared the uniformity of the etalons
prepared using the proposed doctor blade technique with our previous paint-on protocol and
investigated the impact of the etalon quality on their pH response measurements. It was observed
that doctor blade technique yielded more uniform colored etalons and their color was more
consistent from etalon to etalon as demonstrated by their smaller standard deviations on the
measured reflectance spectra. Furthermore, it has been shown that the thickness of the top gold
layer does not affect the color uniformity and the precision of the pH response measurements for
etalons prepared using doctor blade technique were greatly enhanced due to the reproducibility
of the fabrication process. However, variations on the microgel diameter prepared in different
reaction batches demonstrated to affect the reproducibility of the fabricated etalons. We finally
demonstrated that the quality of the fabricated etalons by different individuals had minimal
variation. In future, the microgels could be synthesized using free radical precipitation
polymerization in the presence of surfactant (SDS) as it can result in more reproducible
microgel. Furthermore, the reaction temperature should also be carefully controlled and the

reaction scale kept constant. In future, it would be interesting to attach heating blocks to the
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painting platform so the microgels could be spread on the surface at 35 °C instead of room
temperature and evaluate the quality of the resultant etalon devices.

Subsequently, we used the doctor blade technique to prepare pH responsive etalons and
evaluated their ability to be used as portable sensors. For this, we choose to use the etalons to
detect the pH of drinking water as it seemed to be the simplest system and also serves as a
foundation for future application where we will be using the etalons to detect and quantify other
analyte. This was the focus of the Chapter 3 of this thesis. Here, the color change of the etalons
in response to pH was characterized using their average RGB values obtained from digital
images instead of measuring their reflectance spectra usually performed in our lab. This is an
important step to move the technology towards commercialization. Etalons composed of
microgels containing different pH responsive comonomers was tested. We found that etalons
composed of pNIPAm-co-MAAc showed to be more promising as portable sensors for pH
measurements as their color change as a function of pH was more gradual using CIE xyY color
space. Furthermore, the angle at which the pictures were obtained was extremely important and
therefore should be kept constant. Therefore, a 3D printed box was fabricated and the conditions
of the experimental set up such as the camera angle and type of LEDs were tested to obtain
minimal affect on the RGB values of the digital photos. A quality control was also performed
where the etalons were classified in different groups based on their x and y coordinates at pH 4
and 8. Using optimal conditions, the etalons could predict the pH of solution with a MAE as low
as 0.2 and as high as 0.6 pH units for complex solutions over a range of pH and ionic strength of
4 — 8 and 150 to 1800 ppm, respectively. In fact, when predicting the pH of real water samples,
for the groups with highest frequency, the MAE varied from 0.15 to 0.4 pH units. Furthermore, it

was shown that variations in temperature significantly affected in accuracy of the pH

150



measurements. In future, the effect of bicarbonates on the accuracy of pH measurements should
be investigated. Also, etalons composed of pNIPAm-co-10%AAc showed large response range
on the CIE xyY color space. It is worthwhile to decrease the % of AAc and investigate again the
performance of these new etalons to predict solution pH. The same applies for VAAc.
Furthermore, experiments should be carried out to evaluate the ability to predict the solution
temperature and ionic strength using etalons composed of pNIPAm (no pH responsive
comonomers) and anionic microgels. Finally, the effect of the gamma correction and
demosaicing on the accuracy and precision of the measurements should also be investigated. In
this case, the images should be saved as raw Bayer file and the results compared with the
previous results where the images were saved as JPG format.

In Chapter 4, we evaluate the performance of the etalons to predict changes in water
composition. This project was in collaboration with SolarDew international. Preliminary results
performed in their laboratory demonstrated that the etalons can be used to detect changes in the
water’s ionic strength but further evaluation in field is required to determine the life expectancy
of the sensors when submit to rough environmental conditions.

In Chapter 5, the etalons’ response to a variety of salt was investigated using reflectance
measurements. It was demonstrated that the etalons response could be predicted based on the
Hofmeister series and analysis of the response kinetics suggested that osmotic effects could be
decoupled from the Hofmeister effects. Furthermore, the details of the response kinetics could be
related to the specific ion in solution. In future, the response kinetics for specific salt at different
concentration should be obtained. Moreover, it would be interesting to analyse the details of the

response kinetics for a mixture of salts and investigate how ion exchange with the polymer
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occurs. For instance, having the etalons equilibrated with chaotropic ion in solution and monitor
the reflectance spectra after the addition of kosmotropic ions.

