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Figure 2.1 Depiction of 1D, 2D, and 3D photonic structures. Light and dark colored segments represent
materials of differing dielectric constant.

2.2 Photonic Crystal Sensing Mechanism

Through the use of Bragg’s law, the diffraction wavelength can be rationally tuned by
altering the lattice spacing, ordered state, or the mean refractive index (RI) of the materials.
Similarly, by coupling a stimuli-responsive mechanism to the same tuning properties (Figure
2.2), it is possible to create sensitive PC-based sensors for a variety of chemical, environmental,
and biological analytes (Table 2.1).22 Commonly, PC-based sensing platforms rely on response
mechanisms that alter either the mean RI of the material or the lattice spacing of the system. PC-
based sensors with stimuli-responsive RI have been successfully shown to detect analyte binding
events, such as the binding of proteins or wholes cells, and may be used in cell-based assays to
detect cytotoxicity, apoptosis, protease excretion, and cell migration.?®*® These types of sensors
are commonly comprised on 1D and 2D photonic crystals that are functionalized with a ligand to
facilitate analyte binding. Due to the difference in Rl between water (n = 1.33) and most
biomolecules (n ~ 1.4-1.5), surface adsorption alters the mean Rl of the system, causing a
diffraction shift. RI-based sensors are sensitive and possess a sharp diffraction signals due the
ability to create highly uniform structures with lithographical approaches. Due to the simple

fabrication techniques, these types of sensors are also easily implemented into multiwall formats

10















PCCA:s is performed by solubilizing water soluble, nonionic monomers and cross-linkers in the
aqueous CCA solution. Commonly used chemically cross-linked monomers include acrylamides

80-61 (meth)acrylate and their derivatives,*® and physically cross-linkable

and their derivatives,
polymers, such as poly(vinyl alcohol).®”"® To that solution a mixed bed ion exchange resin is
added to remove any ionic impurities that may destabilize the pseudo-crystalline structure. The
solution is injected into a mold and polymerization is performed by UV initiation of a free

radical photoinitiator.

Increased lattice spacing due to swelling

Figure 2.3 Optically diffracting hydrogels functionalized with negative charge groups. Swelling and
diffraction shift is caused by equilibration in solutions of decreasing ionic strength.

2.5 Response Mechanism for Analyte Induced Hydrogel Volume Transitions

The individual components of the composite nanoparticle-hydrogel material have very
specific functions. The CCA provides the optical, or measurable, response of the sensing
platform via Bragg diffraction. The hydrogel matrix provides the stimuli-responsive aspect of the
device through volumetric transitions in response to a specific analyte. By combining these two
components it is possible to develop a stimuli-responsive material with an easily visualized,

colorimetric output.
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2.5.3 Smart Hydrogels

Hydrogels are cross-linked polymers capable of absorbing large volumes of water.® They
possess a wide degree of mechanical flexibility due to their water content and can be tailored for
specific functionalities. The network properties of hydrogels are influenced by the monomers
and cross-linkers used and are highly tunable. Over the past several decades, researchers have
developed a variety of stimuli-responsive hydrogels, termed smart hydrogels, which are capable
|.70-71

of undergoing large property changes in response to a small environmental signa

Smart hydrogels can undergo changes in swelling state via a multitude of external stimuli

75-76 77-78

such as pH and ionic strength,’”™* temperature, solvent conditions, and enzyme
activity.” Though there are a variety of polymer species available for fabricating smart
polymers, the majority are synthesized from meth(acrylate) derivatives.®® The hydrogel response
type is dependent upon the functional group of the polymer, the basic polymer repeat unit, and
the copolymer composition.®* For example, hydrogels that are pH responsive contain either acid
or base pendant groups on the polymer network that elicit a pH induced volume transition (See
Table 2.2 for further examples). The behavior of most stimuli-responsive hydrogels can be
understood in terms of ionic interactions, hydrophobic interactions, hydrogen bonding, and van
der Waals interactions.®” Due to the immense tunability of smart hydrogels, they have found

h,83-84

widespread applications in the biomedical researc sensor development,® and drug

delivery.®?
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Table 2.2 Select stimuli and functional group for smart hydrogel systems

