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Sensors 
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University of Pittsburgh, 2023 

 

 

 

 

We expanded the understandings of photonic crystal hydrogel fabrication and swelling 

behavior pertaining to their use as sensing materials. Our hydrogels are comprised of a polymer 

network containing a recognition group and a photonic crystal array embedded within the hydrogel 

network. The molecular recognition groups within the hydrogel allow us to make these sensors 

highly selective to target analytes. Hydrogel changes from analyte binding result in a volume phase 

transition (VPT). Hydrogel VPTs alter the distance between particles that make up the photonic 

crystal array, leading to changes in diffracted light according to the Bragg condition. Studies 

reported herein demonstrate the use of photonic crystal hydrogel sensors as sensing platforms that 

are easily adaptable.  

We investigated the use of oxyamine functionalized hydrogels to monitor lactate 

dehydrogenase’s enzymatic conversion of lactate to pyruvate. Pyruvate’s covalent attachment to 

the hydrogel enables a swelling response which corresponds to lactate concentrations in solution. 

We detected < 0.5 mM lactate in buffer solutions within an hour with detection limits < 4 mM 

lactate in serum solutions. This work is the first to demonstrate indirect detection of analytes by 

coupling enzymatic reactions with photonic crystal hydrogel sensors.  

DNA aptamers are small biomolecules that are highly selective in their binding and are 

stable under a variety of conditions. We incorporated hybridized DNA aptamers into 2DPC 

hydrogels forming crosslinks. These DNA crosslinks break due to analyte-DNA binding which 



 v 

enables hydrogel swelling. We demonstrated this aptamer sensing motif is easily modified from 

detecting the small molecule adenosine to the large protein thrombin.  

Poly (N-isopropylacrylamide) (pNIPAM) hydrogels are thermoresponsive, undergoing 

large VPTs at temperatures above their lower critical solution temperature (LCST). pNIPAM’s 

LCST is shifted due to changes in the hydrophobicity of pNIPAM’s environment from disruptions 

to pNIPAM’s solvation shell. This enables detection of hydrophobic analytes that can typically 

require complex detection methods. We are the first to investigate using shifts in pNIPAM’s LCST 

for detection of hydrophobic analytes such as Xe. We spectroscopically investigated Xe-protein 

binding to monitor favorable Xe binding environments and increase pNIPAM’s sensitivity to the 

presence of Xe.  
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1.0 Introduction 

1.1 Motivation 

Biomolecular sensors are useful devices for monitoring both one’s health and 

environment.1-3 As the field of biomolecular sensors has expanded, so has the development of 

portable devices that are usable to the public, also called point-of-care devices.4 Some of the most 

recognized portable sensors are glucose meters which have been in use since  the 1980’s.5 While 

the first glucose meters were developed 50 years ago, development of new glucose sensing 

methods are still ongoing demonstrating the constant drive to increase their sensitivity, accuracy, 

and usability.6-7 

The ability to quickly and easily fabricate sensors for new and emerging health risks would 

enable extensive monitoring, treatment, and mitigation of their spread. While these developmental 

endeavors are underway, finding a sensing motif with results that are easily determined by the 

public while maintaining high accuracy and sensitivity can be difficult.8-9 Taking these established 

platforms and adapting them for the detection of more than one analyte can lead to even larger 

challenges.  

While point-of-care testing should not be used as a replacement for laboratory diagnostics, 

early detection and monitoring of health and environmental risks can decrease the time needed to 

diagnose and receive treatment, enabling more favorable outcomes.10 Development of inexpensive 

sensors that are easily transported allows faster and more accessible testing in areas with low 

population density that typically have little access to healthcare.11-13  
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A platform for the development of smart materials called photonic crystal hydrogels has 

been previously developed by the Asher group.14-15 Our photonic crystal hydrogels are 

inexpensive, transportable, and give optical readouts that are easily monitored by the public, 

making them ideal for point-of-care sensing. Investigations into photonic crystal sensor fabrication 

and behavior will allow quick and easy sensor modification to be used for a variety of targets.  

1.2 Hydrogels and Volume Phase Transitions  

Hydrogels are made of an interconnected polymer network with an aqueous mobile phase. 

The amount of mobile phase within the hydrogel network is dependent on the hydrogel system and 

environment. Stimuli such as pH/temperature changes16-17, light18-19, or analyte binding20-21 

modulate the hydrogel’s environment creating a hydrogel volume phase transition (VPT). During 

the VPT, the polymer network either takes in more solvent and swells or expels solvent and 

shrinks. Hydrogels are very sensitive to their environment leading to large volume changes from 

small changes in solution conditions. An example of this is poly(N-isopropylacrylamide) 

(pNIPAM) which has a lower critical solution temperature (LCST) of 32.5 °C. Above the LCST 

the polymer undergoes a coil-to-globule transition expelling large amounts of solvent.22-23  

VPTs derive from changes in the hydrogel’s Gibbs free energy (ΔGtot) as explained by 

Flory and Tanaka polymer theory.24-25 When the Gibbs free energy of the hydrogel is altered, there 

is a generation of osmotic pressure (Π) that shifts the hydrogel’s volume, either by intaking or 

expelling solvent, until a new equilibrium is reached (Equation 1.1).  
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𝛱 = −
𝜕Δ𝐺𝑡𝑜𝑡

𝜕𝑉
= −

𝜕Δ𝐺𝑚𝑖𝑥

𝜕𝑉
−

𝜕Δ𝐺𝑒𝑙

𝜕𝑉
−

𝜕Δ𝐺𝑖𝑜𝑛

𝜕𝑉
= 0 

Equation 1.1 

Gibbs free energy changes can be divided into three contributing factors, the free energy 

of mixing (ΔGmix), the elastic free energy (ΔGel), and the ionic free energy (ΔGion). Since the 

osmotic pressure modulates hydrogel volume based on free energy changes caused by stimuli, the 

hydrogel volume changes are related to the amount of stimuli. 

1.2.1 Free Energy of Mixing (Gmix) 

The free energy of mixing describes interactions between the solvent and polymer network. 

Essentially, it is the polymer network’s solubility in the mobile phase. The polymer-solvent 

interactions have both entropic and enthalpic contributions and can be described using the Flory-

Huggins interaction parameter, χ.24, 26 A small χ indicates good solubility of the polymer network 

through polymer-solvent interactions, and a large χ indicates low polymer network solubility. 

Changes to the hydrogel network through the addition or removal of the analyte along with 

polymer conformational changes can alter the free energy of mixing by increasing or decreasing 

the polymer solubility.  

Free energy of mixing changes can be modeled using Equation 1.2 where R is the ideal gas 

constant, T is temperature, 𝑉𝑠 is the molar volume of the solvent, 𝑉𝑜 is the volume of the dry 

polymer, 𝑉 is the volume of the swollen hydrogel, and χ is the interaction parameter. 

 

−
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𝑉
] +

𝑉𝑜

𝑉
+ 𝜒 (

𝑉𝑜

𝑉
)

2

] 

Equation 1.2 
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One example of a hydrogel VPT based on a change in the free energy of mixing is a 

pNIPAM hydrogel in water. At T < 32.5˚C pNIPAM-water interactions are favorable due to the 

highly ordered states of the water around the polymer. As the temperature increases to T > 32.5 ˚C 

the ordering of the water is no longer favorable. The p-NIPAM expels the water from within the 

hydrogel network, forming more polymer-polymer interactions instead.27-29  

1.2.2 Elastic Free Energy (Gel) 

Hydrogel networks are created using crosslinks to hold the polymer strands together. These 

crosslinks also act as a restoring force during hydrogel swelling. The presence of the crosslinks 

imparts finite swelling of the hydrogel. The more crosslinks present within the hydrogel the less 

the hydrogel can swell. 

 A hydrogel’s crosslink density can be changed due to the addition or breaking of 

crosslinks. Adding crosslinks adds rigidity to the hydrogel actuating a shrinking response while 

the removal of crosslinks gives the hydrogel access to a wider range of movement actuating a 

swelling response. If there are two hydrogels that have the same composition, except for the 

crosslink density, they will undergo different swelling responses to the same stimuli. The hydrogel 

with the higher crosslink density will be more rigid and will undergo a smaller swelling response 

compared to the hydrogel with the lower crosslink density.  

The hydrogel’s swelling response due to changes in the elastic free energy can be modeled 

using Equation 1.3 where R is the ideal gas constant, T is temperature, 𝑛𝑐𝑟 is the effective number 

of crosslinks in moles, 𝑉𝑟 is the initial volume of the hydrogel, and 𝑉 is the hydrogel volume in the 

swollen/shrunken state.  
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Equation 1.3 

1.2.3 Ionic Free Energy (Gion) 

Changes in ionic free energy are caused by the addition of charged species within the 

hydrogel network.30 Hydrogel charges can be ionizable groups initially polymerized within the 

hydrogel network or charged species that become bound to the hydrogel network. These charges 

within the hydrogel form an electrochemical gradient known as a Donnan potential, which creates 

osmotic pressure between the hydrogel and the bulk mobile phase. Osmotic pressure is relieved 

through the inward flow of the mobile phase which brings in counter ions resulting in hydrogel 

swelling. The more charges within the hydrogel network, the more the mobile phase partitions into 

the hydrogel.  

The degree of the hydrogel swelling response from ΔGion is dependent on the ionic strength 

of the solution. High ionic strength solutions inhibit significant hydrogel swelling responses from 

ionic free energy changes. The large number of available charges in high ionic strength solutions 

screens the electrochemical potential between the charge density within the hydrogel network and 

the charge density within the mobile phase.31 Swelling responses due to ionic mechanisms can be 

described by Equation 1.4 where R is the ideal gas constant, and ci is the concentration of mobile 

ions with ci being the concentration within the hydrogel and ci
* the concentration outside the 

hydrogel.31  
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𝜕Δ𝐺𝑖𝑜𝑛

𝜕𝑉
= −𝑅𝑇 ∑(𝑐𝑖 − 𝑐𝑖

∗)

𝑖

 

Equation 1.4 

1.3 Photonic Crystals 

Photonic crystals (PCs), sometimes known as colloidal crystals, are nanostructures that 

control the propagation of light based on their periodicity and refractive indices.32-33 PCs occur in 

nature and can be seen in the vibrant colors some animal species have for reproduction/predator 

warnings such as peacock feathers and the Brazilian diamond weevil’s scales.34  

The ability to alter light propagation has made photonic crystals invaluable in various 

applications such as optics35-36, sensors2, 37, and inks38. Insights into photonic crystal behavior and 

fabrication are instrumental in the widespread applications of PCs and to optimize PC 

performance. This work will focus on periodicities in two- or three-dimensions (2D or 3D) PCs, 

although one-dimension PCs exist as well. 

1.3.1 Photonic Crystal Self-Assembly 

Charged nanoparticles interact with each other through a mixture of electrostatic 

interactions, Van der Waals forces, and Brownian motion that lead from an initially disordered 

state into a highly ordered crystal array.39 Placing monodisperse nanoparticles with highly charged 

surfaces into low ionic strength solutions allows the electrostatic repulsion from the negatively 

charged surface to create non close packed structures.  
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This assembly process is believed to be entropic in nature40 and can lead to the development 

of structures such as face-centered cubic (FCC) or body-centered cubic (BCC) (Figure 1.1). The 

structure formed is based on the particle density.41-43 Both BCC and FCC structures contain a 

sphere in each corner of the unit cell (cubic structure) while BCCs also have a sphere in the center 

of the cube and FCCs have spheres centered on each face of the unit cell.  

 

Figure 1.1 Body centered cubic (BCC) and face centered cubic (FCC) lattice structures when undergoing self 

assembly. Both structures contain nanoparticles in the corner of each unit cell (grey) while BCC structures 

contain one nanoparticle (red) in the center of each unit cell and FCC structures have a nanoparticle (red) 

centered on each face of the cubic structure. 
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Monolayers of photonic crystals can also be created on the surface of water.44 These 

monolayers are called two-dimensional photonic crystals (2DPC). The water’s surface tension 

allows assembly to occur at the air-water interface while electrostatic interactions create close 

packed photonic crystals in hexagonal arrays. Removing the water through drying preserves the 

ordering of the 2DPC array for later use. 

 

1.3.2 Bragg Diffraction 

As light propagates through a suspension of nanoparticles, the light is scattered based on 

the angle of the incident light and the photonic crystal’s physical structure. This work will focus 

on physical structure changes relating to the particle size and the distance between particles. As 

the incident light travels through the crystal, it interacts with the array and can undergo constructive 

or destructive interference. When destructive interference occurs, the light is not able to propagate 

at certain wavelengths. When constructive interference occurs, light of a certain wavelength is able 

to travel through the crystal.32-33 Constructive interference of light scattering within the crystal is 

determined by the Bragg condition (Equation 1.5), 

𝑚𝜆 = 2𝑛𝑒𝑓𝑓𝑑 𝑠𝑖𝑛𝜃 

Equation 1.5 

where m is the diffraction order, λ is the wavelength of diffracted light, neff is the effective 

refractive index of the system, d is the lattice spacing of the diffracting planes, and θ is the glancing 

angle of the incident light.45 The effective refractive index is determined using the weighted 

average of the refractive indices and volume fraction (𝑓) for each material within the photonic 
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crystal (Equation 1.6).46 By changing the physical characteristics of the photonic crystal, the Bragg 

condition is altered and light propagation changes through the crystal.  

𝑛𝑒𝑓𝑓 =  √∑ 𝑛𝑖
2𝑓𝑖

𝑖

 

Equation 1.6 

1.3.2.1 Three-Dimensional Array Diffraction 

Three-dimensional photonic crystal arrays, referred to herein as crystalline colloidal arrays 

(CCAs), are multilayered dielectric materials in a three-dimensional alternating pattern. As light 

travels through the array, it is scattered in all directions due to the change in the dielectric 

constant.32 Since CCAs have a large number of particles ordered into a lattice structure, light that 

meets the Bragg condition (Equation 1.5) will undergo diffraction.  

When light is interacting with particles from nearby lattice planes, the light travels dsinθ 

longer to reach the successive plane than to reach the initial plane (Figure 1.2) .47 Only distances 

that are a multiple integer of the wavelength (λ) undergo constructive interference. This typically 

results in a small number of diffracting wavelengths causing a single color to be seen when 

diffracting in the visible region. Changes in diffraction in the visible along with other regions of 

light, such as the ultraviolet or near-infrared regions, can be monitored by sharp diffraction bands 

measured using a spectrometer.  
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Figure 1.2. Bragg diffraction off an array of particles where the diffracting planes are separated by a distance 

d. As the light (red arrows) propogates through the crystal at an angle θ and interactts with the particles, the 

light that fullfills the Bragg condition is diffracted. 

 

1.3.2.2 Two-Dimensional Array Diffraction  

Two-dimensional photonic crystal (2DPC) arrays are single layers of alternating dielectric 

materials that order into hexagonal lattices with a distance, a, between particles (Figure 1.3A). 

Light that interacts with the 2DPC undergoes constructive interference when the phase shift of the 

incident light as it travels is equal to the wavelength of light. 44, 48 
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Figure 1.3 (A)Nanoparticles assembled into a hexagonal array (A) where the distance between particles is 

defined by a. (B) Light introduced at the angle of incidence, α, undergoes Bragg diffraction at angle β when 

the conditions for constructive inteference occur. 

 

Light that interacts with the 2DPC at an incident angle, α, and meets the Bragg condition 

is diffracted at an angle β (Figure 1.3B) creating an angle dependence (Equation 1.7).  

𝑚𝜆 =
√3

2
𝑎(sin(𝛼) + sin(𝛽)) 

Equation 1.7 

In an ordered 2DPC, changes in the 2DPC particle spacing are monitored using the forward 

scattered light as diffraction off the 2DPC is scattered more strongly in the forward direction.48 

The light is diffracted onto a screen parallel to the 2DPC array into six spots that correspond to the 

reciprocal lattice vectors of the hexagonal array. Disordering of the array changes the six discrete 

spots into a continuous ring known as a Debye ring.  By measuring the diameter of the Debye ring 
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(D) and the distance between the 2DPC and the screen (h) we can calculate the diffraction angle 

using Equation 1.8. 

𝛽 = tan−1
𝐷

2ℎ
 

Equation 1.8 

If the incident light is normal to the 2DPC, the Bragg diffraction dependence on α becomes 

zero. Substituting Equation 1.8 into Equation 1.7 for β, forms Equation 1.9. The wavelength of 

light is known, and the height and diameter are easily measured allowing the particle spacing to 

be calculated.  

𝑚𝜆 =
√3

2
𝑎 sin (tan−1

𝐷

2ℎ
) 

Equation 1.9 

1.4 Photonic Crystal Hydrogel Sensors 

Photonic crystal hydrogel sensors are developed by polymerizing a hydrogel network 

around a photonic crystal array. The photonic crystal can be two- or three-dimensional (2DPC or 

3DPC) and made up of a variety of materials such as polystyrene or silica.49-50 The hydrogel 

network is designed to selectively respond to stimuli by undergoing a volume change through 

swelling or shrinking. As the hydrogel volume changes so does the spacing between particles, 

shifting the Bragg diffraction (Figure 1.4). Small changes in the hydrogel’s environment can lead 

to large volume changes making changes in light diffraction highly sensitive to analyte binding.  
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 The Asher group has led the development of photonic crystal hydrogel sensors through 

the creation of polymerized crystalline colloidal arrays (pCCAs).14 The development of pCCAs 

enable the monitoring of a variety of changes visually through changes in light diffraction leading 

to a color change (Figure 1.5A). While 2DPC hydrogels do produce visible color changes, their 

swelling responses can also be easily monitored using a laser pointer and ruler (Figure 1.5B). 

Figure 1.4 Changes in the diffracted light of a 2DPC hydrogel from changes in the hydrogel’s Gibbs free 

energy caused by external stimuli 
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Figure 1.5 Particle spacing measurements for (A) 3DPC hydrogels and (B) 2DPC hydrogels. 3DPC hydrogel 

measurements use a reflectance probe that sends off a broad range of visible light. When light that meets the 

Bragg criteria is diffraced back, it is collected by the probe and a reflectance spectrum is created based on 

the wavelength detected. For 2DPC hydrogels, a laser pointer is used to send a single wavelength of light at 

the 2DPC. As the forward light is diffracted onto a screen, a Debye ring is visible which can be measured to 

calculate the particle spacing 
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 Photonic crystal hydrogels are fabricated by creating a crystalline array and embedding it 

within a polymer network. Nanoparticles that make up the photonic crystal have charged surfaces 

which create arrays through self-assembly by electrostatic interactions. For 3DPC hydrogels, a 

colloidal suspension of nanoparticles is added to a monomeric solution. The nanoparticles become 

ordered within the monomer solution. When initiated, polymerization occurs around the 

nanoparticles immobilizing the array within the polymer network. 