As we demonstrated that the etalons can be used as portable sensors, future directions
include the development of a universal water sensor composed of etalon arrays where each
etalon is responsive to a specific stimuli/analyte, such as temperature, ionic strength, pH, heavy
metals, phosphates, etc. This can be achieved by changing the chemistry of the microgels and
their size as well as changing the chemistry of the etalon’s top-Au layer and its thickness. Even
though it can be difficult to fabricate an etalon that exclusively respond to one specific stimulus,
deconvolution of their responses can be achieved by looking at the individual responses from
different sets of etalons to specific parameter/analyte and quantifying the contribution in the total
response from the background. For instance, etalons composed of pNIPAm microgels can be
used to detect the temperature of aqueous media as the microgels are very sensitive to changes in
temperature. However, pNIPAm microgels can also respond to the ionic strength of the medium
although with a very low sensitivity, which can compromise the accuracy of the sensors. In this
case, when measuring the temperature using pNIPAm microgels, the total response corresponds
to the sum of the response to temperature and ionic strength, where the response to temperature
is much higher than the response to ionic strength. The ionic strength of the medium can
therefore be predicted using etalons composed of anionic microgels as they are more sensitive to
the solution ionic strength than temperature. Thus, by knowing the ionic strength, we can
subtract its contribution to the total response from the etalons composed of pNIPAm microgels
and the temperature can be predicted with higher accuracy. Furthermore, deconvolution of the

responses might be also achieved by multidimensional analysis where the right calibration curve
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for temperature is used for that specific range of ionic strength instead of subtracting the

contribution from the ionic strength in the total response.
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Appendix A: Preparation of Tethered-
Phospholipid Bilayers on Microgel-Based Etalons
for Sensing Application

A.1 Introduction

Acetylcholine is one of the most important neurotransmitter in the autonomic nervous
system and functions as a neuromodulator (messenger) in both the central nervous system (CNS)
and the peripheral nervous system (PNS). In the CNS, it plays crucial role in the processes
related to behavioral activities and cognitive functions such as memory, attention, learning,
language, and coordination while in the PNS, it activates muscle contraction. Metabolic
abnormalities of acetylcholine (ACh) are associated with neuropsychiatric disorders and

6 Alzheimer’s disease®'’, and

neurodegenerative diseases such as depression”", schizophrenia
Parkinson’s disease®'®. Therefore, the detection and quantification of ACh in human fluids, such
as blood and cerebrospinal fluid, is of great importance for diagnosis and monitoring the
treatment progress of the above mentioned diseases. Common techniques used for quantifying

219

ACh are liquid chromatography-mass spectrometry (LC-MS)”~, matrix-assisted laser desorption

22 . . 221
0 and colorimetric assays™'.

ionization time-of-flight mass spectrometry (MALDI-TOF-MS)
However, these methods are expensive and require highly trained personnel. Thus, a simple,
inexpensive, fast, sensitive and selective method for detecting and quantifying ACh is highly
needed.””

In this project, we intent to develop a biosensor for ACh utilizing nicotinic acetylcholine

receptors (NAChR) embedded into a phospholipid bilayer immobilized on the surface of the
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etalon devices. NAChRs are ligand-gated ion channels permeable to ions such as sodium,
potassium, and calcium, and capable of switching from a closed to an open state when
acetylcholine binds to them, allowing ions to pass through in the open state. These ions would
then react with the microgels located beneath the phospholipid bilayer, generating a color change
in the device. Immobilization of the phospholipid bilayer and the detection procedure are
illustrated in Scheme Al. We hypothesize that the shift in the reflectance spectrum from the
etalons would be proportional to the concentration of acetylcholine in the biological sample
because more NAChRs would be in an open state (and for longer periods) as the concentration of
acetylcholine molecules increases, allowing more ions to flow through the ion channel and
decreasing the charge-charge repulsions of the negatively charged carboxylic groups.
Furthermore, this strategy allows the study of agonist and antagonist drugs on the activity of
NAChRs, which is of great interest to study potential drugs for Alzheimer’s and Parkinson’s

diseases.