Stimulus Common Functional Groups Example Monomers Ref.

pH Pendant acid or base groups Acrylic Acid 42,85
Temperature Hydrophobic groups N-isopropylacrylamide 60, 85
lonic Strength lonic groups Acrylic Acid 57,58, 85
Glucose Boronic-based groups 2;(i3crylamido)phenylboronic 46,47, 85
Metal lons Crown ether 4-acrylamidobenzo-18-crown-6 49, 50, 51
Enzyme Natural enzymatically degradable Hyaluronic Acid 33,79, 82

polymers or peptide cross-linkers

2.5.4 Osmotic Pressures of the Hydrogel Systems
Volume transitions within the majority of smart hydrogel may be elicited via three
distinct mechanisms, as presented by the Flory-Huggins theory.®® Within the hydrogel, the total
Gibbs free energy (4Gior) is the sum of the elastic free energy (4Geyas), the free energy of mixing
(4Gnix), and the ionic free energy (4Gion):
AGeor = AGeigs + Almix + AGion (2.2)
Similarly to the total free energy, the total osmotic pressure (I7i) of the system, derived by
dividing the change in free energy by the change in hydrogel volume, is the sum of the
component osmotic pressures:
Mior = Heras + Mnix + Mion (2.3)
At equilibrium the total osmotic pressure of the system sums to zero. Thus, analyte derived
changes to any of the three free energies results in a change in osmotic pressure and a volume
transition within the hydrogel, resulting in a visible color change of the composite material that

can be correlated to analyte concentration.
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2.5.5 Elastic Free Energy
The osmotic pressure due to the elastic free energy of the system is dependent upon the
cross-link density (ve), system temperature (T), the unstrained volume of the hydrogel (Vy,), and

the equilibrated hydrogel volume (V):

My = —3RTv, (VV’")U3 (2.4)

The main sources of change to the osmotic pressure of the elastic free energy are due to altering
the cross-link density which may be achieved through making or breaking polymer or ionic
bonds or through the formation of supramolecular complexes.2”# An increase in cross-link
density increases the elastic restoring force of the system and, thus, acts to reduce the hydrogel
volume. Conversely, decreasing the elastic restoring force reduces the energetic penalty for
swelling, resulting in a larger hydrogel volume. Sensing mechanisms that rely on altering cross-
link density are desirable because the response is less dependent upon solution conditions such as
ionic strength and pH.

2.5.6 Free Energy of Mixing

As with the osmotic pressure due to the elastic free energy, the osmotic pressure due to
the free energy of mixing is dependent upon the system temperature and the equilibrium polymer
volume. Along with those parameters, the osmotic pressure due to the free energy of mixing is
also dependent upon the molar solvent volume (Vs), the dry hydrogel volume (V,), and the Flory-

Huggins interaction parameter (y):

RT Vo Vo Vo)
HM=—TS[ZH(1—7)+;+)((7)] (2.5)
The predominant method for altering the osmotic pressure of the free energy of mixing is to alter

the Flory-Huggins interaction parameter. The Flory-Huggins interaction parameter accounts for

the thermodynamic preference of the polymer to interact with itself relative to interacting with
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the solvent. Altering the Flory-Huggins interaction parameter may be achieved through changing
the composition and structure of the polymer or by changing the solvent environment. For
example, polymer-solvent systems with large interaction parameters indicate a greater dislike of
the polymer for the solvent and a preference for the polymer network to exclude solvent and,
thus, contract. The opposite is also true, polymer-solvent systems with smaller interaction
parameters will tend to favor mixing and, therefore, an increased equilibrium volume. Although
altering the interaction parameter can have a powerful effect on the equilibrium volume of the
hydrogel and can be used to increase the sensitivity of the polymer system to a given analyte, it
is also a potential source of interference due to solution conditions such as ionic strength,
89-90

temperature, and system impurities potentially altering the value of the parameter.