 For 2DPC hydrogels, the nanoparticles are injected at the air-water interfaces enabling the 

formation of a monolayer of nanoparticles into a hexagonal close packed array on the water 

surface. The array is then picked up and dried on a substrate such as a glass slide. Deposition of a 

monomer solution on the dried 2DPC array polymerizes the photonic crystal around the hydrogel 

network.  

Using both 2D- and 3D- photonic crystals enables the development of a wider range of 

sensors for different environments. The obvious color change of a 3DPC sensor is better suited for 

public use while a 2DPC sensor enables use of high ionic strength monomer solutions without 

array disordering as the photonic crystal is dried prior to polymerization. By studying photonic 

crystal hydrogel fabrication and behavior, we can more easily develop and adapt them for portable 

sensing and widespread monitoring of one’s health and environment.  

1.5 Overview of Research Program  

In the subsequent chapters we report investigations into the development and adaptations 

of biomolecular photonic crystal hydrogel sensors for the detection of molecules as small as 
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lactate, to large targets such as the protein thrombin. We used biomolecules to selectively monitor 

the presence of our target with the sensitivity of the hydrogels’ VPTs to monitor analyte 

concentration. In Chapter 2, we investigate the use of 2DPC hydrogels containing oxyamine 

functional groups for the detection of lactate and how they can be adapted from sensing 

phenylpyruvate. The use of enzymes such as lactate dehydrogenase allows wider detection of 

biomolecules through enzymatic conversion for indirect analyte monitoring. In Chapter 3, we look 

at how the incorporation of DNA aptamers as recognition groups within 2DPC hydrogel sensors 

can be used to detect the protein thrombin while being useful as a generalizable sensing motif 

through adaptation from sensing the small molecule adenosine. In Chapter 4, we investigated the 

development of polymerized crystalline colloidal array hydrogels for the detection of hydrophobic 

analytes that may otherwise be difficult to detect. Results from these studies will be used to develop 

adaptable sensors that can be used for sensitive analyte detection outside a laboratory environment.  
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2.0 Enzyme Coupled Photonic Crystal Hydrogel Sensors: Detection of Lactate Using 

Lactate Dehydrogenase 

This chapter was authored by Goda, S.A., Jang, K., and Asher, S.A. 

Author Contribution: S.A.G. and K.J designed the experiments. S.A.G. fabricated 

samples, and collected and analyzed data with assistance from K.J. This chapter was prepared by 

S.A.G with assistance from K.J. and S.A.A  

 

The presence of biomolecules in the body is important in the ability to monitor one’s health, 

but detecting them can require considerable time and effort if not done in a laboratory environment. 

The development of sensing materials that are accessible and easily used by the general population 

will allow wider detection of biomolecules. Faster detection methods will enable better monitoring 

in resource limited settings. We have investigated the use of one such material for the detection of 

lactate, which can be indicative of health issues and infection, such as sepsis. Below we report the 

use of two-dimensional photonic crystal (2DPC) hydrogels as sensing materials for the presence 

of lactate.  

2DPC hydrogel sensors contain a photonic crystal array embedded within a stimuli-

responsive hydrogel network. The hydrogel undergoes a volume phase transition (VPT) upon 

analyte binding through alterations in the hydrogel’s osmotic pressure. We monitored the presence 

of lactate through the enzymatic conversion of lactate to pyruvate using lactate dehydrogenase 

(LDH). The pyruvate is covalently attached to the hydrogel network using oxime ligation resulting 

in the hydrogel’s swelling response. Hydrogel swelling alters the particle spacing of the photonic 

crystal array shifting the light diffracted from the crystal array. Our sensor can detect 0.24 mM 



 18 

lactate in buffer solutions and < 4 mM lactate in solutions containing protein removed fetal bovine 

serum. 

2.1 Introduction 

Lactate and lactic acid are small molecules used in many industries including the food 

industry51, cosmetics52-53, and biopolymer development54-55. Lactate levels in the body are also 

used to monitor patient health such as infection56, pulmonary function57, and hepatic and renal 

function58-59. Common lactate detection methods include colorimetric assays60, fluorimetry61, gas62 

and liquid63-64 chromatography, and capillary electrophoresis65. These methods can require bulky 

instrumentation that need large amounts of power and highly trained personnel. In recent years a 

variety of different lactate sensing motifs have been developed 66-67, however few have the 

adaptability to be used as hand held devices68 and many still have sensing limitations.63-64 There 

is also discrepancy on the correlation, if any, between lactate levels in different body fluids such 

as blood and sweat.69-72 The ability to easily and accurately monitor lactate outside laboratory 

environments would enable wider surveillance of health risks associated with elevated lactate 

levels.  

Sepsis and septic shock are serious conditions that affect millions of people each year and 

lead to death for more than one in four people who have them.73-74 Quick detection and treatment 

can lead to decreased severity and lower 28-day mortality rates in patients diagnosed with sepsis.75-

76  Combined monitoring of hypertension and elevated lactate levels (> 2 mM)77-78 have been 

suggested for use in gauging severity and treatment plans in patients75, with increased recovery 

rates for every hour of early lactate monitoring79-80. While lactate monitoring is readily available 
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in hospital settings, at home monitoring can allow earlier detection and treatment of elevated 

lactate levels. 

Two-dimensional photonic crystal (2DPC) hydrogel sensors are composed of a stimuli-

responsive polymer network with an embedded photonic crystal array. They are small and robust 

while being inexpensive to fabricate, making them ideal platforms for portable sensing.  The 

hydrogel network undergoes volume phase transitions (VPTs) actuate by chemical stimuli that 

alter the particle spacing of the embedded photonic crystal array. Alterations in the array’s spacing 

lead to shifts in the light diffracted from the crystal. As changes in the hydrogel’s volume are 

proportional to the concentration of chemical stimuli present, shifts in light diffraction can be used 

to quantify the target analyte.  

The Asher group has previously fabricated 2DPC hydrogels with a variety of different 

recognition groups, exploring the potential of 2DPC hydrogels to be used as biomolecular 

sensors.81-83 One of these 2DPC hydrogels contains an oxyamine recognition group to selectively 

monitor phenylpyruvate in serum for the development of a phenylketonuria sensor.84 

Phenylpyruvate (PhPy) was covalently attached to the hydrogel’s oxyamine group through the 

pyruvate’s ketone functional group with a detection limit in serum solutions of 19 μM PhPy within 

30 min.   

We are further investigating the behavior of this sensor by showing we can couple the 

enzymatic production of compounds containing pyruvate moieties with oxime-pyruvate 

attachment. We used lactate dehydrogenase (LDH), a well-studied enzyme54-55, for this proof-of-

concept study. LDH is an oxidoreductase enzyme that reversibly converts pyruvate to lactate using 

oxidation/reduction of its cofactor nicotinamide adenine dinucleotide (NADH/NAD+). The 

reversibility of this pyruvate-lactate conversion is vital to cellular respiration.85 The enzymatic 
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production of pyruvate will allow a wider use of our 2DPC hydrogel sensing motif by indirect 

sensing of compounds like lactate. It will also demonstrate generalizability of our 2DPC hydrogel 

sensor using oxyamine functional groups. We are the first to look at coupling an enzymatic reaction 

with photonic crystal hydrogel sensors for indirect analyte detection.  

 

2.2 Experimental Section 

2.2.1 Materials 

Acrylamide (AAm), N,N’-methylenebisacrylamide (MBAAm), acrylic acid (AAc), 2-

hydroxy-4’-(2-hydroxyethoxy)-2 metylpropiophenone (Irgacure 2959), propylene glycol, 

dimethylsulfoxide (DMSO), 1-propanol, p-phenylenediamine (p-PDA), L-lactate, L-pyruvate, 

nicotinamide adenine dinucleotide (NAD), bovine serum albumin (BSA), trizma base, alanine, and 

lactate dehydrogenase (LDH)-human recombinant expressed in E.coli were purchased from 

Sigma-Aldrich. Propionic acid and hydrochloric acid (HCl) were purchased from J.T. Baker and 

Thermo Fisher respectively. Fetal bovine serum (FBS) was purchased from Corning. AAc 

stabilizers were removed by passing it through a column of aluminum oxide. Unless otherwise 

stated, all chemicals were used as received.  

Tert-butyl(2-acrylamidoethoxy)-carbamate (TAC) was synthesized using the three step 

sequence published by Jang et al.84 Polystyrene particles were fabricated using dispersion 

polymerization as described by Zhang et al.86 All solution were made using water from a MilliQ 

Reference A+ system (resistivity 18.2 MΩ∙cm, TOC <5 ppb).  
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2.2.2 2DPC Hydrogel Fabrication  

Preparation of the 2DPC hydrogels used for lactate detection is shown in Figure 2.1 and 

has been described in detail elsewhere.84 Briefly, a 2D photonic crystal was fabricated by mixing 

negatively charged polystyrene nanoparticles (~1.2 µm diameter, 16 % w/w in water) with 1-

propanol at a 3:1 ratio. The solution was injected at the air-water interface of a crystallization dish 

of ultrapure water using the needle-tip flow method.87 The nanoparticles self-assembled into a 

close packed hexagonal array which was transferred to a glass slide and air dried for 24-48 hrs.  
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Figure 2.1 2DPC hydrogel fabrication using the needle-tip flow method. Polystyrene nanoparticles are 

injected at the air-water surface (A) where they self-assemble into an ordered 2DPC array (B). A glass slide 

is used to pick up the array from the water surface (C) and left to dry (D). A monomer solution is deposited 

onto the slide with the dried 2DPC  and a cover slide is placed on top (E). After polymerization the slides 

are placed in buffer for 10 min and the hydrogel is removed from the glass slides for use (F).  
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A monomer solution containing AAm, TAC, MBAAm, AAc, propylene glycol, and water 

was prepared in accordance with Table  and degassed using a vacuum desiccator for 15 min. 

Irgacure 2959 initiator (33 % w/v in DMSO) was added to the monomer solution at 2 µL initiator 

for every 100 µL monomer solution. The solution was quickly mixed by pipetting up and down 

for 15 sec. A 96 µL aliquot of the solution was deposited on the glass slide containing the dried 

2DPC and a cover slide was gently placed on top spreading the solution into a thin film for 

polymerization. Polymerization was initiated with 365 nm light using a UVP UVGL-55 handheld 

lamp and occurred for 15 min at room temperature. Upon completion, the glass slides were placed 

in 100 mM phosphate buffered saline solution (PBS, pH 7.2) for 10 min until the hydrogel was 

able to be gently peeled from the glass substrates. The poly(TAC-co-AAm-co-AAc) hydrogel was 

thoroughly washed in PBS and stored in the fridge until deprotection.   

 

 

Table 2.1 Compostition of precursor solution for lactate sensing 2DPC hydrogels 

Component Mass (mg) Weight % (w/w) 

AAm 16 8 

TAC 20 10 

MBAAm 1 0.5 

AAc 4 2 

Propylene Glycol 90 45 

Water 69 34.5 

Total 200 100 
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The TAC monomers contain a tert-butyloxycarbonyl (BOC) group for oxyamine 

protection during polymerization. Acidic conditions were used to remove the BOC group through 

a stepwise solvent exchange of acid and water within the hydrogel mobile phase. The hydrogel 

was left in each solution for 10 min before the next addition. The hydrogel was first placed in 1 M 

HCl increasing the HCl concentration to 3 M and 5 M before decreasing it back to 1 M as described 

in Table . Following deprotection, the hydrogels were washed with 100 mM tris buffer (pH 7) 

overnight. Hydrogels were then cut into 0.5 cm x 0.5 cm pieces and stored in 100 mM tris buffer 

(pH7) in the fridge (4°C) until use.  

 

 

Table 2.2 Stepwise addition of HCl and water for BOC deprotection of hydrogel  

Step 

12 M HCl 

Added (mL) 

Water Added 

(mL) 

Total Volume 

(mL) 

Approximate Concentration 

HCl (M) 

1 1 11 12 1.2 

2 3 - 15 3 

3 5 - 20 5 

4 - 16 36 3 

5 - 72 109 1 
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2.2.3 Particle Spacing Measurements 

Hydrogel volume was monitored using the 2DPC’s particle spacing by measuring the 

2DPC’s Debye ring diameter (Figure 2.2). Ordered 2DPCs diffract light parallel to the 2D array 

as six spots otherwise known as a Debye ring. The array diffracts light according to the Bragg 

condition (Equation 2.1) where m is the diffraction order, 𝜆 is the wavelength of incident light, 𝑎 

is the distance between particles in the photonic crystal array, and 𝛼 and 𝛽 are the angles of incident 

and diffracted light respectively. 

𝑚𝜆 =
√3

2
𝑎(sin 𝛼 + sin 𝛽) 

Equation 2.1 

By setting the light source normal to the array, the contribution of sin 𝛼 becomes zero. Using a 

monochromatic light source, such as our 532 nm laser pointer, the wavelength of incident light 

and diffraction order (m=1) are known, giving Equation 2.2.  

532 𝑛𝑚 =
√3

2
𝑎(sin 𝛽) 

Equation 2.2 

The Debye ring is measured using the forward scattered light at angle 𝛽. Based on the height of 

the 2DPC array and the diameter of the Debye ring, β can be calculated by  

𝛽 = 𝑡𝑎𝑛−1(
𝐷

2ℎ
) 

Equation 2.3 

making Equation 2.4. 
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𝑎 =
2(532 𝑛𝑚)

√3 sin ( 𝑡𝑎𝑛−1(
𝐷
2ℎ

))
 

Equation 2.4 

 

 

 

Figure 2.2 Experimental setup for 2DPC hydrogel particle spacing measreuements.  
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2.2.4 LDH Assays   

LDH activity was monitored using LDH’s conversion of lactate to pyruvate at room 

temperature through the formation of the NADH absorbance band centered at 340 nm. Stock 

solutions were made in 100 mM tris buffer pH 7-9 and contained 5.36 mM NAD+ or 1.5 M sodium 

lactate. An LDH/BSA solution was made by adding 8 U LDH to 1.5 mL of 1% (w/v) BSA in 100 

mM tris buffer (pH 7-9). Assay solutions were measured in a 1cm pathlength absorbance cuvette 

and contained 2.8 mL of the NAD+ stock solution and 0.1 mL of the lactate solution with a micro 

stir bar. 0.1 mL of the LDH/BSA solution was injected into the cuvette. The absorbance was 

monitored using Cary WinUV software for a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent) 

collecting every 0.1 s. The absorbance was monitored at 360 nm to reduce interference from 

samples containing p-PDA.  

 

2.2.5 Lactate Detection Using 2DPC Hydrogels in Buffer Solutions 

Each solution for LDH’s conversion of lactate to pyruvate was 500 µL in volume. The 

solutions contained 100 mM tris buffer (pH 9) along with 10 mM NAD+, 80 U lactate 

dehydrogenase, 1% BSA protein to stabilize the LDH, and 0, 0.25, 0.5 1, 5, 25, or 50 mM sodium 

lactate. All concentrations reported are based on the sample volume of 1 mL during hydrogel 

attachment. The solutions were mixed on a vortex mixer for 30 min at 750 rpm. A 100 µL aliquot 

of 1.2 M HCl was added to the solution and mixed for 5 min to denature the LDH, stopping the 

reversible conversion of pyruvate to lactate as the solution pH is adjusted.  
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A 400 μL aliquot of 350 mM p-PDA in 100 mM bis-tris (pH 6) was added to the solution 

and adjusted to pH 6. A 0.5 cm x 0.5 cm piece of 2DPC hydrogel was equilibrated in 5 mL buffer 

(100 mM tris, pH 7) and the initial particle spacing was measured. The 0.5 cm x 0.5 cm hydrogel 

was added to the solution and placed back on the vortex mixer for 30 min for pyruvate attachment. 

An example of the solution conditions for 5 mM lactate is shown in Table .  

The hydrogel was removed from the solution and washed in 5 mL aliquots of 100 mM tris 

buffer (pH 7) for 15 min changing the buffer every ~ 3- 5 min. The hydrogel’s particle spacing 

was measured and the difference between the final and initial particle spacing was calculated and 

reported as the particle spacing change (PSC).  

A control hydrogel was also fabricated without the TAC recognition group to monitor any 

hydrogel volume changes from the pH adjustments and adjustments to the solution during sensing. 

The precursor solution for the control hydrogel contained the same masses for each component as 

listed in Table  apart from TAC which was not added. 
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Table 2.3 Hydrogel solution conditions for detection of 5 mM lactate. Final concentrations were calculated 

based on 1 mL solution volume during attachment to the hydrogel.  

 

  

Step Component Stock  

Volume 

Added 

(μL) 

Final 

Concentration 

(1000 μL) 

1.) Lactate to pyruvate 

conversion (100 mM tris, 

pH 9) 

Lactate 

100 

mM 

50 5 mM 

NAD+ 50 mM 100 5 mM 

 

BSA  

2 % 

(w/v) 

250 0.5 % (w/v) 

LDH 

2000 

U/mL 

40  80 U 

100 mM Tris pH 9 - 60 - 

2.) LDH denaturation HCl 1.2 M 100 0.12 

3.) Enzyme produced 

pyruvate quantification 

p-PDA (in 100 

mM bis-tris pH 6) 

350 

mM 

400 140 

2DPC Hydrogel - - 0.5 cm x 0.5 cm 
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2.2.6 Determination of 2DPC Hydrogel Swelling Response to NAD+/NADH  

Solutions of 0, 1, 2, 5, and 10 mM NAD+ or NADH were used to determine the hydrogel 

swelling response caused by the enzymatic cofactor. NAD+/NADH concentrations are based on 

the 1 mL final sample volume for hydrogel attachment. NAD+/NADH solutions did not contain 

other assay components (lactate, LDH) or BSA, but were made initially using 100 mM tris (pH 9) 

and vortexed for 30 min followed by pH adjustments using HCl and the addition of p-PDA. Once 

the hydrogels (0.5 cm x 0.5 cm) were added to the 1 mL sample solution, the solution was vortexed, 

and the hydrogel attachment proceeded for 30 min. Hydrogels were removed from the solution 

and washed using 100 mM tris buffer (pH 7) before their final particle spacing was measured.  