174



d SUVs

Spontaneous
Fusion/Rupture é

CAAd Al

NACHR NaCl

- & ™ . »

M1 1 . ; Il
AChMicotine CIiTii T

Blue Shifi

L] [P EE— L]

Ew 3

: i

o Em

2 H

g - t

Ya =

= = F ]
Ll . e o e | T I T T | T
L] 1w e ol Lo i 1 - [l =

Wavelength (nm) Wavelength (nmp

Scheme A.1 Illustration for the Ach/nicotine detection strategy. (a) Small unilamellar vesicles
are prepared in PBS buffer containing disulfide groups to form Au-thiolate bond with the top Au
layer of the etalon in order to facilitate vesicle rupture/fusion. (b) The unilamellar vesicle
solution was slowly flushed on the surface of the etalons (625 mm?) where they bind, rupture,
and fuse, forming the supported lipid bilayer. (¢) Once NAChRs are incorporated into the lipid
bilayer, the addition of NaCl would not cause a shift in the reflectance spectra. (d) In the
presence of Ach/nicotine, the NAChRs adopt an open conformation state that allows Na" ions to
pass through and react with the microgel layer located beneath the bilayer, resulting in a shift in

the reflectance spectrum.
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A.2 Preliminary Experimental Results

The supported lipid bilayer (SLB) was prepared from the fusion and rupture of vesicles
composed of 5% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-poly(ethylene glycol)-
2000-N-[3-(2-pyridyldithio)propionate] (DSPE-PEG-PDP) and 95% 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC). The vesicles were prepared following a previously published
protocol*”*, but the vesicles were sizing by sonication instead of using an extruder. Vesicles
composed of 100% POPC were used as a control experiment. DSPE-PEG-PDP contains a
disulfide group that drives the adsorption and rupture of the vesicles into a bilayer. It has been
reported that vesicles containing 2.5% of DSPE-PEG-PDP undergo spontaneous rupture and
bilayer formation®** and for lower DSPE-PEG-PDP contents, amphipathic a-helix (HA) peptide
is crucial to induce vesicle rupture and the formation of the bilayer’>. Furthermore, the PEG
chains serve as a pillar to keep the bilayer about 10 nm from the support, providing the stability
for these soft asymmetric films. DLS measurements showed that vesicle sizes for 5%DSPE-
PEG-PDP/95%POPC and 100%POPC were 117.3 and 201 nm respectively. The smaller size for
5%DSPE-PEG-PDP/95%POPC is presumably due to the PEG chains that provide more stability
for the wvesicles, avoiding their further fusion. In addition, the size of 5%DSPE-PEG-
PDP/95%POPC vesicles was higher than the one reported in the literature (around 60 nm), but
we believed they were still small enough and could undergo vesicle rupture and bilayer
formation. We first monitored the formation of the SLB on a glass substrate coated with 50 nm
gold layer by real time surface plasmon resonance (SPR). The results are shown in Figure A.1.
As we can see from Figure A.1(a), the vesicles composed of 5%DSPE-PEG-PDP/95%POPC first
adsorb on the surface reaching a critical surface coverage (represented by the first slope) and

then undergo rupture and bilayer formation (represented by a second slope) while vesicles
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composed of 100%POPC adsorb on the surface reaching a maximum surface coverage but does
not rupture (represented by a single slope). DSPE-PEG-PDP contains a disulfide group that
drives the adsorption/biding and rupture of the vesicles into a bilayer while POPC does not. This
single slope observed in the real time SPR for vesicles containing 100% POPC indicates that
there is no strong driving force for the formation of the bilayer and/or vesicles rupture due to the
absence of the tethered group. In addition, we can see from the results that the rupture of the
5%DSPE-PEG-PDP/95%POPC vesicles occurs before reaching the maximum surface coverage.
SPR curve measurements found in Figure A.1(b) show that the formed phospholipid bilayer

continues to be stable after rinsing the system with PBS solution.
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Figure A.1 (a) Real Time SPR curve monitoring the adsorption of vesicles composed of 100%
POPC (black) and the adsorption and rupture of vesicles composed of 95%POPC/5%DSPE-
PEG-PDP (red) to a 50 nm gold coated substrate. (b) SPR Curve measurement showing the

stability of the bilayer after its formation.