2.5.7 lonic Free Energy

The osmotic pressure due to the ionic free energy is predominantly dependent upon the
concentration gradient of mobile ion inside the hydrogel (cx) to the surrounding environment
(cx):

Mion = RT X(cx — ¢x) 1)
The magnitude of the concentration gradient, and therefore the osmotic pressure due to the ionic
free energy, is dependent upon the concentration of immobilized ions inside the hydrogel.** The
presence of immobilized ions inside the hydrogel creates a local ion concentration which is
greater than the ion concentration of the surrounding solution, thus creating an ion gradient and
electrical potential called a Donnan potential.?® This Donnan potential results in an osmotic
pressure differential between the interior and exterior of the hydrogel and causes solvent and
counterions to rush into the hydrogel, increasing the hydrogel volume and neutralizing the

charges. The Donnan potential may be attenuated by altering the ionic strength of the solution.
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For example, at high ionic strengths the magnitude of the concentration gradient is greatly
reduced and the osmotic pressure due to the ionic free energy goes to zero. Thus, a hydrogel
response that is dependent upon the Donnan potential is only feasible when the ionic strength of
the solution is low and the ionic strength and pH are well controlled.
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CHAPTER 3 — OBJECTIVE AND SPECIFIC AIMS

3.1 Objective

The overall objective of this research was to investigate the utility of using chemically
and structurally modified photonic crystal hydrogels for the optical detection of enzyme activity,
nucleic acids, and monitoring microbial fermentation. The first aim of this work was to
demonstrate that CCA-based PC sensors are capable of label-free detection of kinase activity
through altering the immobilized charge state of the hydrogel backbone. The natural evolution to
the first aim was to then investigate the material and solution properties that influence the
response of the CCA-based PC sensor to kinase activity. Due to the significant influence of
solution ionic strength and immobilized charge concentration, it was then of interest to
demonstrate the ability of CCA-based PC sensors for the detection of DNA hybridization events.
Lastly, a temperature sensitive CCA-based PC sensor was developed for the detection of
hydrophobic solvents and small molecules with the goal of monitoring microbial fermentation.
Completion of these aims serves to increase the understanding of the capability of these materials

as a biological sensing platform.

3.2 Specific Aims

3.21 Aim 1 — Development of a CCA-based PC sensor for the detection of kinase
activity

Detection of post-translational modifications is an area of interest for the study of cellular
mechanisms and disease pathways and for drug discovery. There are a variety of enzyme
families that catalyze post-translational modifications and, of these, kinases are one of the most
important and well understood. To develop a CCA-based PC sensing platform capable of

detecting kinase activity we have: 1) fabricated a kinase-responsive optically diffracting
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hydrogel through functionalization with a charged peptide substrate, 2) demonstrated the sensor
response to enzyme activity both as a function of enzyme dose and reaction time, and 3)
successfully used the sensing platform to detect a small molecule kinase inhibitor.

3.2.2 Aim 2 — Investigation of the material properties that influence sensor response to
kinase activity.

The effectiveness of an assay is determined by the sensitivity and selectivity of the
sensing platform. Sensor selectivity may be modulated through the analyte recognition
mechanism and is largely determined by the selectivity of the catalytic domain of the enzyme.
Response sensitivity is largely determined by the material properties of the sensor. To understand
the factors that affect the sensitivity of the CCA-based PC sensing platform we implemented a
theoretical model of the response based on Flory’s description of swelling in polymer networks.
Using the model, we modulated parameters such as charge density, Flory-Huggins interaction
parameter, and the cross-link density of the materials to determine which properties may be
rationally tuned to improve sensor response. Additionally, we experimentally altered and tuned
the materials properties of the hydrogel and implemented the improved sensing platform for the
detection of phosphorylation events in cell lysate.