2.2.7 Determination of NAD+ Interference in Pyruvate Detection 

Final concentrations of pyruvate solutions were 0, 0.15, 0.25, 0.5, 2, or 5 mM pyruvate 

during hydrogel attachment. 5 mM NAD+ was added to solutions containing both pyruvate and 

NAD+. Solutions were made using 100 mM tris buffer (pH 9) at volumes of 500 μL and vortexed 

for 30 min at 750 rpm. 100 μL 1.2 M HCl was added, and the solution was mixed for 5 min. p-

PDA was added (400 μL of 350 mM in 100 mM bis-tris, pH 6) and the solution pH was adjusted 

to 6. Hydrogel pieces (0.5 cm x 0.5 cm) were placed in the solutions and vortexed for 750 rpm for 

30 min. The hydrogels were removed from the solution and washed in 100 mM tris buffer (pH 7) 

for 15 min.  
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2.2.8 Hydrogel Characterization Using UV-Vis Absorbance Spectroscopy 

Attachment of NAD+/NADH and pyruvate to the hydrogel network were confirmed using 

UV-vis absorbance measurements. Hydrogels were fabricated as described in Section 2.2.2, 

however no 2DPC array was attached. Once fabricated and deprotected, hydrogels were cut into 

~1 cm x 3 cm pieces. Solutions were initially 5 mL in volume and contained 10 mM pyruvate, 

NAD+, or NADH (100 mM tris, pH 9) and vortexed for 30 min. HCl (1 mL, 1.2 M) was added to 

each solution to decrease the pH to < 2. Solutions were mixed for 5 min followed by the addition 

of p-PDA (4 mL 350 mM in 100 mM bis tris, pH 6) and adjusted to pH 6. A hydrogel was placed 

in each solution and vortexed for 30 min. Hydrogels were removed from the solutions and washed 

with buffer (100 mM tris, pH 7) overnight. Samples were placed on a 1 cm x 5 cm quartz slide and 

UV-Vis spectra were collected on a Varian Cary 5000 UV-vis-NIR spectrometer. The jump of 

absorbance at 350 nm is due to a changeover of the spectrometer lamp.  

2.2.9 Lactate Detection in Fetal Bovine Serum (FBS) Solutions 

Two compositions of fetal bovine serum (FBS) solutions were tested. First, solutions 

containing protein removed FBS (PRFBS) were created by centrifuging FBS in 10 kDa centrifugal 

filters (as following the instructions of the manufacturer) to remove proteins. 100 mM trizma base 

was dissolved in the protein removed FBS and the pH was adjusted to pH 9. The PRFBS was used 

to create all solutions for the enzymatic conversion of lactate to pyruvate. To stabilize the LDH 

during the conversion, BSA was added back in. The LDH solution was developed the same as in 

step 1 in Table 2.3 with the PRFBS solution and allowed to proceed the same as in buffer solutions 

(section 2.2.5) using 1, 2, 3, 25, or 50 mM lactate. Due to the low solubility of p-PDA in high ionic 
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strength solutions like FBS, p-PDA was not dissolved in FBS instead being left in 100 mM bis-

tris buffer. FBS was also not used to create HCl solutions giving a final concentration of 50 % 

PRFBS.  

FBS solutions containing serum proteins were created by adding 100 μL FBS to the enzyme 

solutions giving a final concentration of 10% FBS. To keep sensing conditions consistent, FBS 

was used to dissolve 100 mM tris and adjusted to pH 9 before addition. BSA proteins make up a 

significant portion of the total proteins in FBS so BSA protein was not added into solutions 

containing 10% FBS. 

2.3 Results and Discussion 

2.3.1 Lactate Sensing Mechanism 

Our sensor relies on the conversion of lactate to pyruvate by LDH through reduction of the 

NAD+ cofactor to NADH. While LDH is active from pH 7-11, the conversion of pyruvate to lactate 

is the more favored reaction around neutral pH with lactate to pyruvate conversion favored at 

alkaline pHs.88 Using pH 9 we can more favorably convert lactate to pyruvate. Inhibition of the 

pyruvate to lactate conversion is achieved through denaturation of the LDH using HCl. Pyruvate 

attachment to the hydrogel network is catalyzed using p-PDA. While p-PDA has demonstrated 

usefulness as a catalyst for bioconjugation, its contribution to oxime ligation is significantly 

slowed above pH 6 with attachment being ~5x’s faster at pH 6 than pH 7.89 Separating LDH’s 

conversion of lactate to pyruvate from pyruvate’s attachment to the hydrogel enables working at 

conditions that are optimal for each step (Figure 2.3).  
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Figure 2.3 (A) Schematic of the 2DPC hydogel’s detection of lactate using enzymatic converison of lactate to 

pyruvate. LDH is used to covert lactate to pyruvate which is attached to the hydrogel network using 

catalyzed oximine ligation. Addition of pyruvate to the hydrogel network leads to a hydrogel swelling 

response proportaional to the concentration of pyruvate attached. Functional groups involved in the sensing 

reaction are in red. (B) Structures of NAD+ and NADH. 
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TAC-co-AAm-co-AAc hydrogels contain free oxyamine groups that undergo oxime 

ligation with the ketone on pyruvate. Covalent attachment of the pyruvate to the hydrogel causes 

a change in the free energy of the hydrogel generating osmotic pressure. The hydrogel relieves this 

pressure by taking in solvent leading to hydrogel swelling. The hydrogel swelling response 

increases the particle spacing of the embedded 2DPC as measured by a change in diffraction. 

Conversion of lactate to pyruvate occurs at a 1:1 ratio creating a correlation between the hydrogel’s 

VPT and lactate concentration.  

2.3.2 Lactate Detection in Buffer Solutions 

Due to LDH’s ability to convert pyruvate back to lactate at neutral pHs, we utilized an 

alkaline buffer (pH 9) to produce lactate. HCl was then added to denature the LDH stopping the 

conversion of pyruvate back to lactate. The addition of the bis-tris buffer with p-PDA prevented 

fluctuations outside the buffer range when changing from pH 9 to 6 during the optimized 

attachment of pyruvate to the hydrogel. The hydrogels were washed in 100 mM tris buffer before 

particle spacing measurements to remove the additional ionic strength of the solution from the p-

PDA. 

LDH assay times of 30 min were chosen based on UV-Vis absorbance data showing a 

decrease in NADH production after 30 min. We chose 30 min for the attachment reaction of 

pyruvate based on earlier investigations of the hydrogel’s response to phenylpyruvate84 which 

showed a plateau in the hydrogel’s swelling response to 5 mM phenylpyruvate after 30 min. 

Combining the enzymatic production of pyruvate with hydrogel attachment, we are able to detect 

the presence of lactate in ~1 h while our use of 0.5 cm x 0.5 cm hydrogel pieces enabled use of 

small sample volumes (1 mL) during detection. 
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We tested hydrogels before and after reacting with solutions containing 0-50 mM lactate. 

Initial particle spacing of each hydrogel was measured after incubation in 5 mL of 100 mM tris 

buffer (pH 7).  Assay reactions occurred in a 4 mL dram vial to ensure homogeneity of the solution 

while mixing and allow full immersion of the hydrogel piece. After the enzymatic production of 

pyruvate, LDH was denatured using HCl (100 µL, 1.2 M) for 5 min followed by addition of p-

PDA (400 µL of 350 mM in 100 mM bis-tris buffer pH 6) for a final solution volume of 1 mL. 

Adjustments to the solution were made using 1.2 M HCl to a final pH of 6. All additions of HCl 

to each sample were < 15 µL adding < 2 % to the total solution volume during the pH adjustment.  

Hydrogels were added to the solution after the addition of p-PDA and pH adjustments. 

After 30 min the hydrogels were washed with 100 mM tris buffer (pH 7) and the final particle 

spacing was measured. Each measurement was performed in triplicate using a new hydrogel piece 

and solution.  

The PSC was determined by subtracting the initial particle spacing from the final particle 

spacing for each hydrogel piece. The average swelling response and standard deviation of the 

measurements reported were calculated and adjusted by subtracting the average swelling response 

of the blank from the PSC of each lactate solution and propagating error. The adjusted PSCs are 

reported in Figure 2.4. The limit of detection (LoD) was calculated using the adjusted blank and 

lowest two concentrations. The LoD was calculated using Equation 2.5 and determined to be 0.24 

mM lactate. 

𝐿𝑜𝐷 =
3 ∗ (𝑠𝑡𝑑𝑒𝑣 𝑏𝑙𝑎𝑛𝑘)

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑖𝑡
 

Equation 2.5 
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Healthy blood lactate levels range from 0.5-2 mM lactate with 2-4 mM lactate considered 

hyperlactatemia and > 4 mM considered lactic acidosis.90 Our sensors are able to detect lactate 

concentrations in buffer solutions that are lower than normal physiological levels in human serum. 

While the additional components in serum can cause interferences in measurements, elevated 

lactate levels are over an order of magnitude larger than our calculated LoD in buffer solutions.  

Figure 2.4. Monitoring of 2DPC hydrogel sening response to LDH enzymatic assays containing varying 

concnetratons of lactate in buffer solutions. Error bars indicate standard deviations (n=3). 
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2.3.3 2DPC Hydrogel Swelling Response to the Presence of NAD+/NADH 

The response of our control measurements in buffer did not contain lactate but still gave a 

significant swelling response of 134 nm ± 10 nm. Vigorous hydrogel washing did not reverse the 

swelling response leading to the hypothesis that a compound other than pyruvate was also being 

attached to the hydrogel. We investigated further by adding p-PDA to solutions containing only 

individual assay components of 5 mM lactate, 80 U LDH, 1 % BSA or 5 mM NAD+. All but the 

solution of NAD+/p-PDA did not swell while the NAD+/p-PDA solution gave a swelling response 

similar to the blank.  The hydrogel’s swelling response to the NAD+ solution was slightly larger 

than that of the hydrogel’s swelling response from the LDH solutions that did not contain any 

lactate. We hypothesize this is caused by interactions between NAD+ and BSA/LDH proteins in 

the LDH solution decreasing the amount of free NAD+ in solution for hydrogel attachment.  

NAD+ and NADH are important biomolecules for their role in metabolism and 

respiration.91-93 Due to their widespread use in biochemical reactions, their presence in biological 

matrices is anticipated. Characterization of NAD’s behavior in our system will allow us to better 

adapt our sensing motif for other enzymatic products.  

In our sensors, attachment of pyruvate to the hydrogel occurs via oxime ligation, a process 

that has become popular as a click-reaction for bioconjugation94 particularly those catalyzed by p-

PDA89.  One such click reaction is for the conjugation of ADP-ribose through the distal ribose 

ring.95 NAD+ and ADP-ribose differ in structure by one nicotinamide group and conversion 

between NAD+ and ADP-ribose is used as a posttranslational modification.96  We hypothesize 

some of the NAD+ in our solution is attached to the hydrogel by p-PDA through oxime ligation 

using one of the ribose rings of the NAD.  
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We investigated the hydrogel’s swelling response caused by attachment of NAD+ and 

NADH. The hydrogel’s swelling response increased with increasing concentration of both NAD+ 

and NADH (Figure 2.5). During production of pyruvate by LDH, NAD+ is also converted to 

NADH in a 1:1 ratio with the production of pyruvate. While swelling due to NADH gradually 

increases with concentration, swelling from NAD+ increases significantly with concentration. 

There is not complete conversion of lactate to pyruvate creating a combination of NAD+/NADH 

in solution.  

 

Figure 2.5. 2DPC hydrogel swelling reponse to the presence of NADH (black) and NAD+ (red) after 30 min 

of attachment using p-PDA. Solutions of NAD+/NADH were adjusted to pH 6 for incubation with the 

hydogel followed by washing with 100 mM tris buffer (pH 7). Error bars indicate standard deviations 

(n=3). 
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2.3.4 Impact of the Presence of NAD+ on Sensor Detection Limits 

We studied how the presence of NAD+ during attachment impacts our sensor’s LoD for 

lactate/pyruvate. Pyruvate was used as lactate does not attach to the hydrogel. Two sets of solutions 

were created, one set contained 0-5 mM pyruvate the other set contained 0-5 mM pyruvate with 5 

mM NAD+ (100 mM tris, pH 9). Solutions were treated the same, with 30 min vortexing and the 

addition of HCl (1.2 M). Attachment was performed using p-PDA (100 mM bis-tris, pH 6) for 30 

min followed by washing the hydrogel in buffer (100 mM tris, pH 7).  

Pyruvate and pyruvate with NAD+ samples gave similar swelling responses when looking 

at the unadjusted particle spacing change (Figure 2.6A). When accounting for the swelling of the 

blank, the blank for the pyruvate only samples gave a negligible swelling response while the blank 

from pyruvate with NAD+ swelled by 118 nm ± 34 nm. After subtracting the contribution of the 

blank from each set of samples, the LoD was determined to be 7.2 μM pyruvate when there is no 

NAD+ present and 1462 μM in the presence of 5 mM NAD+ (Figure 2.6B).  
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Figure 2.6 2DPC hydrogel swellig response to the presence of varying concentrations of pyruvate (blue) 

or pyruvate with 5 mM NAD+ (red). PS changes were calculated by subtracting initial particle spacing 

from the final particle spacing (A). PS changes of solutions containing pyruvate were adjusted by 

subtracting the PSC of each blank (B).   
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Deviations in the PSC of samples with NAD+ were also larger than those that only 

contained pyruvate. If NAD+ undergoes oxime ligation in a similar way as ADP-ribose ligation, it 

occurs at the ribose ring after the sugar ring opens.95, 97 We hypothesize that variations in the 

amount of NAD ring opening contribute to the large deviations in the measurements. The 

attachment mechanism also becomes more complicated when looking at the stability of NAD+ and 

NADH based on pH. NAD+ is more likely to decompose at alkaline pHs while NADH is more 

likely to decompose at acidic pHs.98-100 NAD+ and NADH decompose into a variety of fragments, 

some of which contain ribose rings and some of which do not.101 Attachment of different NAD or 

NAD degradation fragments would also lead to deviations in the swelling response.  

NAD+/NADH attachment to the hydrogel was confirmed using UV-Vis absorbance spectra 

of hydrogels without 2DPC arrays. Each hydrogel was placed in a solution with a final 

concentration of 5 mM pyruvate, 5 mM NAD+, or 5 mM NADH. The solutions were made at pH 

9 and vortexed for 30 min followed by addition of HCl and p-PDA. A hydrogel was added to each 

solution and vortexed for 30 min. The hydrogels were vortexed overnight in 100 mM tris buffer 

(pH 7) to remove unreacted analyte.  

Spectra showed attachment of all three analytes tested (Figure 2.7). Hydrogels reacted with 

NAD+ and NADH showed absorbance at ~260 nm which can be attributed to both the adenosine 

and nicotinamide moieties while NADH also showed a band at 340 nm from the additional 

electrons within the nicotinamide ring. It is unclear from the absorbance at 260 nm if the adenosine 

fragment of NAD is attached to the hydrogel as the oxime ligation of ADP-ribose attaches at the 

place where the nicotinamide portion of NAD is attached. The additional band at 340 nm for 

NADH confirms incorporation of nicotinamide within the hydrogel.  
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While we can detect the binding of pyruvate in solutions with NAD+/NADH, their presence 

leads to a swelling response that increased the measured LoD by ~200 xs. While biologically 

relevant lactate levels fall within LoDs of our sensor, we need to reduce contributions from 

NAD+/NADH to look at analytes with lower concentrations. This may be possible through 

fabrication of an NAD imprinted polymer network for NAD removal.  

Use of modified NAD moieties with covalently attached alginic acid is also possible. The 

alginic acid alters NAD’s solubility in acidic conditions with the NAD becoming insoluble at a  

pH below 3 without affecting enzymatic activity.102-103 As we use acidic conditions to stop the 

Figure 2.7. UV-Vis absorbance spectra of hydrogels in solutions containing 5 mM pyruvate (green), 5 

mM NADH (blue), 5 mM NAD+ (red), or buffer only (purple). Hydrogels were thoroughly washed and 

placed on a quartz slide for spectral collections.  
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reversibility of our pyruvate production, NAD+/NADH precipitation could be performed at the 

same time. Further investigation into the removal of NAD+/NADH is needed.  

2.3.5 Lactate Detection in Fetal Bovine Serum 

Our 2DPC hydrogels show good sensitivity to the production of pyruvate in buffer. 

However, biological matrices have high concentrations of ions and proteins that can cause 

interferences during detection. We investigated our sensor’s response to 50% fetal bovine serum 

solutions with the proteins removed (PRFBS) spiked with lactate and 10% fetal bovine serum 

solutions (FBS) spiked with lactate. Serum percentages were determined based on a final solution 

volume of 1 mL when the hydrogel was added. BSA (0.5% final concentration) was added back 

into the PRFBS solutions to stabilize the LDH during sensing, additional BSA was not needed in 

the 10% FBS solutions due to the high concentration of BSA in serum naturally.  

PRFBS solutions were 50% FBS as p-PDA has low solubility in solutions with high ionic 

strength and high pH. FBS solutions also contained 100 mM tris buffer (pH 9) to keep the pH 

stable across solutions. Proteins were removed from the PRFBS using centrifugal filtration with a 

molecular weight cut off of 10 kDa.  

Lactate spiked PRFBS (50%) solutions gave a slightly smaller PSC response than pure 

buffer solutions. However, the raw PSC in PRFBS was initially larger. The PRFBS blank showed 

a PSC of 240 ±8 nm which was ~100 nm more than the buffer controls. Once adjusted for the 

blank, PSCs from pyruvate attachment were smaller in serum solutions. As the hydrogel is washed 

before measurements to remove any unattached compounds, the blank swelling is attributed to 

covalent attachment of small molecules in serum such as ATP/ADP and additional NAD moieties. 
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Our LoD in PRFBS (50%) was determined to be 1.7 mM (Figure 2.8) enabling the detection of 

elevated lactate in protein removed serum solutions.  

  

Figure 2.8 Sensing response of 2DPC hydrogels in FBS solutions of protein removed FBS-50% (black) and 

10% FBS (red). LDH’s conversion of lactate to pyruvate occurred for 30 min followed by 30 min pyruvate 

attachment using 140 mM p-PDA. Error bars indicate standard deviations (n=3). 
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We also looked at how the presence of low concentrations of serum proteins affected the 

detection of lactate. LDH’s conversion of lactate to pyruvate requires LDH’s interaction with both 

lactate and NAD+ as they diffuse through the solution. While the presence of low concentrations 

of BSA increased  enzymatic activity by stabilizing LDH, crowded solutions can negatively impact 

protein diffusion104 and dynamics105. NAD+ and NADH are also cofactors for other enzymes in 

blood. Although lactate and pyruvate are small molecules, LDH is a large protein that in its 

tetrameric form can reach 140 kDa. Other large proteins that impact diffusion in FBS include 

albumin proteins (~66 kDa) and globulins (~100-150 kDa).  

Lactate detection in 10% FBS solutions showed slightly larger swelling responses even 

after correction for the blank, but the LoD was higher at 3.5 mM lactate (Figure 2.8). The larger 

swelling response for solutions in 10% FBS only became statistically significant at higher lactate 

concentrations from the large standard deviations. The increased LoD in 10% FBS is also 

attributed to the large standard deviations in measurements. 

When considering dilution of the 10% FBS during sensing, the 3.5 mM LoD would 

correspond to a serum lactate level of ~35 mM. Although blood lactate concentrations have been 

known to be >20 mM in athletes after strenuous activity106, serum lactate levels that high are not 

common and are not present in the blood for long periods of time. We hypothesize decreasing 

hydrogel swelling from the presence of NAD+ will lower the detection limit in whole serum 

solutions to more biologically relevant levels.  