Following, quartz crystal microbalance (QCM) was used to monitor the bilayer
formation on bare gold and on an etalon. The results can be found in Figure A.2. 100%POPC

based vesicles were used again as control and it was hypothesized that they would not rupture on
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the surface based on the real time SPE measurements. 5%DSPE-PEG-PDP/95%POPC vesicles
were used as the bilayer forming vesicles as they can spontaneously rupture on the surface,
supporting the observations obtained from SPR measurements. For the QCM experiments, a
peristaltic pump was used to flow PBS (initial volume 10 mL) over the crystal/etalon. The
crystal/etalon was equilibrated for 10 minutes before 1 mL of the desired vesicles (2 mM) was
injected and allowed to flow in a cyclic mode. For QCM experiments on bare gold, bilayer
formation was straightforward, and data was very reproducible. Again, as shown in Figure
A.2(a), vesicles composed of 100%POPC adsorb on the Au surface but don’t undergo rupture as
indicated by a fast decrease and plateaus in the frequency. In addition, the vesicles adsorb on the
surface and stay on the surface even after rinsing. However, vesicles composed of 5%DSPE-
PEG-PDP/95%POPC undergo vesicle rupture as indicated by an increase in the frequency after
vesicle adsorption due to the loss of water trapped inside of the vesicles. These results are in
agreement with previous reported QCM results.””** To further confirm the formation of the

bilayer, we introduced HA peptide after rinsing the system with PBS?*°%

(data not shown) and
we could not observe any change, which indicates that the vesicles were already ruptured.
Following, the formation of the bilayer was monitored using an etalon that was fabricated on the
surface of the quartz crystal using pNIPAm-based microgels and 35 nm top gold layer (we could
not observe the formation of the bilayer using 15 nm top gold layer). Due to the added
complexity of the etalon-bilayer system, the results from these experiments were not very
reproducible, but we could still see the formation of the bilayer characterized by a slightly
increase in the frequency after injecting the solution of vesicles composed of 5%DSPE-PEG-

PDP/95%POPC as shown in Figure A.2(d). With the etalon system, we must consider multiple

interfaces and simultaneous mass and liquid loading on the QCM sensor, which adds variability.
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In the case of 100%POPC (Figure A.2(c)), QCM results showed that the vesicles first adsorb on

the surface, indicated by a sharp decrease in the frequency, but they are gradually washed away

as indicated by increase in the frequency, reaching almost the same initial frequency, which

might be due to the absence of interaction between the gold and vesicles and the roughness of

etalon surface roughness (around 10 nm measured by atomic force microscopy (AFM)).
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Figure A.2 Monitoring the frequency change using QCM for the vesicle adsorption/rupture

process onto a gold surface (bare quartz crystal) for (a) 100% POPC vesicles and (b) 5%DSPE-
PEG-PDP/95%POPC vesicles. Frequency change for vesicles composed of (¢) 100% POPC and
(d) 5%DSPE-PEG-PDP/95%POPC using an etalon device that was constructed on the surface of

the quartz crystal.
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Fluorescence microscopy measurements were also performed to visualize the
phospholipid bilayer. Vesicles with fluorescent tagged lipid 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4yl) (NBD-DPPE) were made and
incubated on gold surfaces for 30 minutes. The composition of these vesicles was 5%DSPE-
PEG-PDP/93%POPC/2%NBD-DPPE. The surfaces were viewed by fluorescence microscopy
(500 nm laser). For these experiments, we were unable to get clear pictures but we could see that
the region coated with gold was fluorescent and the glass portion was not as displayed in Figure

A3.

Figure A.3 Fluorescence microscopic images of the bilayer formed on the Au coated glass

substrate.

We further performed reflectance spectrum measurements on etalons containing or not
the SLB. For this, the surface of the etalon was washed with a solution of 5%DSPE-PEG-
PDP/93%POPC vesicles, mimicking the QCM/SPR system. Again, the etalon size was 625 mm”
with 35 nm top gold layer. The reflectance measurements is displayed in Figure A.4. The
response to 0.1 M NaCl solution for etalons without the phospholipid bilayer was 12 = 1 nm

while for the etalon containing the bilayer, it was 1.2 = 1.6 nm. As can be seen, the SLB can
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successfully block the flow of ions into the microgel layer as the shift observed in the reluctance
spectrum upon addition of 0.1 M NaCl was not significant. Future steps would involve
monitoring by QCM and SPR the insertion of alpha-hemolysin into the bilayer immobilized on a
bare gold surface and also on the etalon and determine the concentration of alpha-hemolysin
needed to get a response to 0.1 M NaCl from the etalons. Finally, alpha-hemolysin protein
incorporation into the bilayer immobilized on the etalon was attempted and monitored by QCM,
but no frequency shift was seen likely due to the QCM having a short penetration depth. Alpha-