3.2.3 Aim 3 — Demonstrate the utility of CCA-based PC sensors for the detection of
DNA hybridization events.

Due to the sensitivity of the CCA-based PC sensor for the detection of changes in
immobilized charge it was of interest to extend this sensing approach from sensing post-
translational modifications to sensing binding of biomolecules. One binding event of particular
interest is DNA hybridization. Development of a CCA-based PC sensing platform for the
detection of DNA hybridization was achieved through the fabrication of a DNA-responsive
optically diffracting hydrogel. The response of the DNA-responsive hydrogels was then

investigated as a function of target DNA concentration and solution ionic strength. The platform
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was then successfully shown to differentiate between a perfect match target, a single base pair
mismatch target, and a methylated perfect match target.

3.24 Aim 4 — Development of a temperature sensitive CCA-based PC sensor for the
detection of hydrophobic solvents and small molecules with the goal of high-

throughput monitoring of microbial fermentation.

Engineering of microbial strains for the improved production of alcohols and other usable
byproduct is of interest for use in renewable energy. Consequently, we developed a high-
throughput platform for monitoring microbial fermentation. This platform was developed by
fabricating thermal-responsive optically diffracting hydrogels in a 96-well plate format. We then
investigated the sensitivity of the platform to ethanol and glucose as a function of both lower
critical solution temperature (LCST) and measurement temperature. Lastly, we cultured wild-
type (WT) Saccharomyces cerevisiae and used the sensing platform to monitor the depletion of
glucose as a function of time along with an endpoint measurement of ethanol, the main

fermentation product.
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CHAPTER 4 —PHOTONIC CRYSTAL KINASE BIOSENSOR

4.1 Introduction

Protein kinases are a critical family of enzymes that modulate virtually all cellular
processes, including differentiation, proliferation, motility, and apoptosis, and thus cell
function.>? Modulation of cell function by kinases is the result of the phosphorylation of target
protein substrates that are involved in intracellular signaling pathways. At the molecular level,
the phosphorylation of protein substrates provides a mechanism by which target proteins may be
activated or deactivated. The resulting activation or deactivation of target proteins can, in turn,
lead to aberrant signal transduction if levels of kinase activity are altered, as is the case in many
disease states. Due to their central role in signal transduction, kinases have been implicated in a
myriad of diseases, making kinases among the most important targets for therapeutic molecules.®

Despite the importance of kinases as potential drug targets, robust, high-throughput
screening methods for kinase inhibitors and activators are sorely lacking. Kinases are inherently
difficult to assay due to the lack of measurable signal (i.e., pH or color change) upon protein
phosphorylation. Conventional biochemical methods to assay kinase activity nearly all use
radiolabeled or fluorescent substrates or phospho-specific antibodies.*® Such methods, while
sensitive, require expensive reagents and frequently involve multiple steps. Notably, phospho-
specific antibodies are also challenging to generate and of limited availability for phosphoserine
and -threonine residues.” Additionally, fluorescent methods, which are widely based on
quenching, polarization, or resonance energy transfer, are prone to signal interference by small
molecules that may fluoresce or quench fluorescent signals. Kinase screening efforts may
alternatively rely on biophysical binding techniques such as NMR,? surface plasmon resonance,’

differential scanning fluorimetry (i.e., thermal shift assay),'® and quartz crystal microbalance,*
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although traditional binding assays are limited in their ability to measure changes in catalytic
activity. More recently, screening methods based on improved mass spectroscopy techniques,

1314 and label-free nanoparticle aggregation assays™® have been

computational approaches,
reported. Ultimately, the development of high-throughput kinase screening platforms would
greatly facilitate the discovery of potential drug candidates as well as probes for studying cellular
mechanisms involved in disease and, moreover, kinase profiling.