Covalent attachment of pyruvate allows the 2DPC hydrogels to be washed and any 

unattached proteins/ions present during sensing to be removed. Removal of the additional proteins 
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and ions gives lower LoDs and allows detection in solutions that may not be usable otherwise. We 

have demonstrated our 2DPC hydrogel sensor is able to detect lactate in serum solutions.  

 

2.3.6 Comparison of Lactate Sensing Motifs 

While we were performing this work, Li et al.107 published a manuscript on a hydrogel 

based three-dimensional photonic crystal sensor for lactic acid detection. Although both sensors 

contain a photonic crystal hydrogel for detection of lactate moieties, they utilize different sensing 

mechanisms which we believe makes them useful in different ways. Comparing the different 

sensors can give insights into the adaptability of photonic crystal hydrogels as sensors.   

Li et al. used hydrogen bonding interactions between lactic acid and an oxoacetic acid 

recognition group as the basis of their sensing mechanism. They showed selectivity against 

compounds similar in structure to lactic and pyruvic acid in water and demonstrated sensor 

reusability by washing the hydrogel with phosphate buffered saline at pH 9. We believe while 

sensor reusability can be helpful, the transient nature of the H-bonding interactions may cause 

difficulties when switching to more complex matrices such as serum. Oxime ligation covalently 

attaches pyruvate to our sensor allowing it to be washed for use in solutions that contain other 

complex molecules and have high ionic strength. Our use of LDH’s enzymatic reaction allowed 

us to indirectly detect lactate while keeping the sensor’s selectivity giving us a platform that is 

easily adapted to other molecular targets.   

Comparison of the sensor developed by Li et al with ours reported here demonstrates the 

adaptability of the photonic crystal hydrogel as a biomolecular sensing platform. Changing the 

hydrogel’s recognition group enables different detection methods to be used based on sample 
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conditions and ideal sensing behavior. Investigation into a variety of sensing mechanisms and 

behavior of photonic crystal hydrogel sensors can lead to easy development of a wider range of 

photonic crystal hydrogels as platforms for the future development of portable and easy to use 

sensors.  

2.4 Conclusions and Future Directions 

 

We have successfully demonstrated that our 2DPC hydrogel sensor for phenylpyruvate can 

coupled with enzymatic reactions for indirect detection of analytes. The enzyme LDH converts 

lactate to pyruvate which undergoes oxime ligation to the hydrogel’s TAC recognition group.  

Incorporation of pyruvate within the hydrogel network alters the hydrogel’s free energy which 

gives rise to a change in the hydrogel’s volume. The particle spacing of the hydrogel’s embedded 

2DPC changes with hydrogel volume allowing quantification of pyruvate, and in turn, the lactate 

that is present in the solution.  

Our sensor has a LoD of 0.24 mM lactate in 100 mM tris buffer. Solutions containing 

serum gave a LoD of < 3.5 mM lactate in serum using 500 µL serum volumes. Normal blood 

lactate levels are between 0.5 mM and 2 mM with >4 mM having been connected to hospitalized 

patients with sepsis and septic shock. Our sensor shows potential as a simple and portable way of 

detecting elevated lactate levels in blood for monitoring infections such as sepsis.  

Although we can detect a wide range of lactate levels in serum solutions, LDH’s cofactor 

NAD+/NADH is also covalently attached to the hydrogel during sensing. In future work, we plan 

on inhibiting NAD+/NADH attachment to the hydrogel through NAD removal before hydrogel 
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attachment with imprinted hydrogels or NAD precipitation through modification with alginic acid. 

By eliminating the hydrogel’s response to NAD+/NADH, we can use this sensing motif for 

detection of other analytes that have much lower concentrations in blood.  

One such use would be for our continued development of a sensor for phenylalanine using 

phenylalanine dehydrogenase. The ability to easily quantify phenylalanine in blood would enable 

sensor fabrication for the metabolic disorder phenylketonuria. Development of cost-effective 

sensors that do not require large instrumentation for analyte detection, like our 2DPC hydrogels, 

enables widespread monitoring outside of laboratory environments.  
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There is a need to develop versatile sensing motifs that can be used in resource-limited 

settings. Ideally, sensors can be easily adapted to detect a wide variety of targets. We recently 

reported the development of a 2D photonic crystal (2DPC) hydrogel sensor that utilizes aptamer 

recognition groups to detect a small molecule, adenosine. Here, we extend that sensing motif to 

detect a protein, human thrombin. Our protein sensor is a 2DPC hydrogel with DNA crosslinks. 

DNA crosslinks are formed by hybridized DNA strands attached to the hydrogel network. One of 

the DNA strands contains a thrombin-binding aptamer sequence. On addition of thrombin, 

competitive aptamer-thrombin binding causes crosslinks to break, actuating hydrogel swelling. 

This, in turn, causes the particle spacing of the attached 2DPC array to increase, shifting PC 

diffraction. Thus, thrombin concentrations can be monitored by measuring changes in 2DPC 

diffraction. Our thrombin sensor can detect thrombin in buffer and serum solutions at 

physiologically relevant concentrations, with calculated detection limits of 191 nM and 488 nM, 

respectively. These results demonstrate the generalizability of our aptamer-actuated 2DPC 
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hydrogel sensing motif and suggest that sensors for other targets can be fabricated by simply 

exchanging the sequences of the attached DNA strands used during detection. We further 

investigate the physical phenomena that actuate the observed response to better understand the 

aptamer-actuated sensing mechanism. 

3.1 Introduction 

There is a need to develop novel sensing technologies that are deliverable to end-users.108 

Recently, there has been significant progress in the development of sensors.109-114 However, gold-

standard technologies still suffer from the need for expensive equipment, trained personnel, and 

other limitations that inhibit their widespread use.11, 108 Ideal sensors can be used in resource-

limited settings and have wide-ranging utility, including to monitor environmental115-117, 

agricultural118-120, and military121-122 hazards, and as diagnostic devices11, 110, 117, 123-124. Sensing 

motifs that are generalizable can be easily adapted to detect new targets and enable the rapid 

development of novel sensors. 

Aptamers have emerged as a promising component of sensors. Aptamers are short DNA or 

RNA strands that have been selected using the systematic evolution of ligands by exponential 

enrichment (SELEX) process to sensitively and specifically bind a chemical target.125-126 Aptamers 

are analogous to antibodies, but tend to be more stable and cheaper to produce, thus enabling them 

to function as convenient molecular recognition agents.127 Sensors that incorporate aptamers are 

categorized as aptasensors. Aptasensors have been incorporated into a variety of colorimetric128-

130, fluorometric131-133, and electrochemical134-135 assays. 
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Photonic crystal (PC) hydrogels are a sensing platform invented by the Asher research 

group.14 PC hydrogels consist of a PC array embedded into a stimuli-responsive hydrogel. This 

couples the PC particle spacing to the hydrogel volume. Changes in the chemical environment that 

actuate hydrogel volume changes cause the PC particle spacing to change and can be monitored 

through shifts in PC diffraction. PC hydrogels are inexpensive to fabricate, require minimal to no 

sample preparation, and have a simple, colorimetric readout, enabling them to be used in resource-

limited settings. PC hydrogels have been used to fabricate sensors for a variety of targets, including 

ions136-137, small molecules116, 130, proteins138, and whole cells81. 

Recently, we reported the development of a novel two-dimensional (2D) PC hydrogel 

aptasensor for a small molecule, adenosine.139 In our aptasensor, the hydrogel contains 

noncovalent crosslinks formed by hybridized DNA. One of the DNA strands contains an 

adenosine-binding aptamer. On addition of adenosine, competitive aptamer-adenosine binding 

breaks hydrogel crosslinks. The breaking of crosslinks generates an osmotic pressure, causing the 

hydrogel to swell. This, in turn, increases the 2DPC particle spacing, shifting PC diffraction. Thus, 

adenosine concentration can be monitored by measuring changes in PC diffraction. Our sensor can 

detect adenosine in buffer and serum solutions, with detection limits of 13.9 μM and 26.7 μM, 

respectively.139 

Subsequently, the Zhang group reported the development of a 2DPC hydrogel aptasensor 

to detect a protein target, human thrombin.140 Thrombin is a serine protease involved in blood 

coagulation.141 This aptasensor similarly relies on the breaking of DNA crosslinks actuated by a 

thrombin-aptamer binding. Despite utilizing a similar sensing motif as our adenosine aptasensor, 

the Zhang group reports a different fabrication procedure. 
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Here, we report the development of a novel aptamer-actuated 2DPC hydrogel sensor to 

detect human thrombin. We fabricated a thrombin aptasensor in the same way as our adenosine 

aptasensor, save that a thrombin-binding aptamer was used in place of the adenosine-binding 

aptamer.142 On addition of thrombin, competitive aptamer-thrombin binding breaks hydrogel 

crosslinks. As was the case in our adenosine sensor, the breaking of crosslinks generates an 

osmotic pressure, causing the hydrogel to swell. This actuates changes to the PC particle spacing, 

shifting PC diffraction. Thus, thrombin concentration can be monitored by measuring changes in 

PC diffraction. We calculate detection limits of 191 nM thrombin in thrombin-binding buffer, and 

488 nM thrombin in protein-removed fetal bovine serum. 

Our thrombin sensor is fabricated using the same methodology as our adenosine sensor, 

and thus demonstrates the generalizability of our aptamer-actuated 2DPC hydrogel sensing motif. 

Like our adenosine sensor, our thrombin sensor requires minimal sample preparation and 

equipment to use, ideally positioning it for use in resource-limited settings. This indicates that 

sensors can be fabricated for other targets by simply exchanging the aptamer molecular recognition 

group. We further highlight differences between the response of our thrombin sensor and that 

reported by the Zhang group140 to better elucidate the mechanisms that actuate the sensing 

response. 
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3.2 Experimental 

3.2.1 Materials 

Acrydite-modified DNA strands (DNA 1: 5’-acrydite-ACT GTG GTT GGT GTG GTT 

GG-3’, DNA 2: 5’-acrydite-ACC AAC CAC AGT-3’, purified with high performance liquid 

chromatography) were purchased from Integrated DNA Technologies. Stock solutions of DNA 1, 

and 2 were prepared separately at 2 mM concentration in TE buffer (10 mM Tris, pH 8.0; 0.1 mM 

EDTA) and stored at -20 °C. Tris base (≥99.9%), magnesium chloride, HEPES (99%), sodium 

hydroxide pellets (≥97%), sodium styrene sulfonate (NaSS) (≥90%), 2,2’-Azobisisobutryonitrile 

(AIBN) (98%), styrene (99%), acrylamide (≥99%), N,N’-methylenebisacrylamide (MBAAm) 

(99%), ammonium persulfate (98%), tetramethylethylenediamine (TEMED) (99%), bovine serum 

albumin, and myoglobin was purchased from Sigma-Aldrich. Ethylenediaminetetraacetic acid 

(EDTA) (99.5%) was purchased from JT Baker. Sodium chloride and thrombin (human plasma, 

high activity) (see Appendix A for concentration determination) was purchased from EMD 

Millipore. Hydrochloric acid (36.5-38% w/w), potassium acetate (99%), calcium chloride, 

methanol (99.8%), and 2-propanol (≥99.5%) were purchased from Thermo Fisher Scientific. 

Potassium chloride was purchased from Spectrum Chemical. Ethanol (200 proof) was purchased 

from Decon Labs, Inc. Cover glass (thickness 1, 24 × 60 mm2) and FBS were purchased from 

Corning. To remove serum proteins, FBS was filtered using 10 kDa centrifugal filters. Microscope 

premium frosted glass slides (25 × 75 × 1 mm3) were purchased from Fisher Scientific. All 

chemicals were used as received unless otherwise specified. Ultrapure water (18.2 MΩ·cm) 

obtained from a Milli-Q Reference A+ was used for all experiments. 
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3.2.2 Hydrogel Fabrication 

2DPC hydrogels were fabricated using described procedures, as summarized in Figure 

3.1.139 Briefly, negatively charged polystyrene particles with diameter ~1.20 μm were synthesized 

by a dispersion polymerization method described by Zhang et al.143 These particles (~15 %w/w in 

water) were mixed with 2-propanol in a 3:1 ratio and assembled into a hexagonally close-packed 

2DPC array through the needle tip flow method.144 The 2DPC array was deposited on a glass 

substrate (24 × 60 mm2, cover glass, Corning) and dried at room temperature for 48 h. A 

polymerizable monomer solution was prepared that contained 25 %w/v acrylamide in water, 0.2 

%w/v N,N’-methylenebisacrylamide (MBAAm) in water, and annealed DNA. DNA was annealed 

by heating a solution containing 200 μM of DNA 1 and 2 in duplex buffer (30 mM HEPES, 100 

mM potassium acetate; pH 7.5) to 95 °C on a Corning LSE Digital Dry Bath Heater for 5 min and 

cooling the mixture on a bench top at room temperature for 30 min. The annealed DNA was then 

dried for ~4.5 h on a Labconco Centrivap Concentrator (78100-00 A). The final concentration of 

DNA in the monomer solution was 0.8 mM. The monomer solution was then degassed in a vacuum 

desiccator for 15 min. Two layers of tape were applied to the 2DPC array sectioning off 0.048 cm2 

per 1 μL of monomer solution. After adding initiator solution (0.7 μL of 5% (v/v) TEMED in water 

and 0.7 μL of 10% (w/v) ammonium persulfate in water), the monomer solution was stirred for 5 

seconds and then deposited on the 2DPC array using a micropipette tip. A glass cover (25 × 75 × 

1 mm3, microscope premium frosted glass slides, Fisher Scientific) was placed over the solution, 

and polymerization proceeded for 30 min in a vacuum desiccator. After polymerization, the glass 

substrates were placed in thrombin-binding buffer (20 mM Tris, 140 mM NaCl, 4 mM KCl, 1 mM 

CaCl2, 1 mM MgCl2; pH 7.4) for 10 min. The glass cover was then removed using a razor blade, 

and the PC hydrogel was gently peeled from the glass substrate. The PC hydrogel was washed in 
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thrombin-binding buffer for 3 min, cut into ~0.25 × 0.25 cm2 pieces, and refrigerated in a petri 

dish without buffer for storage. Figure 3.1 summarizes this fabrication process. 

 

 

3.2.3 Particle Spacing Measurements 

2DPC hydrogel particle spacing changes were monitored by measuring changes in Debye 

ring diameter.145 Equation 3.1 gives the condition for Bragg diffraction of a 2D hexagonally close-

packed PC array, where m is the diffraction order, λ is the wavelength of light, a is the 2DPC lattice 

spacing, α is the angle of incidence, and β is the angle of diffraction. 

Figure 3.1 2DPC hydrogel fabrication procedure. A 2DPC array is fabricated through a self-assembly 

process by injecting polystyrene particles onto the surface of water. The array is picked up on a glass 

substrate and dried. A monomer solution containing acrylamide, methylenebisacrylamide, DNA, and 

initiator is deposited onto the dried 2DPC array. A glass cover is placed over the monomer solution. 

After polymerization, the 2DPC hydrogel is peeled from the glass substrate, washed in buffer, and cut 

into pieces. 
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𝑚𝜆 =
√3

2
𝑎(sin 𝛼 + sin 𝛽) 

Equation 3.1 

 

Figure 3.2 shows a schematic of the set up for our Debye ring measurements. Briefly, the 

PC hydrogel is placed on an elevated stand, and a laser pointer is positioned along its normal 

(sin 𝛼 = 0). This illuminates a Debye ring. By measuring the height between the Debye ring and 

the PC hydrogel, h, and the Debye ring diameter, D, the diffraction angle, β, can be determined 

using Equation 3.2. 

 

 

 

Figure 3.2 2DPC hydrogel particle spacing measurement setup. 
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𝛽 = tan−1 (
𝐷

2ℎ
) 

Equation 3.2 

Equation 3.1 and Equation 3.2 can be combined to give Equation 3.3. 

 

𝑎 =
2𝜆

√3 sin (tan−1 (
𝐷
2ℎ

) )  
 

Equation 3.3 

 

Since the wavelength of the light source is known (532 nm), and the height between the 

PC hydrogel and Debye ring is kept constant (h=15 cm), PC hydrogel particle spacing changes can 

be monitored by simply measuring the Debye ring diameter, D, with a ruler. To calculate a, we 

measured and averaged D values at 5 different locations within each PC hydrogel piece. 

3.2.4 Thrombin Sensing in Buffer Solution 

2DPC hydrogel pieces were brought to room temperature and immersed in 5 mL of 

thrombin-binding buffer (20 mM Tris, 140 mM NaCl, 4 mM KCl, 1 mM CaCl2, 1 mM MgCl2; pH 

7.4). After 10 min, the initial particle spacing change was measured. PC hydrogel pieces were then 

immersed in 1 mL of thrombin-binding buffer solutions containing 0 (blank), 250, 500, 750, 1000, 

or 2000 nM thrombin. Particle spacing measurements were taken at time intervals of 30, 60, 90, 

and 120 min. Each measurement was repeated 3 times using a separate PC hydrogel piece.   
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3.2.5 Changing the Buffer System 

2DPC hydrogel pieces were brought to room temperature and immersed in 5 mL of 

alternate buffer (20 mM Tris, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA; pH 7.4). After 10 min, 

the initial particle spacing change was measured. PC hydrogel pieces were then immersed in 1 mL 

of alternate buffer solutions containing 0 (blank), 500, 1000, 1500 or 2000 nM thrombin. Particle 

spacing measurements were taken at time intervals of 30, 60, 90, and 120 min. Each measurement 

was repeated 3 times using a separate PC hydrogel piece. 

3.2.6 DNA Concentration Optimization 

2DPC hydrogels were fabricated using procedures described in Section 3.2.2, except that 

the concentration of DNA in the monomer solution was varied. PC hydrogels were fabricated using 

0.1 mM, 0.8 mM, and 1.067 mM DNA. 