hemolysin was used a model transmembrane protein.
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Figure A.4 Reflectance spectra from the etalons devices without a SLB (a) and containing a SLB
(b) before (red) and after (black) the addition of 0.1 M NaCl solution. Due to the hydrophobic
barrier provided by the SLB, ions cannot diffuse through the etalons top-Au layer and generate a
peak shift. However, without the SLB, ions can diffuse to the microgels layer yielding a peak
shift.
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A.3 Conclusions and Future Outlooks

We have demonstrated using SPR and QCM that the formation of the bilayer occurs in
two steps: adsorption and saturation of the vesicles on the surface followed by rupture.
Furthermore, we have demonstrated that the SLB can effectively block the flow of salt, observed
by no shift in the reflectance spectra. In future work, alpha-hemolysin could be used to evaluate
the etalon response to salt. In this way, one could verify if the flow of cations through the
membrane protein is enough to generate a shift in the reflectance spectra. Following, NAChRs
could be incorporated into the vesicles and a calibration curve could be obtained by varying the

concentration of ACh and keeping the concentration of NaCl (0.1 M).
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Appendix B: Preparation of Micron-Sized Etalon
Optical Devices for Detecting E. coli in Aqueous
Solution

B.1 Introduction

Point-of-care (POC) diagnostics have become extremely important for disease diagnosis,
especially in economically strained regions because they are often inexpensive, portable, simple
to manufacture, requires no training to use and little to no sample preparation. Photonic materials
belong to a class of optical materials that can interact with the incident light to produce color and
have been extensively used for POC proposes. Several materials have been used to fabricate
these devices. Among them, stimuli-responsive polymers have garnered significant interest over
the last couple of decades. Our group fabricated optical devices called etalons by sandwiching
pNIPAm-co-AAc microgels between two thin gold films that can respond to a number of
external stimuli such as temperature, pH, and ionic strength. We have previously demonstrated
that the Au overlayer of the etalon contains porous and the porosity can be controlled by varying
its thickness. As the thickness of the top-layer increases, the porosity decreases, leading to
slower response kinetics. This project involves the application of etalons for the detection of
Escherichia coli (E. coli) in water sources by monitoring the kinetics of the color change. In this
new approach, illustrated in Scheme B.1, the top Au layer of the etalons fabricated using
pNIPAm-co-AAc microgels are modified with aptamers that can specifically bind to E. coli.
When E. coli are captured and immobilized on the surface of the etalons, their response to salts,

such as NaCl, is slowed down due to the blockage some porous on the top-layer, which is
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characterized by slower kinetic response. Our objective is to develop a portable, low-cost, rapid
analysis time, and easy-to-handle device for detection of microbiological pathogens, such as E.
coli O157:H7, in water while maintain high accuracy and a limit of detection down to a single E.

coli cell.

Scheme B.1 Detection strategy for E. coli in solution.

B.2 Preliminary Experimental Results

Our group has been working with 6.25 or 1.00 cm” etalons, however, for the detection of
low bacteria concentration using large surface area etalons is difficult to capture any change in
the response kinetics due to the blockage of a few porous. Thus, the fabrication of smaller size
etalons is required for such application. In this project, we intent to develop micrometer sized
etalons and evaluate their ability to detect E. coli in aqueous solutions. The micro etalons were
fabricated by two step photolithography using two photomasks made of soda-lime glass chrome
coated (~100 nm thickness) to create the features as shown in Figure B.1. The first photomask
(Figure B31(a)) contained squares of 25, 100, and 400 um® while the squares in the second
photomask were 1 um larger. In the first step of the photolithography process, squared glass
substrates of 4 x 4 inch were cleaned with piranha solution (3:1 H,SO4/H,0, for 15 minutes),
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washed with large amount of water, and dried with N, gas. Following, the glass substrates were
baked to remove any adsorbed water on the surface and treated with 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) applied in gas form (vapor priming) to increase adhesion of the
photoresist on the glass substrate and avoid further contamination with water. In the second step,
the glass substrates were spin coated with two positive photoresists: LOR5SB and HPR504. For
this, around 5 mL of LORS5B was deposited on the center of the glass substrate, spin coated for
10 sec at 500 rpm and then 40 sec at 3000 rpm, baked at 145 °C for 5 min, and allowed to cool
down for 10 min. Next, around 5 mL of HPR504 was deposited on the center of the glass
substrate coated with LORS5B, spin coated for 10 sec at 500 rpm and then 40 sec at 3000 rpm,
baked at 115 °C for 90 sec, and allowed to cool down for 10 minutes. Following, for the mask
alignment and UV light exposure, the first photomask was placed on top the glass substrates,
aligned and exposed of UV light for 2.5 sec in contact mode. The features were obtained by
developing the top HPR504 photoresist layer using 354 positive photoresist developer for 20
seconds and the bottom LORSB photoresist layer using MF 319 developer for 2 sec. The glass
substrates were coated with 2 nm Cr and 15 nm Au using a thermal evaporation system. The
substrates were placed on the hotplate set at 35 °C where a preconcentrated microgel solution
was spread on the surface and allowed to dry for 2 hours. Following, the excess microgel was
removed by washing the substrates with large amount of water and the photoresist was removed
using Remover PG. Photographs of the resulting bottom Au layer coated with microgels can be
found in Figure B.2. For the top Au layer, all the procedures from step 2 was repeated but using
the second photomask. It was very difficult to obtain etalons of 25 and 100 pm® due to the