Here, we present a novel photonic crystal biosensor for the optical detection of peptide
phosphorylation and, thus, kinase activity. The biosensor is composed of a crystalline colloidal
array (CCA) polymerized into a hydrogel matrix. The photonic crystal, shown in Scheme,
consists of negatively charged, vinyl-functionalized polystyrene particles that self-assemble into
a pseudocrystal structure that diffracts light in the visible spectrum. Once polymerized, the
hydrogel is functionalized with a kinase recognition sequence that is subject to phosphorylation,
which alters the electrostatic environment within the hydrogel. The resulting change in the
electrostatics induces a Donnan potential that causes the hydrogel to swell and, in turn, the lattice
spacing of the CCA to increase and the wavelength of peak diffraction to red shift. Such an
optical response can be monitored spectrophotometrically, after rinsing of mobile ions, to readily
quantify the effect of kinase inhibitors and activators on phosphorylation activity. Incorporation
of photonic crystals into swellable polymer networks has been reported previously for detecting
pH changes and charged species, including small molecules and metal ions.**** Importantly for
biosensing applications, because the CCAs developed here diffract light at visible wavelengths
(>400 nm), the adsorption of light by small molecules, which typically adsorb light in the UV

range, will not interfere with the CCA signal. Additionally, because the sensing platform is
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reagentless, Kkinase activity may be screened without exogenous labels or components,
representing a significant advantage over conventional kinase assay methods.
4.2  Experimental Methods

4.2.1 Peptide Synthesis and Purification

LRRASLG was synthesized by standard solid-phase peptide synthesis methods.
Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids, MBHA Rink amide resin, and (2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate ~ (HBTU)  were
purchased from Chem-Impex International, Inc. Solvents (ACS grade) were purchased from
Fisher Scientific and used as received without further purification. Manual solid-phase synthesis
was performed under constant agitation at room temperature. Prior to each amino acid coupling
step, a solution of 20 vol% piperidine in DMF was used for Fmoc deprotection of the N-terminal
amine of the peptide. The amino acid to be coupled was pre-activated with HBTU and N,N-
diisopropylethylamine (DIPEA) in DMF (4 mol eq. amino acid : 3.96 mol eq. HBTU : 6 mol eq.
DIPEA) before being added to the reaction vessel. After addition of the final amino acid, the
final N-terminus Fmoc group was removed and the peptide was cleaved from the resin through
agitation in a solution of trifluoroacetic acid (TFA), water, and triisopropylsilane (95 vol eq.: 2.5
vol eq.: 2.5 vol eq.). The peptide was recovered by precipitation in ethyl ether and dried. Peptide
was subsequently resuspended in water and 0.1 vol% TFA to a final concentration of 2 mg/mL
and filtered prior to HPLC purification. The product was purified by reverse-phase HPLC
(Agilent 1100) using a Phenomenex Jupiter column (stationary phase: 10 um, dC;,) and linear
gradient of 0% to 95% acetonitrile in water (HPLC grade), both with 0.1 vol% TFA. After
purification, the peptide product was rotary evaporated to remove excess solvents and

Iyophilized. The mass and purity of the LRRASLG product were verified using matrix-assisted
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the hydrogel (Figure 5.2). CUAAC has previously be®en shown to be highly efficient at both
tagging peptides and linking peptides to a variety of polymer systems.***° Specifically, in this
work, clickable photonic crystal biosensors were fabricated from AA and the alkyne-containing
monomer PA, as well as low concentrations of the BA cross-linker. Because the hydrogel
network is uncharged, the CCA is able to self-assemble without interference via electrostatic
repulsions between the negatively-charged PS particles. Incorporation of the alkyne moiety in
the hydrogel was confirmed with Raman spectroscopy (Figure 5.3), which showed a
characteristic alkyne stretch at 2130 cm™. Notably, as expected, the stretch at 2130 cm™ is absent
in the spectra of CCA-containing hydrogels that were prepared with AA and BA only, serving as

a control.