After polymerization, 2DPC hydrogel pieces were brought to room temperature and 

immersed in 5 mL of thrombin-binding buffer (20 mM Tris, 140 mM NaCl, 4 mM KCl, 1 mM 

CaCl2, 1 mM MgCl2; pH 7.4). After 10 min, the initial particle spacing change was measured. PC 

hydrogel pieces were then immersed in 1 mL of thrombin-binding buffer solutions containing 0 

(blank) or 1000 nM thrombin. Particle spacing measurements were taken after incubation for 120 

min. Each measurement was repeated 3 times using a separate PC hydrogel piece.  
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3.2.7 Thrombin Sensing in Fetal Bovine Serum  

2DPC hydrogel pieces were brought to room temperature and immersed in 5 mL of 

thrombin-binding buffer. After 10 min, the initial particle spacing change was measured. Protein-

removed fetal bovine serum was diluted 50% using a serum-diluting buffer (40 mM Tris, 210 mM 

NaCl, 8 mM KCl, 2 mM CaCl2, 2 mM MgCl2; pH 7.4) so that the final concentration of the solution 

was similar to that of the pure thrombin-binding buffer (20 mM Tris, 140 mM NaCl, 4 mM KCl, 

1 mM CaCl2, 1 mM MgCl2; pH 7.4). PC hydrogel pieces were immersed in 1 mL of 50% fetal 

bovine serum solution spiked with 0 (blank), 500, 750, or 1000 nM thrombin. The particle spacing 

was measured after incubation for 120 min. Each measurement was repeated 3 times using a 

separate PC hydrogel piece. 

Solutions of 10% FBS containing serum proteins were composed of a 1:4:5 dilution of 

serum to water to a TMN buffer of 40 mM Tris, 266 mM NaCl, 8 mM KCl, 2 mM CaCl2, 2 mM 

MgCL2 pH 7.4. This kept the buffer capacity and the concentration of NaCl the same in the 10 % 

FBS solution as in pure TB buffer (20 mM Tris, 140 mM NaCl).  After immersion in 5 mL TB 

buffer for 10 min, the hydrogel pieces were placed in 1 mL 10% (v/v) FBS solution spiked with 

either 0 or 750 nM thrombin. After incubation in the 10% FBS solution for 120 min, the particle 

spacing of each piece was measured. The reported values are an average and deviation of 3 trials 

using different hydrogel pieces. 
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3.2.8 Selectivity Measurements 

PC hydrogel pieces were brought to room temperature and immersed in 5 mL of thrombin-

binding buffer. After 10 min, the initial particle spacing change was measured. PC hydrogel pieces 

were then immersed in thrombin-binding buffer solutions containing 0 (blank) or 1000 nM 

thrombin, bovine serum albumin, or myoglobin. Particle spacing was measured after incubation 

for 120 min. PC hydrogels without DNA were fabricated using procedures described in Chapter 

3.2.2, save that no DNA was added to the monomer solution. Each measurement was repeated 3 

times using a separate PC hydrogel piece. 

3.2.9 Free Energy of Mixing Measurements 

PC hydrogels were fabricated using procedures described in Chapter 3.2.2 with minor 

adjustments. For PC hydrogels with dangling, single-stranded DNA, only DNA 1 was added to 

the monomer solution. For PC hydrogels with melted DNA crosslinks, after polymerization, PC 

hydrogel pieces were transferred to centrifuge tubes containing 1 mL of thrombin-binding buffer. 

These tubes were sealed, heated to 95 °C on a Corning LSE Digital Dry Bath Heater for 5 min, 

and cooled to room temperature on a lab bench for 30 min. All PC hydrogel pieces were brought 

to room temperature and immersed in 5 mL of thrombin-binding buffer. After 10 min, the initial 

particle spacing change was measured. PC hydrogel pieces were then immersed in thrombin-

binding buffer solutions containing 0 (blank) or 1000 nM thrombin, and particle spacing was 

measured after 120 min. Each measurement was repeated 3 times using a separate PC hydrogel 

piece. 
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3.3 Results and Discussion 

3.3.1 Aptamer-Actuated 2DPC Hydrogel Sensing Motif for Detection of Thrombin 

Our sensing motif for detection of thrombin is based on that of our reported adenosine 

sensor.139 As summarized in Figure 3.1, hydrogels were copolymerized with acrylamide, 

MBAAm, and annealed DNA strands. MBAAm formed covalent crosslinks that enhanced the 

mechanical robustness of the hydrogel and prevented dissolution. Annealed DNA strands were 

capped with an acrydite group (Figure 3.3). Acrydite is a phosphoramidite that has similar 

reactivity to an acrylamide monomer.146 Thus, we were able to incorporate DNA into the hydrogel 

network with a single-step polymerization. 
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Figure 3.3 (A) Structure of acrdyite. (B) DNA sequences used to fabricate PC hydrogels. Bases that make 

up the aptamer sequence are shaded. Complementary sequences are aligned and italicized. (C) The 

thrombin-sensing mechanism using a DNA-crosslinked 2DPC hydrogel. DNA 1 (blue) and 2 (red) are 

attached to the polyacrylamide hydrogel network, and competitive aptamer-thrombin binding actuates 

the sensing response. 
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Within the hydrogel, hybridized DNA forms non-covalent crosslinks. The hybridized DNA 

consists of a 15-mer thrombin-binding aptamer142 and a 12-mer strand with bases complementary 

to the thrombin-binding aptamer. On addition of thrombin, competitive thrombin-aptamer binding 

breaks hydrogel crosslinks. This alters the elastic free energy of the hydrogel, generating an 

osmotic pressure.147 The hydrogel swells to relieve this pressure, in turn increasing the particle 

spacing of the embedded PC array, shifting PC diffraction. Thrombin concentration was monitored 

by measuring 2DPC hydrogel Bragg diffraction shifts. 

3.3.2 Thrombin Detection in Buffer Solution 

The sensing response of our thrombin-binding 2DPC hydrogels was monitored by 

measuring the 2DPC hydrogel particle spacing change of each 0.25 × 0.25 cm2 piece immersed in 

buffer solutions. 2DPC hydrogels were first immersed in thrombin-binding buffer (20 mM Tris, 

140 mM NaCl, 4 mM KCl, 1 mM CaCl2, 1 mM MgCl2; pH 7.4) that was blank and did not contain 

thrombin. After 10 min, the initial particle spacing was measured. Then, each hydrogel was 

immersed in a buffer solution containing 0 to 2000 nM thrombin. 

Figure 3.4 shows the 2DPC hydrogel particle spacing changes over time in different 

concentrations of thrombin. Particle spacing change was evaluated by subtracting the initial 

particle spacing (at time = 0 min) from each subsequent measurement. Over time, hydrogels in 

larger concentrations of thrombin swelled more quickly and to a greater extent. 
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The 2DPC hydrogel particle spacing changes depend on the concentration of thrombin 

because, as explained in Chapter 3.3.1, aptamer-thrombin binding actuates the response. Larger 

amounts of thrombin cause more aptamer-thrombin binding. This breaks a greater amount of DNA 

crosslinks, generating a larger osmotic pressure that causes more swelling. Since the 2DPC 

hydrogel particle spacing is proportional to the hydrogel volume, more swelling causes a larger 

particle spacing change. 

Since the particle spacing change is actuated by aptamer-thrombin binding, particle spacing 

measurements can be used to estimate the aptamer dissociation constant (KD) (Appendix A.2). The 

KD was estimated to be ~369 nM, which is slightly larger than the reported KD for the thrombin-

binding aptamer in solution (~100 nM)142. We hypothesize this slight decrease in binding affinity 

is caused by competitive binding of the aptamer to its complementary DNA, and by spatial 

Figure 3.4 2DPC hydrogel particle spacing changes over time in different concentrations of thrombin 

solution. Error bars indicate standard deviations (n=3). 
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restrictions due to the attachment of the aptamer to the hydrogel polymer network. Interestingly, 

the estimated KD of our adenosine-sensing PC hydrogels (68 μM) was also of the same order of 

magnitude as the reported KD of the adenosine-binding aptamer (~10 μM).139 This indicates that 

the response of our aptamer-actuated sensors is limited by aptamer-target equilibrium binding. 

Particle spacing changes after 120 min were used to generate a calibration curve, as shown 

in Figure 3.5. Prior to 120 min, we observed large variability in particle spacing measurements, as 

indicated by the large standard deviations in Figure 3.4. We hypothesize that at these early time 

points, the PC hydrogel had not yet reached an equilibrium volume. After 120 min, we observed 

that 2DPC hydrogels swelled significantly in blank solutions without thrombin. To make the 

calibration curve, the average particle spacing change in blank solutions without thrombin was 

subtracted from that at each concentration of thrombin and plotted against thrombin concentration. 

A best fit line can be used to estimate thrombin concentration. Using the calibration curve, we 

calculated a detection limit of 191 nM (S/N=3). This detection limit is below reported physiologic 

concentrations of free thrombin found in the body during blood coagulation (> 500 nM) and 

demonstrates real-world viability.148 
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3.3.3 Changing the Buffer System 

DNA conformation is impacted by buffer conditions in the surrounding environment.149-

150 Thus, buffer conditions can impact aptamer binding and stability. Despite the impact of buffer 

on aptamer-thrombin binding, several different buffer conditions have been reported in studies that 

utilize the same thrombin-binding aptamer as our 2DPC hydrogels.133, 142, 151-152 Researchers rarely 

comment on why a specific buffer system was utilized. 

Figure 3.5  Dependence of particle spacing changes on thrombin concentration in buffer solutions at 

t=120 min. The average particle spacing change in blank solution without thrombin was subtracted from 

each data point. The red line shows a linear fit (see Supporting Information). Error bars indicate 

standard deviations (n=3). 
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Ideally, buffer conditions are independently optimized for systems that utilize aptamer-

target binding. However, optimization experiments require additional resources that can be 

prohibitive. When designing our adenosine sensor, we optimized buffer conditions for aptamer-

adenosine binding using a fluorescence assay.133, 139 In contrast to adenosine, thrombin is more 

expensive and less stable. Thus, we were unable to utilize a fluorescence assay to optimize buffer 

conditions when designing our thrombin sensor. 

In the absence of buffer optimization, it is best practice to utilize the buffer conditions 

reported during selection of the aptamer.153 While different systems may have different optimal 

buffer conditions—for example, the optimal conditions for aptamer-target binding in solution may 

be different than the optimal conditions for aptamer-target binding in a hydrogel—absent other 

data, the original selection conditions are more likely to maximize aptamer-target binding than 

conditions that have not been tested. 

For this study, we selected a buffer system similar to that initially reported during selection 

of the thrombin-binding aptamer.142 To support this selection, we measured 2DPC hydrogel 

particle spacing changes in an alternate buffer system. This alternate buffer (20 mM Tris, 150 mM 

NaCl, 10 mM MgCl2, 1 mM EDTA; pH 7.4) was based on that utilized for our adenosine-sensing 

PC hydrogels (20 mM Tris, 10 mM MgCl2, 300 mM NaCl; pH 7.5).139 Compared to the buffer 

used for our adenosine-sensing system, this alternate buffer contains less NaCl and a slightly lower 

pH, since these conditions are reported to be favorable for thrombin-aptamer binding.142  We also 

included a small amount of EDTA to assist in stability of thrombin during storage. Figure 3.6 

shows the particle spacing changes over time for 2DPC hydrogel pieces in this alternate buffer 

system with varying concentrations of thrombin.Particle spacing changes after 120 min were used 

to generate a calibration curve, as shown in Figure 3.7. 
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Figure 3.6 2DPC hydrogel particle spacing changes over time in an alternate buffer system with varying 

concentrations of thrombin. Error bars indicate standard deviations (n=3). 
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These results indicate that our 2DPC hydrogels are less responsive in alternate buffer 

compared to thrombin-binding buffer. For example, after 120 min in solutions with 2000 nM 

thrombin, the particle spacing change in alternate buffer is ~65 nm smaller than that in the 

thrombin-binding buffer system. Furthermore, we calculated a detection limit of 823 nM (S/N=3), 

which is over 4× that calculated in the thrombin-binding buffer system, indicating a significant 

decrease in sensitivity.  

Figure 3.7 Dependence of particle spacing changes on thrombin concentration in an alternate buffer 

system at t=120 min. The average particle spacing change in blank solution without thrombin was 

subtracted from each data point. The red line shows a linear fit (see Supporting Information). Error bars 

indicate standard deviations (n=3). 
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We hypothesize that this decrease in responsivity and sensitivity is caused by a decrease in 

aptamer-thrombin binding in the alternate buffer system. It is possible that KCl and CaCl2, which 

are absent in the alternate buffer but present in the thrombin-binding buffer, are necessary for the 

aptamer to fold into the proper conformation to bind thrombin.149-150, 154 It is also possible that 

EDTA, which is present in the alternate buffer but absent in the thrombin-binding buffer, inhibits 

aptamer-thrombin binding. For example, EDTA complexes with divalent metal ions. If the aptamer 

must interact with divalent ions to fold into the proper conformation for aptamer-thrombin binding, 

the EDTA-divalent ion complexes may inhibit interaction of the divalent ions with the aptamer, 

thus inhibiting aptamer-thrombin binding. Further investigation should be done to determine the 

impact of each component of the buffer system and optimize conditions for detection of thrombin. 

3.3.4 Optimization of DNA Concentration  

We investigated the impact of DNA concentration on 2DPC hydrogel particle spacing 

changes to optimize response to thrombin. Originally, we began studying 2DPC hydrogels with 

800 μM DNA.139 Here, we also fabricated hydrogels using 100 μM and 1067 μM DNA. As 

summarized in Figure 3.8, PC hydrogels fabricated with different amounts of DNA were immersed 

in buffer solutions with 1000 nM thrombin, and particle spacing changes were measured after 120 

min. 
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The results indicate that 2DPC hydrogel response depends on DNA concentration. In our 

2DPC hydrogels, particle spacing changes are actuated by aptamer-thrombin binding. We 

hypothesized that 2DPC hydrogel response can be increased by increasing the concentration of 

DNA, since this would increase the amount of aptamer, and thus the amount of aptamer-thrombin 

binding. The data suggests this is true for DNA concentrations at and below 800 μM. Thus, 2DPC 

hydrogel responsivity can be tuned by altering the concentration of DNA between 0 and 800 μM. 

At concentrations above 800 μM, the observed particle spacing change decreases. We 

hypothesize this is because increasing the concentration of DNA above 800 μM limits diffusion of 

thrombin into the hydrogel. In our sensors, DNA is dispersed throughout the hydrogel, and there 

Figure 3.8 Particle spacing changes of 2DPC hydrogels fabricated with different amounts of DNA in 

buffer solutions with 1000 nM thrombin after 120 min. The average particle spacing change in blank 

solution without thrombin was subtracted from each data point. Error bars indicate standard deviations 

(n=3). 
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are aptamer strands both on the hydrogel surface and in the internal polymer network. Initially, 

thrombin binds to aptamer strands on the hydrogel surface. Over time, thrombin diffuses into the 

hydrogel, accessing internal aptamer strands that increase the amount of aptamer-thrombin binding 

and thus the response of the sensor. Increasing the concentration of DNA increases the 

concentration of aptamer strands on the hydrogel surface. It is possible that at DNA concentrations 

above 800 μM, the amount of aptamer-thrombin binding on the surface of the hydrogel inhibits 

further diffusion of thrombin into the hydrogel network, limiting the sensing response.   

Our results indicate that the response of our sensor is maximized when hydrogels are 

fabricated with 800 μM DNA. In contrast, the Zhang group reports an optimal DNA concentration 

of 100 μM for their thrombin-binding 2DPC hydrogel sensor.140 They further report that increasing 

the concentration of DNA in their hydrogel above 100 μM decreases response to thrombin.140 We 

hypothesize that this difference in optimal DNA concentration is due to different fabrication 

chemistries.  

We fabricate our sensors with acrydite-capped DNA. As explained in Section 3.3.1, 

acrydite has similar reactivity to the acrylamide monomer. We thoroughly mix the acrydite-capped 

DNA into our pre-gel monomer solution and fabricate hydrogels with a single-step polymerization. 

In contrast, the Zhang group utilizes DNA capped with an amine group. They incorporate amine-

capped DNA using EDC coupling after their hydrogels have been polymerized.140 Since the 

hydrogel has already been polymerized, it is more difficult to evenly distribute the DNA 

throughout the hydrogel polymer network, and it is likely that DNA is concentrated on the surface 

of the hydrogel. Since DNA is concentrated on the surface of the hydrogel, thrombin will bind 

more at the surface of the hydrogel. The accumulation of thrombin on the hydrogel surface may 
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limit diffusion of thrombin into the hydrogel network and could account for the observed decrease 

in responsivity when hydrogels are polymerized with more than 100 μM DNA. 

We also fabricated PC hydrogels with 100 μM DNA and compared the sensing response 

to that reported by the Zhang group. Despite using the same concentration of DNA, we observed 

a smaller response to thrombin. This observation supports the hypothesis that DNA is concentrated 

on the surface of the hydrogels reported by the Zhang group. In PC hydrogels, when a molecular 

recognition group is concentrated on the surface of the hydrogel, analyte-recognition group 

interactions at the surface disproportionately actuate the sensing response.81 Thus, accumulation 

of DNA on the surface of the hydrogel could explain why the Zhang group observed a larger 

response to thrombin despite fabricating hydrogels with the same amount of DNA. While this may 

be advantageous for larger sensing targets that diffuse slowly into the hydrogel, it may limit the 

detection of smaller targets, thus diminishing the generalizability of the fabrication methodology 

reported by the Zhang group. 

3.3.5 Thrombin Detection in Fetal Bovine Serum 

The response of our 2DPC hydrogels was validated in a complex matrix of first protein-

removed fetal bovine serum (FBS) followed by diluted FBS (10 % v/v). Protein was removed from 

the FBS through centrifugal filtration and diluted with buffer such that the buffer system conditions 

were similar to those reported in Section 3.3.2. Our detection of thrombin is limited by thrombin 

diffusion. Protein diffusion is largely impacted by solution conditions such as temperature155-156 

and increased viscosity due to a high concentration of solution components104-105, 157. While small 

molecules in serum such as electrolytes and lipids will affect thrombin diffusion to an extent, we 
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anticipated the greatest impact on thrombin diffusion to be due to the large presence of serum 

proteins such as albumins and globulins.  

We first investigated our sensing capability in a protein removed FBS solution spiked with 

varying concentrations of thrombin. Figure 3.9 shows the response of our 2DPC hydrogels in 

protein removed FBS solutions spiked with 0, 250, 500, 750, or 1000 nM of thrombin after 

incubation for 120 min. The particle spacing changes due to thrombin binding were slightly smaller 

than those reported in pure TB buffer solution. We hypothesize that this is due to interferants in 

the serum matrix that inhibit aptamer-thrombin binding. We further calculated a detection limit of 

488 nM (S/N=3), ~2.5×’s larger than that reported in pure TB buffer. This decrease in sensitivity 

is greater than that observed for our adenosine sensor in FBS.139 We hypothesize this greater 

decrease is due to the larger size of thrombin compared to adenosine. Larger molecules are more 

limited by diffusion. Thus, the impact of interferants that inhibit diffusion of analyte into the 

hydrogel will be more pronounced in the detection of thrombin when compared to adenosine.  
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We also looked at thrombin detection in the presence of other serum proteins using a 10% 

FBS solution. A 10% FBS solution was spiked with 750 nM thrombin to investigate the impact of 

other serum proteins on thrombin binding. Based on the FBS certificate of analysis from the 

manufacturer the 750 nM thrombin made up less than 2% of total protein present in the solution. 