alignment procedure. However, etalons of 400 pm” could be obtained as shown in Figure
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B.3(a). Still, the alignment of the second photomask was difficult an resulted on etalon partially

covered as shown in Figure B.3(a).

a b

I Au overlayer I

"'*\

I Au underlayer

o

I I

Figure B.1 Illustration of the patterns fabricated on the two photomasks used: (a) first mask to

create the bottom Au layer and (b) second mask to deposit the top Au layer. Blue regions are

glass and gray regions are chrome. The chrome square of the second mask is 1 pm bigger than

the squares on the first mask. Vertical and horizontal lines are used to locate the etalons easily.

a b

Figure B.2 Optical microscopic imagens for (a) 25 (c) 100, and (d) 400 pm?* Cr/Au bottom layer

coated with microgels.
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Figure B.3 Optical microscopic images for etalons of 625 um? with the top Au layer perfect
aligned (a) and not aligned (b).

In parallel, the immobilization of the aptamers on a Au coated glass substrate was
performed and the immobilization of E. coli on the surface was evaluated. Scheme B.2 illustrates
the immobilization procedure. Here, Au coated (50 nm thickness) substrates were immersed in a
aptamer (sequence: CCG GAC GCT TAT GCC TTG CCA TCT ACA GAG CAG GTC TGA
CGG)**"*® solution of 1 uM for 20 hr. Following, the substrates were rinsed with DI water and
incubated in a solution of 1 mM of 6-mercapto-1-hexanol (MCH) for 2 hours. Next, the
substrates were washed with DI water and incubated in 10 mM PBS bufferpH 7.4 containing 1.5
mM of MgCl, for overnight at room temperature after which they were transferred to a E. coli
solution of 10’ CFU/mL also prepared in PBS buffer, pH 7.4, 1.5 mM MgCI2 but containing
0.05% wt BSA. The substrates were rinsed carefully with DI water and imaged with SEM which
are shown in Figure B.4. For the control experiments, the substrates were only immersed in the

MCH solution (no aptamers).
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Scheme B. 2 Immobilization procedure for the thiol modified aptamer and E. coli capture.

Figure B.4 SEM images for (a) control experiments and (b) E. coli immobilization by aptamers

on a Au coated glass substrate. The white scale bars correspond to 20 pm.

B.3 Conclusions and Future OQutlooks

Micro etalon devices with size of 625 pm” were fabricated by photolithography. Smaller
etalons could not be fabricated due to complications with the second mask alignment.
Furthermore, the ability of the aptamers to bind and immobilize E. coli was investigated. For
control experiments, no E. coli was observed on the surface due to the lack of aptamers while
very low concentration of E. coli could be seen for the substrates containing the aptamers. In
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future, studies focused to increase E. coli immobilization on the surface should be carried out
and the color change of the micro etalons can be characterized using an optical microscope in

reflection mode.
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Appendix C: Box #1 Dimensions

Figure C Photograph of Box #1 showing the dimensions where a=12 cm, b= 15 cm, ¢ =6.9 cm,

d=73cm,e=65cm,and f =3 cm.
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