Figure 5.3 Raman spectra of an acrylamide CCA hydrogel (black), alkyne-functionalized CCA hydrogel
(red), and peptide-functionalization CCA hydrogel (blue). An alkyne peak is seen at 2130 cm™ in the
hydrogel containing PA, which is not observed in hydrogels fabricated with acrylamide only. Peptide
functionalization was performed by incubating the hydrogel with 2:1 H,O:t-butanol in the absence of
THPTA. After peptide functionalization, the alkyne peak is no longer detected indicating full conversion

of the alkyne moieties.
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For peptide attachment, LRRASLG was modified with a complementary reactive azide
group by means of reaction of the N-terminal amino of the peptide with azide-PEG4-NHS. The
reaction of the azide-modified peptide with the alkyne monomer in the hydrogel network was
monitored through the disappearance of the alkyne stretch in the hydrogel. Under the reaction
conditions used, the spectra of the peptide-functionalized hydrogels showed full conversion of
the alkyne monomer. The immobilization of peptide within the hydrogel was further quantified
by staining the hydrogel with a colorimetric dye that associates with positive charged residues in
the peptide (the peptide contains two positively-charged arginine residues that, at neutral pH, can
react with the dye). Charge staining indicated concentrations ranging from 0 - 21 mM of peptide
immobilized in the hydrogel, as normalized to the unstrained volume of the hydrogel. At high
peptide concentrations in the functionalization reaction (> 10 mM), the alkyne groups in the
hydrogel were limiting relative to the concentration of azide groups in the reaction. It is plausible
that a fraction of the alkyne groups may react with the acrylamide monomer during the formation

of the hydrogel network,*" *

although the cross-linking densities of PA-containing hydrogels
and hydrogels with only AA were similar when prepared with equivalent total concentrations of
both monomers. Additionally, the alkyne groups may undergo dimerization as well as
cycloisomerization, thereby also reducing the effective concentration of free alkynes.*?

The CuAAC functionalization scheme that has been demonstrated allows for rapid
incorporation of the target peptide, and also permits precise control over peptide concentration
and thus the overall immobilized charge within the hydrogel. Additionally, this approach, which
circumvents the need for hydrolysis of the hydrogel network for functionalization, eliminates

extraneous charges in the hydrogel that alter sensitivity. The following sections present a simple

model that describes the response of the peptide-functionalized biosensors to kinase activity, as
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hydrophilic monomers increases the amount of hydrogen bonds between the polymer and
solvent, resulting in a more swollen hydrogel and increased LCST.?* %

This phenomena was further verified by monitoring the diffraction shift as a function of
temperature for pure PNIPAM hydrogels and hydrogels containing 2.5% tBA and 2.5% HEA
(Figure 7.3b). For all polymer compositions investigated, increasing the measurement
temperature dramatically blueshifted the diffraction peak, indicating a reduction in hydrogel
volume. Samples containing 2.5 mol% tBA, the hydrophobic monomer, exhibited a more rapid
reduction in volume as the temperature is increased. Pure PNIPAM gels exhibited a transition
between the hydrophobic and hydrophilic monomer. The hydrophilic monomer exhibited the
lowest response to temperature over the range tested and the maximum diffraction shift that is a
quarter the magnitude of the hydrophobic monomer. It is important to note that it was not
possible to capture the entire thermal transition for any of the co-polymers investigated. The low
end of the range, 26 °C, was chosen because this was the lowest temperature that the plate reader
used could accurately control. At this temperature, both the tBA containing and PNIPAM
hydrogels were already within the transition range. It also was not possible to capture the upper

range of the transition because the hydrogels had collapsed to a state where the diffraction was

below 300 nm and, therefore, no longer detectable.
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Figure 7.3 LCST as a function of polymer composition from DSC measurements (a) and hydrogel optical
response as a function of polymer composition and temperature (b). DSC data was acquired by
equilibrating samples at 15 °C for 10 minutes prior to ramping from 15 °C to 60 °C at a rate of 3 °C/min.
Optical response data was performed in pure water. Error bars represent + 1 ¢ from the mean of 4 distinct

samples.