Over half the proteins present in serum are albumins with a majority of the remaining proteins 

being globulins.158  The sensor’s swelling response in 10% FBS was further decreased but retained 

>50% of the response measured in pure TB buffer (Figure 3.10). We have shown that our sensor 

Figure 3.9 Dependence of particle spacing changes on thrombin concentration in protein-removed FBS 

solutions at t=120 min. The average particle spacing change in blank solution without thrombin was 

subtracted from each data point. The red line shows a linear fit (see Supporting Information). Error bars 

indicate standard deviations (n=3). 
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does not significantly swell in the presence of the serum protein BSA, leading us to believe the 

decrease in the swelling response between the protein removed serum solution and the 10% FBS 

solution is due to limitations in thrombin’s diffusion from the large presence of other proteins.  

Despite the decrease in responsivity and sensitivity, this calculated detection limit is of the 

same order of magnitude as the reported KD of the thrombin-binding aptamer. This indicates that 

the sensing response has been largely preserved in FBS and demonstrates real-world viability. We 

have demonstrated the sensor’s ability to retain thrombin detection in complex biological matrices. 

Figure 3.10 Particle spacing changes of 2DPC hydrogels in thrombin binding buffer (red), protein 

removed 50% fetal bovine serum (blue), and 10% fetal bovine serum (yellow) spiked with 750 nM 

thrombin. The average particle spacing change of the 2DPC hydrogel in the appropriate solution 

containing no thrombin was subtracted before reporting the values above. 
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3.3.6 Selectivity of Thrombin-Sensing 2DPC Hydrogels 

To investigate the selectivity of our thrombin sensor, we measured 2DPC hydrogel particle 

spacing changes in solutions spiked with proteins that do not bind the thrombin-binding aptamer. 

As summarized in Figure 3.11, only 2DPC hydrogels in solutions with thrombin swelled 

significantly after incubation for 120 min. We further measured the response of a 2DPC hydrogel 

fabricated without DNA, and thus without the thrombin-binding aptamer, in thrombin solution and 

observed a negligible change. These results confirm that the response of our sensor is actuated by 

aptamer-thrombin binding. 

Figure 3.11 Selectivity measurements for thrombin-binding 2DPC hydrogels. Particle spacing change was 

measured after 120 min in buffer solutions spiked with 0 (blank) or 1000 nM protein. The response of a 

2DPC hydrogel without DNA (labeled “hydrogel w/ no DNA”) in 1000 nM thrombin was also measured. 

The average response in a blank solution without protein was subtracted from each data point. Error 

bars indicate standard deviations (n=3). 
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3.3.7 Investigation of Free Energy of Mixing Phenomena 

In their work, the Zhang group hypothesized that changes in the free energy of mixing 

contribute to the response of their thrombin sensor.140 However, they provide no data to 

specifically confirm this hypothesis. It is possible that aptamer-thrombin binding alters the free 

energy of mixing of the hydrogel. Free energy of mixing phenomena arise from interactions 

between the hydrogel polymer network and surrounding mobile phase.147 Briefly, aptamer-

thrombin binding effectively incorporates thrombin into the hydrogel polymer network. If 

interactions between thrombin and the hydrogel mobile phase are energetically favorable, the 

hydrogel will take in more mobile phase and swell. Contrarily, if these interactions are 

energetically unfavorable, the hydrogel will expel mobile phase and shrink. The Zhang group 

observed a swelling response, thus suggesting that thrombin-mobile phase interactions are 

energetically favorable. 

To investigate the impact of free energy of mixing phenomena on the observed sensing 

response, we measured particle spacing changes of 2DPC hydrogels without DNA crosslinks. If 

no DNA crosslinks are present, there will be no changes to the elastic free energy of the hydrogel 

on addition of thrombin, and thus changes in the hydrogel volume are actuated by changes in the 

free energy of mixing.147 

We utilized two strategies to investigate free energy of mixing phenomena. First, as 

summarized in Figure 3.12, we heated our DNA-crosslinked PC hydrogels, cooled them to room 

temperature, and then immersed them in solutions containing thrombin. Heating breaks DNA 

crosslinks. Since the DNA crosslinks are broken, aptamer-thrombin binding will not cause changes 
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to the elastic free energy of the system, and observed volume changes are actuated by free energy 

of mixing phenomena. 

 

Next, we fabricated 2DPC hydrogels without DNA crosslinks, as summarized in Figure 

3.13. These hydrogels contained dangling, single-stranded DNA with the thrombin-binding 

aptamer sequence. Since there are no DNA crosslinks, aptamer-thrombin binding will not cause 

changes to the elastic free energy of the system, and observed volume changes are caused by 

changes to the free energy of mixing. 

 

 

 

Figure 3.12 Thrombin-sensing mechanism using a 2DPC hydrogel with melted DNA crosslinks to 

investigate the effect of free energy of mixing phenomena. The PC hydrogels are first heated to break 

DNA crosslinks, and then immersed in solutions containing thrombin. If aptamer-thrombin binding 

causes a change in the free energy of mixing of the system, the PC hydrogel will swell or shrink, shifting 

PC diffraction. 
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2DPC hydrogel pieces fabricated using these strategies were immersed in buffer solutions 

with 1000 nM thrombin, and the response was compared to those containing DNA crosslinks, as 

shown in Figure 3.14. 

 

 

 

Figure 3.13 Thrombin-sensing mechanism using a 2DPC hydrogel to investigate the effect of free energy 

of mixing phenomena. The PC hydrogels contain a dangling, single-stranded aptamer instead of 

hybridized DNA crosslinks. If aptamer-thrombin binding causes a change in the free energy of mixing of 

the system, the PC hydrogel will swell or shrink, shifting PC diffraction. 
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2DPC hydrogels with DNA crosslinks swelled significantly more in thrombin solution than 

those with melted crosslinks and those with dangling single-stranded DNA. This confirms that 

changes to the elastic free energy are primarily responsible for the observed sensing response. 

2DPC hydrogels with melted DNA crosslinks showed a ~20 nm increase in particle spacing after 

immersion in 1000 nM thrombin. It is possible that this response is actuated by changes to the free 

energy of mixing of the hydrogel. However, we hypothesize it is more likely this response is due 

to the breaking of a small number of DNA crosslinks actuated by thrombin-aptamer binding. 

Figure 3.14 Particle spacing changes of 2DPC hydrogels to investigate free energy of mixing phenomena. 

Particle spacing changes were measured after 120 min incubation in buffer solutions with 1000 nM 

thrombin. 2DPC hydrogels with DNA crosslinks (“DNA Crosslinks”), crosslinks broken by heating 

(“Melted DNA Crosslinks”), and dangling, single-stranded aptamer sequences (“Dangling DNA Strands”) 

were analyzed. The average particle spacing change in blank solution without thrombin was subtracted 

from each data point. Error bars indicate standard deviations (n=3). 
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Although the hydrogels were heated prior to exposure to thrombin to break DNA crosslinks, it is 

possible that a small number of crosslinks reformed as the hydrogels were cooled to room 

temperature. Thus, the breaking of a small number of DNA crosslinks could account for the 

observed sensing response. 

This hypothesis is supported by the response of PC hydrogels fabricated without DNA 

crosslinks. These hydrogels contained dangling, single-stranded aptamer sequences, and thus the 

observed response was not actuated by breaking crosslinks. When compared to the response in 

blank solution without thrombin, these PC hydrogels appeared to shrink. This suggests that 

incorporation of thrombin into the hydrogel polymer network causes unfavorable changes to the 

free energy of mixing of the hydrogel. This shrinking response caused by changes to free energy 

of mixing would counteract swelling caused by changes to the elastic free energy, in contrast to 

what the Zhang group hypothesized. These results further suggest that the response of our sensor 

is actuated predominately by changes to the elastic free energy of the hydrogel. 

It should be noted that our measurements utilizing PC hydrogels with dangling, single-

stranded DNA were highly variable, as indicated by the large standard deviation in Figure 3.14. 

We hypothesize this variability is due to the smaller number of crosslinks in PC hydrogels with 

dangling, single-stranded DNA. Prior to immersion in thrombin solution, all PC hydrogels were 

equilibrated in buffer for 10 min. Samples with DNA crosslinks contained both covalent MBAAm 

crosslinks and non-covalent DNA crosslinks, totaling to a crosslinker concentration of ~2.1 mM. 

Samples with dangling, single-stranded DNA did not contain DNA crosslinks, and the total 

crosslinker concentration was ~1.3 mM. Hydrogels with larger concentrations of crosslinker swell 

less at equilibrium.147 We hypothesize that 10 min incubation is enough time for the PC hydrogels 

with 2.1 mM crosslinker to reach an initial equilibrium volume, but not enough time for PC 
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hydrogels with 1.3 mM crosslinker to reach an initial equilibrium volume. This caused significant 

variability in the initial particle spacing measurements of PC hydrogels with dangling, single-

stranded DNA, thus causing variability in the measured particle spacing changes.  

In the future, we plan to fabricate more hydrogels with dangling, single-stranded thrombin-

binding aptamers and fully investigate the effect of changes to the free energy of mixing of the 

hydrogel on measured particle spacing changes.  

3.4 Conclusions 

We report a novel aptamer-actuated 2DPC hydrogel sensor that detects a protein, human 

thrombin. Our sensor is user-friendly, requiring only a laser pointer and ruler to operate, specific 

for thrombin, and sensitive, with calculated detection limits of 191 nM in buffer solution and 488 

nM in diluted serum. 

The sensing motif described herein is based on that of our reported adenosine-sensing PC 

hydrogels. The only differences between our thrombin sensor and adenosine sensor are the DNA 

sequences attached to the hydrogel and the buffer conditions during sensor operation. Thus, these 

results suggest our motif is generalizable, and sensors for diverse targets can be fabricated by 

exchanging the attached DNA sequences and buffer system used during detection. 

We further investigated the physical phenomena that actuate the response of our sensor. 

We found that changes to the elastic free energy predominantly cause changes in the PC hydrogel 

particle spacing rather than changes to the free energy of mixing. In future work, we plan to further 

investigate the impact of changes to the free energy of mixing. 
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4.0 Investigations into Use of pNIPAM’s LCST for Hydrogel Sensor Development 

This chapter was prepared in part for the Defense Threat Reduction Agency in reporting 

for award # HDTRA1-18-1-0017 titled “Xe Sensing via Insights from Noble-Gas Protein 

Interactions” The adapted work below was authored by Goda, S.A, Pallares, I.G., White S.E., and 

Asher, S.A.. S.A.G, I.G.P, and S.E.W conceived experiments and collected and analyzed data. 

This manuscript was prepared by S.A.G with assistance from I.G.P, S.E.W, and S.A.A.  

The project depicted was sponsored by the Department of Defense, Defense Threat 

Reduction Agency. The content of the information does not necessarily reflect the position or the 

policy of the federal government, and no official endorsement should be inferred. 

 

We investigated the response of photonic crystal hydrogels containing poly(N-

isopropylacrylamide) (pNIPAM) to gain insights into how altering the hydrogel composition can 

be used to create novel sensors. pNIPAM has a lower critical solution temperature (LCST) that is 

sensitive to changes in the pNIPAM environment. While pNIPAM polymers have been widely 

used in sensor development, few studies investigate the LCST for sensing applications Our aim is 

to expand these studies and elucidate how pNIPAM hydrogel fabrication affects the LCST and can 

be used to detect analytes. Investigations into how the pNIPAM fabrication process and photonic 

crystal incorporation change the LCST will further development of pNIPAM based sensors in the 

future. 

We studied how pNIPAM hydrogels containing a crystalline colloidal array (CCA) can be 

adapted to better sense hydrophobic analytes. One such analyte is xenon (Xe) which can be 

difficult to detect due to its inert nature. Development of adaptable pNIPAM CCA sensors for 
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analytes that are typically difficult to detect, like Xe, would enable more widescale monitoring 

outside of a laboratory environment.  

4.1 Introduction  

Crystalline colloidal arrays (CCAs) are three-dimensional photonic crystal materials that 

control light propagation based on their periodicity and refractive indices.32-33 Changes in the 

spacing of the CCA lattice planes alter light propagation through the crystal which can result in 

changes to the wavelength of diffracted light. CCA diffraction occurs as light travels through the 

crystal as described by the Bragg condition (Equation 4.1)  

𝑚𝜆 = 2𝑛𝑒𝑓𝑓 𝑑 𝑠𝑖𝑛𝜃 

Equation 4.1 

where m is the diffraction order, λ is the diffracted light wavelength, neff is the effective refractive 

index, d is the diffracting plane lattice spacing, and θ is the glancing angle of the incident light.45 

The effective refractive index can be calculated by the weighted average of the refractive indices 

and volume fraction (f) for each material within the system (Equation 4.2). 

𝑛𝑒𝑓𝑓 =  √∑ 𝑛𝑖
2𝑓𝑖

𝑖

 

Equation 4.2 

The Asher group invented polymerized crystalline colloidal arrays (pCCAs) by embedding 

a CCA within a polymer network.14, 159 A solution of nanoparticles undergoes self-assembly into 

a CCA within a monomeric solution. By polymerizing the monomer solution around the assembled 

CCA, the ordered CCA is immobilized within the polymer network. The polymer network can 
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undergo volume changes by taking in or expelling solvent with changes in its environment. As the 

hydrogel swells the lattice spacing of the CCA increases, resulting in red-shifted diffraction 

wavelengths. As the hydrogel expels solvent and shrinks, the CCA lattice spacing decreases 

resulting in blue-shifted diffraction wavelengths.  

By embedding a CCA within a stimuli-responsive polymer network, we can develop a 

sensing platform with a volume that is highly sensitive to a specific target. In these sensors, specific 

volume changes result in an easily visualized color change. Sensing targets can include changes in 

pH16, 160, temperature161,  or the binding of different analytes162-164.  

Poly(N-isopropylacrylamide) (pNIPAM) is a polymer that has been well studied in 

hydrogels. When polymerized, NIPAM gains thermoresponsive properties.22-23, 25 At low 

temperatures, pNIPAM chains contain interactions with the water that makes up its solvation shell. 

As the solution temperature increases, the water-pNIPAM interactions become less favorable 

leading to water-pNIPAM bonds breaking and pNIPAM-pNIPAM bonds forming, creating a coil-

to-globule transition. The temperature where this transition occurs is called the lower critical 

solution temperature (LCST).27-29  The thermoresponsive behavior of pNIPAM has enabled its 

widespread use in the medical field165-168, spectroscopic studies169-171, and sensor development172-

173.  

Even though pNIPAM is widely used in the development of sensing materials, little 

experimentation has been done to investigate changes in the behavior of pNIPAM for development 

of novel sensors. The research herein is focused on how small changes to the pNIPAM fabrication 

process alter the behavior of pNIPAM for sensing applications. We then investigate the usefulness 

of the pNIPAM CCA for monitoring the presence of hydrophobic groups, such as xenon (Xe). 
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Hydrophobic groups disrupt the ordering of water, lowering LCST. Thus, the presence of 

hydrophobic analytes can be monitored by measuring shifts in LCST.  

Xe is a noble gas that has two radioactive isotopes (133Xe and 135Xe) which are not produced 

naturally. Radioactive isotopes of Xe are produced through human activity such as nuclear imaging 

in medical centers, nuclear power plants, and detonation of nuclear weapons.174-175 While Xe is 

normally present at low atmospheric levels, the presence of nuclear activity produces increased 

levels of Xe. Radioactive isotopes of Xe are not easily monitored due to their inert nature and long 

half-lives.176-177 Current methods for Xe monitoring are not portable and can take days to weeks 

to confirm elevated Xe concentrations. Development of a pNIPAM CCA sensor for Xe monitoring 

would enable portable detection of radioactive Xe isotopes for faster identification.  

Although chemically inert, Xe has been shown to alter a variety of biological systems 

through protein inhibition.178-181 While Xe’s influence on protein activity has previously been 

studied, the mechanisms behind Xe binding and protein inhibition are still not well known. Insights 

into the Xe-protein interactions can assist in the development of more optimal Xe binding 

environments within sensors for better Xe detection.   

Typical methods for studying protein-ligand binding in aqueous conditions are difficult to 

perform in air-tight environments required for reliable Xe monitoring and quantification. 129Xe 

nuclear magnetic resonance (NMR) spectroscopy has demonstrated utility in reliably monitoring 

Xe-protein binding in solution.182-185 Observed Xe chemical shifts are sensitive to Xe’s 

environment both in solution and while interacting with proteins.   

Although 129Xe NMR gives useful information on changes in Xe’s environment, it does 

not give information on protein changes from Xe binding. We used resonance Raman spectroscopy 

to monitor changes in protein structure from the presence of Xe. Resonance Raman utilizes 
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excitation wavelengths that coincide with electronic transitions, enhancing observable changes in 

molecular structure. Using excitation wavelengths such as 204 nm and 229 nm, we monitored 

changes in vibrations corresponding to protein secondary structure138, 159 and aromatic amino 

acids186-187 that were anticipated to be altered from the presence of Xe.  

 Coupling the sensitivity of 129Xe NMR to Xe’s environment with the sensitivity of 

resonance Raman spectroscopy to protein structural changes allows widescale monitoring of Xe-

protein binding. We studied these Xe binding interactions in myoglobin and serine proteases, two 

previously well studied Xe binding systems.178, 183 The protein systems used did not show 

measurable structural changes from Xe binding, even with the low limits of detection achieved 

using resonance Raman. Xe-protein binding was confirmed using 129Xe NMR however, no new 

information about the relationship between Xe binding and enzymatic activity has been elucidated 

compared to previous studies.178, 183, 188 New insights from Xe-protein interactions can be useful in 

the development of Xe sensors that contain optimal environments for Xe binding.  Further 

experimentation should be performed to observe changes in enzymatic activity from Xe binding.  

4.2 Experimental 

4.2.1 Materials 

N-isopropylacrylamide (NIPAm) (≥ 99%), N,N’-methylenebisacrylamide (MBAm), 2-

hydroxy-1-[4-(2-hydroxy-ethoxy)-phenyl]-2-methyl-1-propanone (Irgacure 2959),  dimethyl 

sulfoxide (DMSO) (anhydrous, ≥ 99.9%)), equine heart myoglobin (Mb) and trypsin from porcine 

pancreas were purchased from Sigma Aldrich. Elastase (porcine pancreas) was purchased from 
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Alfa Aesar. High purity xenon and nitrogen gas were purchased from Matheson gas . 2,2 azobis 

[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086) was purchased from Wako Chemicals. 

Ethanol (200 proof) was purchased from Decon Labs. N-(3-hydroxyphenyl) acrylamide (HPA) 

was purchased from Ambeed. Silica nanoparticles (100 nm diameter) were purchased from 

Superior Silica.  

High pressure NMR tubes (10 mm) were purchased from Wilmad lab glass. Gel support 

films for polyacrylamide and AG-501 ion exchange resin were purchased from Bio-Rad. All 

glassware was cleaned, and all solutions were made using high purity water (18.2 MΩ∙cm) from a 

Milli-Q Reference A+ system. All chemicals were used as received unless otherwise stated.  

4.2.2 Fabrication of pNIPAM Hydrogels and pNIPAM CCAs 

Crystalline colloidal arrays were created using solutions of negatively charged 

monodisperse polystyrene nanoparticles (113 nm diameter) or silica nanoparticles (100 nm 

diameter) in water. Polystyrene nanoparticles were fabricated by emulsion polymerization using 

the procedure reported by Reese et al.31 and modified by Hufziger et al.189. Silica nanoparticles 

were functionalized using 3-(trihydroxysilyl)-1-propanosulfonic acid (THOPS).190 NIPAM and 

MBAAm were dissolved in ultrapure water with ion exchange resin, nanoparticles (if embedding 

a CCA), and Irgacure 2959 (33 % wt in DMSO) according to the formulation in Table 4.1. The 

solution was wrapped with aluminum foil to avoid interaction with light and gently agitated on a 

shaker for 30 min to ensure uniform mixing and allow the ion exchange resin to remove ions 

present that disturb CCA assembly. The solution was placed in a vacuum desiccator for 15 min 

and was backfilled with argon gas.  
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Table 4.1 . Composition of monomer solution used to fabricate pNIPAM hydrogels 

Component Reflectance Measurements 

Transmission Measurements  

(no CCA) 

NIPAM 20 % (w/v) 20 % (w/v) 

MBAAm 0.4 % (w/v) 0.2 % (w/v) 

Nanoparticles 

2.5 % (w/v) 113 nm PS  

or  

3 % (w/v) 100 nm Si 

-- 

Irgacure (33 % wt in DMSO) 20 μL per mL solution 20 μL per mL solution 

Thickness 150 μm 400 μm 

 

The sample cell was comprised of two circular quartz plates with a Teflon spacer (150 μm 

or 400 μm) and an acrylamide support film between the plates (Figure 4.1A). The plates were held 

together in a Teflon holder with screws. The top plate had two holes drilled for injection and 

pressure release syringes during assembly. The quartz plates were cleaned with a piranha solution 

(70% v/v sulfuric acid, 30% v/v hydrogen peroxide) for fabrication of all pNIPAM hydrogels. The 

quartz plates were then treated with Sigmacote to make the surfaces hydrophobic for easier 

hydrogel removal from the plates. All pieces of the cell were washed and rinsed with ethanol and 

acetone followed by storage in ultrapure water until cell assembly was required. Once assembled, 

nitrogen gas was flowed through the sample cell until dry.  
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Injection and pressure release syringes were wrapped with Teflon tape to seal against the 

quartz plates with a needle placed in the pressure release syringe to allow air flow. The monomer 

solution was injected into the sample cell and placed in a beaker of cold water for 5-10 min for 

ordering and equilibration. The beaker was placed in an insulated ice bath to avoid phase separation 

during polymerization. The strongest CCA diffraction was observed from samples with stable 

temperatures during polymerization (Figure 4.1B). Samples were polymerized with 1.5 W/cm2 

light using two 365 nm Blak Ray mercury lamps for 3 h. One lamp was positioned above the 

sample and the other was positioned below for more uniform polymerization.  

Following polymerization, samples were refrigerated overnight. After removal from the 

cell, pNIPAM CCAs were washed with large amounts of water and left to equilibrate in water until 

use.  

Figure 4.1 Sample cell assembly for injection of the NIPAm/CCA solution for polymerization (A). Photo 

of an assembled sample holder with an ordered pNIPAM CCA (B). 

A B 
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4.2.3 Fabrication of pNIPAM-co-HPA Hydrogels with V-086 Initiator 

HPA was dissolved in water at 1 %, 3%, or 5% w/v and stored in the fridge at ~4 ˚C until 

use. NIPAM and MBAAm were dissolved using the HPA solutions creating a monomer solution 

containing 20 % (w/v) NIPAM and 0.2 % (w/v) MBAAm. 20 μL VA-086 initiator (40 mg/mL in 

water) was added per milliliter of monomer solution and mixed for 30 min. The solution was 

degassed in a vacuum desiccator for 15 min and backfilled with argon gas. The polymerization 

process and sample cells used to fabricate the pNIPAM-co-HPA hydrogels were the same as 

previously described in Chapter 4.2.2 for pNIPAM CCAs, however a 415 nm LED was used for 

polymerization.   

4.2.4 CCA Reflectance Measurements 

Changes in pNIPAM CCA volume were monitored by measuring changes in light 

diffraction of the hydrogel’s embedded CCA (Figure 4.2). Reflectance measurements were 

performed using an Ocean Optics USB2000 spectrometer with an R-series fiber optic reflection 

probe and a LS-1 Tungsten Halogen light source. The reflectance probe was positioned normal to 

the face of the cuvette ~2 mm away from the glass wall. Samples were cut to 9 mm in diameter to 

lay flat against the wall of a screw top quartz cuvette (10 mm) pathlength with 1.75 mL solvent. 

Sample containing ethanol were equilibrated in the proper mol fraction of ethanol for ~12 h before 

testing.  
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For samples using Xe or N2, the cuvette was connected to a gas manifold using an open 

screw top cap without the septum to degas the sample followed by repressurizing the sample with 

40 psi of either N2 or Xe gas.  

A jacketed cuvette holder attached to a programable water circulator was used to cycle the 

sample temperature between 17-39 °C at a rate of 1 °C every 7 min. The sample temperature was 

monitored using a FLIR A325sc IR camera. The diffraction was recorded every 30 seconds and 

the LCST was reported as the temperature at which the pNIPAM hydrogel collapsed to a minimum 

volume as determined by the diffraction maxima’s wavelength.  

Figure 4.2. Experimental setup for reflectance measurements to monitor pNIPAM CCA LCSTs. CCAs 

were placed in a cuvette with a jacketed holder for temperature control. A reflectance probe and IR 

camera were placed normal to the sample to collect spectra and temperature measurements 

simultaneously.  
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4.2.5 LCST Determination Without CCAs 

LCST measurements for pNIPAM hydrogels without pCCAs were performed using a 

Varian Cary 5000 UV-Vis-NIR spectrophotometer (Agilent) equipped with sample temperature 

control and stirring capabilities. Hydrogel samples were cut into 9 mm wide strips to fit into an 

open top quartz cuvette with the acrylamide sheet placed flat against the cuvette wall. The sample 

was held in place using a paper clip and 3 mL of water was added. Water was degassed prior to 

addition to reduce bubble formation on the sample during heating.  A thermometer was placed in 

the top half of the cuvette to monitor water temperature. The temperature was increased from 31°C 

to 36 °C with the transmittance collected every 0.1 °C. The LCST was determined through a 

decrease in the normalized transmittance of 50%.  

Caffeine studies were performed by equilibrating pNIPAM hydrogels with and without 

HPA comonomers in aqueous solutions containing caffeine. LCSTs of each hydrogel piece were 

first determined in water. Hydrogels were then equilibrated in 4 mL solutions containing 10 

mg/mL caffeine for 4 h before LCST measurements were performed. The difference between the 

initial LCST and the LCST after equilibration in caffeine solutions was determined.  

 

4.2.6 Myoglobin Monitoring- UV-Vis Absorbance  

Myoglobin (Mb) solutions were prepared using horse heart Mb. Mb solutions for 

absorbance experiments were made at concentrations of 0.3-0.5 mg/mL by dissolving lyophilized 

protein in ultrapure water. Septa sealed fluorescence cuvettes were filled with 3 mL Mb solution 

and degassed using a vacuum manifold for 15 min followed by repressurizing with 15 psi Xe or 
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15 psi of N2 gas. Samples were gently agitated and left on the benchtop to equilibrate for 1 h before 

spectra were collected. Absorbance spectra were collected from 200 nm to 700 nm using a Cary 

5000 UV-Vis-NIR spectrophotometer (Agilent).  

4.2.7 Resonance Raman Collection 

4.2.7.1 204 nm UV Resonance Raman Measurements 

Samples of horse heart myoglobin were prepared at 0.3 mg/mL in high pressure Suprasil 

quartz NMR tubes (5 mm OD, Wilmad). Samples containing Xe were degassed using a vacuum 

manifold for 10 min followed by the addition of 15 psi Xe. After Xe addition, samples were gently 

agitated and left on the benchtop to equilibrate for 1 h.  

The instrumental setup is described elsewhere191. Briefly, 204 nm light was generated using 

the third harmonic of an Infinity Nd:YAG laser (Coherent, Inc). The light was shifted using H2 gas 

(30 psi) and selected using the fifth anti-Stokes line. A subtractive double monochromator was 

coupled with a liquid nitrogen cooled CCD camera (Spec10:400B, Princeton Instruments) which 

were used to collect the ~165° backscattered light. Samples were rotated during collection to avoid 

the effects of protein photobleaching.   

 

4.2.7.2 229 nm UV Resonance Raman Measurements  

Samples were prepared at 0.5 mg/mL Mb with 0.5 M NaClO4 as an internal standard in 

water. A 3 mL aliquot of the solution was placed in septa sealed fluorescence cuvette (Starna Cells, 

Inc.) with a microstir bar. Samples were degassed using a vacuum manifold for 10 min followed 

by the addition of 30 psi N2 or Xe. After Xe addition, the cuvette cap was covered in parafilm to 
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minimize leaks. The samples were gently agitated and laid on their sides to equilibrate for 1 h. 

UVRR instrumentation used was an intracavity frequency doubled argon laser (Coherent, Inc.) 

that produced a 229 nm laser line. The spectrometer and sample orientation were the same as 

previously described above for 204 nm UVRR measurements (Chapter 4.2.7.1). Samples were 

stirred during collection to minimize protein photobleaching.  

4.2.7.3 405 nm Resonance Raman Measurements 

Mb samples were prepared in water using 0.5 mg/mL Mb and 0.5 M NaClO4. A 3 mL 

aliquot was placed in each septum sealed cuvette with a stir bar and degassed on a gas manifold 

for ~10 min. Samples were pressurized with 30 psi of N2 or Xe gas. The cuvette cap was covered 

in parafilm to minimize leaks. The samples were gently agitated and laid on their sides to 

equilibrate for 1 h. The effect of the 405 nm light on the sample was monitored using absorbance 

measurements. Although 405 nm light did not degrade the sample over collection time, samples 

were stirred during experimentation. Fluorescence was observed in the higher frequency region of 

the spectra.  

The laser is described elsewhere191 but briefly, 405 nm light was generated using a 5 kHz 

Ti-sapphire laser continuously tunable between 193-210 nm. The second harmonics generator was 

used to tune the light to 405 nm. Mirrors were used to separate the 405 nm light from the IR light 

and to send it outside the laser cavity to the sample. A 405 nm Razor edge Ultrasteep long pass 

edge filter (Semrock) was placed before the monochromator to reduce the Rayleigh scattered light. 

A modified Spex single monochromator was used to disperse the Raman scattered light. The light 

was focused on a nitrogen cooled Pylon CCD camera (Princeton Instruments). 
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4.2.8 129Xe NMR 

4.2.8.1 Myoglobin 

Samples containing Mb were prepared by dissolving protein in 80% H2O/20% D2O and 

were filtered through a 0.45 µm polypropylene syringe filter. UV-vis absorbance measurements 

were performed to determine final protein concentration. 2.75 mL of the protein solution was 

added to a 10 mm OD high-pressure glass NMR tube (Wilmad). Phosphate buffer samples (10 

mM, pH 7.2) were prepared in 80% H2O/20% D2O when performing binding model validation 

experiments.  

All samples containing Xe were degassed for 10 min using a vacuum manifold. High 

protein concentrations required samples to be degassed slowly to avoid violent bubbling and 

protein denaturation. Solutions were repressurized with pressures of 15-150 psi Xe gas. The NMR 

tube was massed while under vacuum and after pressurizing with Xe. The Xe concentration was 

determined from the difference in the mass of the NMR tube under vacuum and after Xe addition. 

Samples were gently agitated and left to equilibrate at room temperature for 1 h.  

129Xe NMR spectra were collected using a Bruker Avance III 500 MHz spectrometer at a 

resonance frequency of 138.373 MHz. Mb chemical shift measurements were performed using a 

35 µs (90⁰) pulse, a 0.5 sec repetition time, and a spectral width of 27,574 Hz. Chemical shift 

measurements for Xe in water utilized a 35 µs (90⁰) pulse and a spectral width of 13,787 Hz. 

IUPAC standard referencing methods192-193 were used for all spectra unless otherwise stated. 

Single scans were collected for spectra of Xe in water. All spectral processing was performed using 

Bruker TopSpin. The number of scans for protein samples was varied to obtain spectra with a 

signal-to-noise ratio >10, as determined by TopSpin’s SINO function. Sample temperature during 

collection was controlled at 25.0 ± 0.1 ⁰C 
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4.2.8.2 Serine Proteases 

Solutions of Xe in water were prepared by adding 2.75 mL of 80% H2O/20% D2O to a 10 

mm OD high-pressure glass NMR tube. Elastase and trypsin samples were prepared in 80% 

H2O/20% D2O at concentrations of either 25 or 72 µM elastase and 6-8 mM trypsin. Solution 

concentrations were measured using a Varian Cary 500 UV-Vis-NIR spectrophotometer (elastase 

ϵ280=45,750 M-1 cm-1, trypsin ϵ280=37,600 )194-196. 2.75 mL of the protein solution was added to a 

10 mm OD high-pressure glass NMR tube. Changes to solution pH were made by adding dilute 

NaOH. Solutions contained 1 mM sodium trimethylsilylpropanesulfonate (DSS) standards unless 

otherwise stated.  

Samples were slowly degassed on a vacuum line for 10 min to avoid protein denaturation. 

Up to 150 psi of Xe gas was added into the NMR tube, and the samples were equilibrated for 1 h 

at room temperature. The total Xe gas added to the tube was determined by the difference in the 

weight of the NMR tube under vacuum and after Xe addition at each pressure. 

129Xe NMR spectra were collected using a Bruker Avance III 500 MHz spectrometer at a 

resonance frequency of 138.373 MHz. Chemical shift measurements for elastase were carried out 

using a 18 msec pulse with a spectral width of 27,574 Hz. All spectra were referenced to the upfield 

methyl proton signal of DSS using the IUPAC standard method.192-193 Temperatures were 

controlled such that the sample temperature was 25.0 ± 0.1 ˚C. All spectral processing was 

performed using Bruker TopSpin. 
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4.3 Results and Discussion 

4.3.1 pNIPAM Volume Monitoring 

The LCSTs of our pNIPAM CCAs were monitored through the collapse of the hydrogel 

network as the sample temperature increased. For hydrogels containing CCAs, we monitored 

volume changes through shifts in the wavelength of the CCA’s diffracted light during the collapse 

of the pNIPAM network. We fabricated CCAs that diffract at wavelengths that are easily 

measurable across the visible spectrum as the large changes in pNIPAM volume require 

monitoring a wide range of wavelengths.  

Our NIPAM/Bis formulation was based on that reported by Takeoka et al.197 who looked 

at the swelling response of pNIPAM hydrogels with respect to the NIPAM/bis ratio. They reported 

tunability of the CCA diffraction across the visible region through changes in the crosslinker 

concentration and temperature. Our concentration of bis crosslinker for pNIPAM CCAs was 0.4% 

(w/v) giving the hydrogels a [NIPAM]/[bis] ratio of ~60.  

pNIPAM’s LCST shifts with small changes in pNIPAM’s environment which include 

changes to the pNIPAM fabrication process. During our studies, small changes to the concentration 

of crosslinker used within our pNIPAM hydrogels were needed to create hydrogels robust enough 

to withstand LCST experiments and to create pCCAs that were able to be monitored within the 

visible spectrum. While changes in crosslink density can lead to shifts in the hydrogel LCST, the 

low concentrations of bis crosslinker used in our studies have been shown to not impact pNIPAM’s 

transition temperature.197-198  

We used an acrylamide gel support film (BioRad) to restrict hydrogel swelling in the x-y 

plane, creating a 1-dimensional (1D) hydrogel swelling response instead of a 3-dimensional (3D) 
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response. When the pCCA undergoes 1D swelling, shifts in the CCA diffraction become 

proportional to the hydrogel’s volume (V~λ) instead of the cubed root of the hydrogel volume 

typical of 3D swelling (V1/3~λ).163 Restricting hydrogel swelling to 1D created shifts in the 

diffraction maxima that were larger than would be seen for 3D swelling,  increasing measurement 

sensitivity.  

Restricting swelling in the x-y plane also increased reproducibility of the measurements. 

As the pNIPAM network undergoes 3D collapse, the location of the hydrogel that is within the 

light path changes. Small inhomogeneities in the sample can lead to drifting in the measured values 

as the hydrogel collapses, creating discontinuities in the data. The volume change of pNIPAM as 

it collapses at the LCST is also very large and can result in sample migration out of the beam path 

during collection. 

Our initial photonic crystal diffraction was modeled to be within the visible region based 

on theoretical analysis from Spry and Kosan.199 For polystyrene, 113 nm diameter particles were 

used with a final concentration of 2.5 % w/v within the precursor solution. Hydrogels containing 

Si CCAs utilized 100 nm Si particles with a final concentration of 3 % w/v. While at room 

temperature these CCA hydrogels initially give second order diffraction that falls in the blue region 

of the visible spectrum while the first order diffraction is in the near IR region. As the temperature 

of the pNIPAM hydrogel increases, the second order diffraction blueshifts and moves into the UV 

spectrum. The first order diffraction then moves into the visible region until the collapse of the 

polymer network (Figure 4.3).  
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Figure 4.3 Reflectance spectra of pNIPAM CCAs containing PS nanoparticles at different temperatures. 

Temperatures were determined using thermal imaging data. Each trace is offset vertically from the one 

collected at a lower temperature by 5% to facilitate comparison of traces. Peak wavelengths and maxima 

positions of the 1st and 2nd order diffraction bands used to track the gel’s volume are highlighted with 

arrows.  
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4.3.2 Determination of pNIPAM LCST Using Reflectance Measurements 

As the temperature increases towards the LCST, the hydrogel network starts to gradually 

shrink, blue shifting the measured diffraction. At the LCST, the collapse of the pNIPAM network 

starts to occur. pNIPAM’s volume changes are smaller at temperatures farther from the LCST 

giving shifts in diffraction that are < 25nm/°C. Volume changes become larger as the temperature 

approaches the LCST, shifting by as much as 100 nm/°C. More sensitive analyte detection is 

possible by using the large diffraction shifts that occur from small changes in pNIPAM’s 

environment around the LCST.   