7.3.2 Sensor Response as a Function of Glucose Concentration in Synthetic Media

Due to the goal of detecting glucose consumption during microbial fermentation, it was
necessary to choose a polymer composition with an LCST above the measurement temperature
for samples equilibrated with synthetic complete media and 20 g/L of glucose. For the purpose of
this study, a measurement temperature of 30 °C was chosen because that is a common
temperature for culturing yeast. Because of the relatively high temperature, media, and glucose
concentration, it was necessary to choose a hydrogel composition with a fairly high LCST to
ensure that the diffraction wavelength was within the detection range (300 — 800 nm) across all
applicable glucose concentrations (0 to 20 g/L). In theory, if different glucose concentrations or
growth conditions were required, complete glucose detection could be achieved by selecting the
polymer conditions that fit the temperature and media requirements (e.g. more HEAA for higher

temperature or glucose concentrations).
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Figure 7.4 is the redshift as a function of decreasing glucose concentration for polymers
containing 2.5 mol% HEAA. Two conditions were tested: 1) varying glucose concentration in
synthetic media and, 2) varying glucose with ethanol supplemented at 0.5 g ethanol/ g glucose
consumed (e.g. 5 g ethanol/ 10 g glucose). As glucose is consumed the hydrogel redshifts
because less glucose is available to disrupt the hydrogen bonding of the polymer and water.
Therefore, the amount of hydrogen bonds increases, the LCST increases, and the diffraction peak
redshifts. In a system that undergoes ethanol production from the consumptions of glucose, there
IS a competing response because ethanol accumulation disrupts the hydrogen bonding and lowers
the LCST. An ethanol concentration of 0.5 g ethanol / g glucose was chosen because it is close to
the theoretical maximum ethanol production of S. cerevisiae. At the theoretical maximum
ethanol production, the difference between the glucose only control and the ethanol containing
samples should be maximized. Though a slight difference is seen between the glucose standard
and the ethanol containing samples, this difference is not large enough to differentiate between
small variations in ethanol production rates that are expected from directed evolution of
microbial strains. This lack of sensitivity is due to the fact that the measurement temperature is
significantly lower than the LCST, which is approximately 38 °C in pure water for the polymer
system used. It is necessary to measure the glucose consumption at such a low temperature for
two reasons. One, there is significantly more initial glucose than final ethanol concentration (> 2
times) and measuring at a higher temperature would saturate the signal due to collapse of the
polymer. Two, the hydrogel exhibits a larger response to glucose than to ethanol. This is likely
due to the fact that glucose is a larger, more hydrophobic molecule that is better able to disrupt

hydrogen bonding.
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Figure 7.4 Redshift as a function of glucose in synthetic complete media and mixture of glucose and
ethanol in synthetic media. Redshift was calculated as the difference between samples and reference
samples containing 20 g/L glucose in synthetic media. Hydrogels contain 2.5 mol% HEAA and were

measured at 30 °C. Error bars represent + 1 ¢ from the mean of 4 distinct samples.

7.3.3 Sensor Response to Ethanol as a Function of Temperature and Concentration

To increase the sensitivity to ethanol is it necessary to measure the ethanol response at a
temperature closer to the LCST of the material in the absence of glucose. Figure 7.5 is the
hydrogel response to ethanol in synthetic complete media as a function of temperature. Over the
investigated range, which spans no ethanol production to the theoretical maximum, the response
sensitivity dramatically increases as a function of temperature. As indicated by the glucose data,
at 30 °C the sensor is not able to differentiate between no ethanol and 10 g/L ethanol. When the
temperature is increased to 31 °C, the sensor can differentiate ethanol concentrations greater that
8 g/L. At 32 °C, the lower detection limit is 2 g/L ethanol. Though higher temperatures would
allow for more sensitive detection, this range was selected because it is highly applicable for
monitoring yeast fermentation. It is interesting to note that for the majority of the samplesa 1 °C
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