As the pNIPAM LCST leads to the expulsion of water, the effective refractive index of the 

pNIPAM CCA increases from contributions of the larger volume fraction of the nanoparticles and 

the polymer network. The larger neff causes a brief increase in diffraction efficiency around the 

LCST before the loss of diffraction from the collapse of the polymer network.  The pNIPAM LCST 

was determined to be the temperature where the diffraction wavelength reached a minimum. 

4.3.3 pNIPAM CCA Adaption for Hydrophobic Sensing 

While pNIPAM has been shown to bind compounds with hydrophobic characteristics200-

202, the presence of additional hydrophobic groups disrupts the structure of the water within the 

polymer network. The coil-to-globule transition of pNIPAM at the LCST disrupts the ordering of 

the water within the polymer network. The less ordering of the water molecules the less energy it 

takes to disrupt the water structures leading to a lower observable LCST.202 
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4.3.3.1 Hydroxyphenyl Acrylate Incorporation 

We studied the addition of the hydrophobic comonomer hydroxyphenyl acrylate (HPA) to 

determine if its presence can be used to increase pNIPAM sensitivity to binding of hydrophobic 

analytes. Hydrophobic comonomers within pNIPAM hydrogels create a more favorable binding 

environment for hydrophobic analytes, increasing the sensing response.200 HPA derivatives have 

been shown to form complexes with a variety of analytes203-204 including the hydrophobic molecule 

caffeine205. Caffeine is relatively soluble in water up to 20 mg/mL206 despite its hydrophobicity 

making it a good hydrophobic analyte for detection using pNIPAM-co-HPA hydrogels.  

HPA is very similar in structure to the medication paracetamol and the amino acid tyrosine, 

both of which undergo photodegradation under UV irradiation.207-208 Since our pNIPAM hydrogels 

undergo UV irradiation for 3 h during polymerization, HPA degradation was anticipated to occur 

during hydrogel fabrication. Hydrogels containing low concentrations of HPA without the addition 

of a CCA were fabricated using the VA-086 photo initiator. Polymerization occurred by irradiation 

using a 415 nm LED light. The use of a visible light source during polymerization mitigated UV-

photodegradation of HPA. 

Samples without CCAs were fabricated with a thickness of 400 μm to increase robustness 

without the presence of the CCA. Samples of 400 μm and 150 μm thickness showed negligible 

difference in the transition temperature but the 400 μm thick samples showed more defined 

changes in transmission allowing better monitoring of shifts in the LCST. The transmittance of 

500 nm light through the sample was monitored as the sample temperature was increased from 30 

˚C to 36 ˚C. The LCST temperature was determined to be the temperature at which the amount of 

light transmitted through the sample was decreased by half (Figure 4.4). 
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pNIPAM-co-HPA hydrogels contained 1%, 3%, or 5% w/v HPA. Hydrogels containing 

HPA showed a ~1°C lower LCST than the control pNIPAM hydrogels at 33.5 ˚C ± 0.2 ˚C and 

34.5 ˚C ± 0.2 ˚C respectively. An example of the LCST determination for a pNIPAM hydrogel is 

shown in Figure 4.5. The decreased LCST shows that we have successfully altered the pNIPAM 

environment through fabrication of pNIPAM hydrogels with HPA comonomer.  

Figure 4.4 LCST determination of a  pNIPAM hydrogel (20% NIPAM/0.2 % bis, VA-086 intiator) 

without CCAs. Transmittance of 500 nm light was measured and the LCST was determined by the 

temperature where transmission of the light through the sample decreased by half.  
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We tested changes to the pNIPAM-co-HPA LCST in concentrated caffeine solutions (10 

mg/mL). While HPA addition lowered the hydrogel’s initial LCST, the presence of caffeine did 

not cause any significant decreases in the LCST at 33.6 ˚C ± 0.2 ˚C (Figure 4.5). Measured LCSTs 

of the pNIPAM-co-HPA hydrogels also did not show LCST shifts from the HPA concentrations 

used. It is possible the small concentrations of HPA present are already causing the maximum 

LCST shift possible for the concentrations of HPA we were able to achieve.  

LCST 

Figure 4.5 LCST determination of hydrogeals containing pNIPAM (black), pNIPAM with 1 % HPA 

(red), and pNIPAM. The LCST was determined by a 50 % loss of transmittance through the sample.  All 

hydrogels were polymerized on an acrylamide gel support sheet and contained 20% NIPAM/0.2 % 

MBAAm. Solutions containing caffeine (10 mg/mL) are demonstrated using solid lines 
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In the presence of caffeine, there is a slight decrease in the LCST of the samples that did 

not contain HPA, 34.9 ̊ C ± 0.1 ̊ C in the presence of caffeine compared to 34.5˚C ± 0.2 ̊ C initially. 

The presence of HPA or caffeine individually led to shifts in the LCST, however the presence of 

HPA does not significantly increase shifts in the LCST in the presence of caffeine. Since 

pNIPAM’s volume is highly sensitive to environmental changes near the LCST, we next 

investigated the addition of HPA into pNIPAM CCAs in an attempt to elucidate how the binding 

of caffeine changes the LCST.   

4.3.3.2 pNIPAM-co-HPA CCA Development 

We first looked at pNIPAM-co-HPA CCAs containing polystyrene (PS) nanoparticles as 

changes in diffraction of visible light are easily observable using PS nanoparticles. As diffraction 

occurs from modulation in the refractive index, diffraction efficiency increases with changes in 

the effective refractive index. Polystyrene CCAs have high diffraction efficiency due to the large 

difference in refractive index between PS (nPS=1.59), and the surrounding medium (nair=1 or 

nwater=1.33).48, 160 More efficient PS diffraction allows monitoring of small shifts in the diffraction 

wavelength.  

PS’s large diffraction efficiency also allows monitoring of the diffraction wavelength even 

with slight CCA disordering during polymer collapse. The large size of the hydrogel leads to some 

inhomogeneities during the polymer collapse which can cause disorder within the CCA diffracting 

planes. Disorder within the CCA can cause broadening of the primary diffraction wavelengths 

being measured.209  

  The addition of hydrophobic comonomers with PS CCAs was unfavorable and lead to 

irreversible phase separation during polymerization. While the CCA solution containing NIPAM 

monomers showed strong diffraction and stability over time, phase separation occurred during 



 108 

polymerization. We attempted to use a cosolvent to increase polymer solubility during fabrication. 

Low concentrations of cosolvents like propylene glycol did lead to a decrease in phase separation 

during polymerization. However, slight phase separation still occurred resulting in largely 

inhomogeneous hydrogel networks. Swelling of the inhomogeneous hydrogels caused CCA 

disordering, hindering diffraction monitoring. Further increasing the amount of co-solvent present 

during fabrication stopped CCA self-assembly.  

We looked at the use of silica (Si) nanoparticles for CCA fabrication in pNIPAM-co-HPA 

hydrogels in an attempt to eliminate the irreversible phase separation. Like polystyrene, silica 

nanoparticles have been widely used in photonic crystal development.48, 210-211 Silica particles used 

were composed of siloxane (Si-O-Si) networks that were functionalized with silanol (Si-OH) 

groups on the surface. The silica nanoparticle interactions are also easily tuned through 

functionalization of the nanoparticle surface giving them wide use in CCA fabrication.212-215 Phase 

separation occurring from the pNIPAM-co-HPA CCA fabrication was believed to be due to 

increased hydrophobicity. Thus, we hypothesized the more hydrophilic silica nanoparticles would 

create a more favorable solution environment for the pNIPAM network during polymerization.  

Switching from PS to Si CCAs did eliminate hydrogel phase separation during fabrication, 

however washing the hydrogel in water resulted in immediate phase separation. Placing the 

pNIPAM CCA (Si) into a mobile phase of either pure DMSO or EtOH reversed the phase 

separation that occurred from washing in water and resulted in strong diffraction of the Si CCA. 

Using high concentrations of organic solvents can lead to polymer co-nonsolvency where 

pNIPAM does not have an LCST within a reasonable temperature range.201, 216-217   

Nanoparticles composed of different materials are needed to fabricate pNIPAM CCAs 

containing hydrophobic comonomers. Our current use of PS- or Si-based CCAs does not allow the 
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incorporation of hydrophobic comonomers within the pNIPAM hydrogel even at low 

concentrations. pNIPAM hydrogels containing monolayers of nanoparticles ordered into a 

photonic crystal (2DPC) have been previously fabricated containing hydrophobic comonomers.200 

These 2DPC pNIPAM hydrogels did not show phase separation allowing diffraction monitoring 

during sensing. However, the use of CCAs within the sensor affords greater sensitivity in 

monitoring diffraction shifts.  

4.3.3.3 Nanoparticle Monitoring for pNIPAM CCA Development 

Although photonic crystals have become widely used in the development of sensors, there 

is little discussion on why the specific material was used to fabricate the photonic crystal. This 

lack of discussion is easily overlooked when the photonic crystal does not take part in the sensing 

mechanism but becomes problematic when the mechanism is highly sensitive to sensor 

composition, as seen in our pNIPAM-co-HPA CCAs. While both polystyrene and silica 

nanoparticles undergo self-assembly into CCAs, polystyrene is primarily hydrophobic while the 

silica nanoparticles have hydrophilic surfaces. We looked at pNIPAM CCAs that contained 

polystyrene (PS) nanoparticles or silica (Si) nanoparticles, and pNIPAM hydrogels that did not 

contain CCAs to elucidate how the CCA composition changes the pNIPAM response. 

Hydrogels that did not contain nanoparticles were fabricated to determine pNIPAM’s 

LCST without any additional contribution from the nanoparticle materials. Fabrication of the 

pNIPAM hydrogels without CCAs resulted in fewer instances of phase separation during 

polymerization and were more easily removed from the sample holder’s quartz plates. We looked 

at pNIPAM hydrogels that were fabricated using 20% NIPAM/0.2 % bis with Irgacure 2959 used 

as an initiator (365 nm irradiation). The LCST was determined to be 35.4 ˚C ± 0.2˚C. Previous 
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samples that used VA-086 initiator instead of Irgacure 2959 had an LCST ~1 ˚C lower (34.5 ˚C ± 

0.2 ˚C) than that of the hydrogels with Irgacure 2959.  

pNIPAM CCAs were also fabricated using Irgacure 2959. The LCST of pNIPAM CCAs 

containing PS nanoparticles was determined to be 33.4 ˚C ± 0.3 ˚C.  The measured LCST was 

lower than the determined 35.4 ˚C ± 0.2˚C LCST for pNIPAM hydrogels without a CCA for the 

same fabrication process. We concluded the presence of the PS CCA (113 nm, 2.5 % w/v) 

decreases the pNIPAM LCST by ~2 ˚C.  

CCAs containing silica nanoparticles showed bands with weaker diffraction intensity due 

to a smaller effective refractive index. Since second order diffraction has a lower intensity than 

first order diffraction, we were unable to monitor the CCA’s second order diffraction and had 

difficulties measuring the first order diffraction. The LCST of pNIPAM CCAs with Si 

nanoparticles was estimated to be 35.3 ̊ C ± 0.3 ̊ C which was similar to that of pNIPAM hydrogels 

without CCAs.  

Our findings support the conclusion that the presence of PS nanoparticles within the CCA 

can impact pNIPAM’s LCST due to their hydrophobic nature. Si nanoparticles are more 

hydrophilic and do not appear to alter the LCST but when additional hydrophobic moieties are 

added, such as comonomers, they can lead to phase separation. CCA nanoparticle composition 

should be taken into consideration when developing pNIPAM CCA sensors.   

4.3.3.4 Addition of Ethanol for pNIPAM Sensing 

Our goal is to enable sensing outside laboratory settings through the development of 

portable sensors. While pNIPAM CCAs are portable and color changes are easily perceived, they 

require heating for LCST monitoring. Ideal pNIPAM sensors would have transition temperatures 
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near ambient conditions to avoid excessive heating and error that may occur from lack temperature 

stability when heating samples outside a laboratory environment. 

One way to decrease pNIPAM’s LCST to ambient temperatures is through changes in the 

mobile phase composition. The amphiphilic nature of pNIPAM makes it soluble in both aqueous 

and organic solvents. When pNIPAM contains an aqueous mobile phase, the water becomes 

ordered around the polymer network creating a solvation shell. As the temperature increases, the 

ordered structure of the water no longer becomes energetically favorable leading to the 

hydrophobic collapse of the polymer network and expulsion of the water solvent.  

When the mobile phase is a combination of water and an organic solvent, ordering of the 

water in pNIPAM’s solvent shell is altered. Decreased ordering of the water caused by the presence 

of the organic solvent-polymer interactions requires less energy to actuate the polymer’s 

hydrophobic collapse at the LCST. Larger disruptions to pNIPAM’s solvation shell, create larger 

changes in the LCST. Common co-solvents include alcohols28, 216-219, acetone220, and dimethyl 

sulfoxide169, 221-222.  

We looked at pNIPAM’s response in solutions that contained 0.18 or 0.20 mol fraction 

ethanol (EtOH) in water. The use of ethanol lowered the measured LCST to ~24 ˚C ± 0.3 ˚C for 

0.18 mol fraction ethanol and to ~21˚C ± 0.3 ˚C for 0.20 mol fraction ethanol. While the presence 

of ethanol lowered the LCST, it also decreased the measurable diffraction shifts of the CCA. Co-

nonsolvency effects from the presence of a second solvent, such as ethanol, can decrease 

pNIPAM’s solubility in the solution mixture compared to the solubility in pure water. Low 

solubility of the pNIPAM leads to lower intake of solvent resulting in smaller hydrogel swelling 

responses. 
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As the amount of ethanol in the solution is increased, pNIPAM’s LCST is decreased but 

so is the measurable swelling response. Solutions of pure water gave diffraction shifts leading up 

to the LCST of >250 nm for the first order diffraction while solutions containing 0.18 and 0.20 

mol fraction EtOH led to shifts of ~80 nm and ~30 nm respectively.  

The amount of pNIPAM swelling is not important if the LCST can be easily monitored. 

Solutions containing 0.20 mol fraction EtOH were highly sensitive to fluctuations in the room 

conditions and gave only small diffraction shifts making them less ideal for sensing using pNIPAM 

CCAs. We determined use of 0.18 mol fraction EtOH as a cosolvent lowers the LCST to a more 

ideal temperature for sensing outside of a lab environment while leading to diffraction shifts that 

are easily used to monitor changes in the LCST making it a good solvent choice for pNIPAM CCA 

sensors. 

4.3.4 pNIPAM CCA for Detection of Hydrophobic Analytes 

Our proposed pNIPAM CCA sensing mechanism utilizes the sensitivity of pNIPAM’s 

LCST for monitoring the pNIPAM environment. Below the LCST our pNIPAM CCAs are 

swollen.  As the analyte binds to the hydrogel, the lattice spacing of the embedded CCA will be 

altered with changes in the pNIPAM volume. Shifts in the CCA diffraction will occur in proportion 

to the magnitude of change occurring to the pNIPAM environment.  

Analyte binding to the hydrogel network will lead to a more hydrophobic pNIPAM 

environment causing the polymer network to collapse at temperatures lower than the LCST (Figure 

4.6). The increased sensitivity of pNIPAM’s volume to environmental changes around the LCST 

makes it ideal for monitoring analytes that typically do not cause large sensing responses. One 

such target is xenon (Xe). 
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Figure 4.6 Mechanism of pNIPAM CCA detection of hydrophobic analytes. (A) pNIPAM hydrogels are 

hydrated below their LCST but undergo collapse of the hydrogel network above the LCST. (B) the 

presence of hydrophobic analytes within the pNIPAM network shifts the LCST to lower temperatures 

enabling detection of analytes. 
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pNIPAM’s LCST is highly sensitive to changes in pNIPAM’s environment such as the 

addition of hydrophobic groups. We believe our pNIPAM CCAs can be adapted for detection of 

different hydrophobic analytes showing their use for sensing along with their generalizability for 

detection of other analytes. This is the first report of pNIPAM’s transition temperature being used 

for analyte recognition in sensing.   

4.4 Monitoring Xe Binding 

4.4.1 Xe-Protein Interactions 

Although Xe-protein interactions are not well known, Xe’s binding to the protein 

myoglobin (Mb) has been well studied.182-183, 185  Xe binding has also been monitored in serine 

proteases with the presence of Xe suggested to cause protein inhibition.178, 180, 223 While there is 

still a debate on the mechanism behind Xe’s effect on proteins, it  has been determined that Xe 

prefers to be located in hydrophobic pockets223-224 containing aromatic groups such phenylalanine, 

tyrosine, and tryptophan residues.  

Xe is known to associate with hydrophobic functional groups via non-covalent interactions, 

particularly in proteins.185 Furthermore, porous organic materials such as metal-organic 

frameworks (MOFs)225 and porous covalent organic polymers (COPs)226-227 have been shown to 

adsorb Xe with high capacities. We hypothesize that pNIPAM CCAs can be developed for Xe 

binding. Xe’s hydrophobic and inert nature makes it a good candidate for detection using pNIPAM 

CCAs. Sensors that utilize pNIPAM CCAs are inexpensive to fabricate and robust with analyte 
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detection that is easily visualized through color changes. Fabrication of a pNIPAM CCA whose 

LCST is modulated from the presence of Xe would enable more widespread monitoring of Xe.  

We performed spectroscopic studies of Xe-protein interactions in an attempt to elucidate 

more information about Xe-protein binding. Our ultimate goal was to develop more favorable Xe 

binding conditions within the pNIPAM network. We looked for changes in protein structure from 

the presence of Xe using resonance Raman and 129Xe NMR.  

4.4.2 Resonance Raman Spectroscopy 

When light is scattered by a molecule it can either be elastically or inelastically scattered. 

Light that is scattered at the same frequency as the incident light is elastically scattered. This 

phenomenon is known as Rayleigh scattering when the wavelength of the incident light is much 

larger than the molecule’s size, and Mie scattering when the incident light is of similar size to the 

molecule. Raman spectroscopy uses inelastic scattering where the frequency of the scattered light 

is shifted from the frequency of the initial light. The amount the frequency is shifted is indicative 

of the molecular vibration being excited. This gives insight into the conformation, identity, and 

environment of the sample.228 

Although most of the light is elastically scattered, a small fraction of light is inelastically 

scattered. The intensity of inelastically scattered light can be increased by using incident light that 

coincides with one of the sample’s electronic transitions, known as resonance Raman 

spectroscopy. Through resonance Raman, the intensity of the light that undergoes Raman 

scattering can be enhanced by up to 106.228 Ultraviolet resonance Raman spectroscopy (UVRR) is 

useful for protein monitoring due to its sensitivity and selectivity to protein secondary structure, 

solvent exposure, hydrogen bonding, and aromatic side chain orientation.159, 191, 229-231  
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4.4.2.1 Mb-Xe Interactions Using Resonance Raman 

We collected Raman spectra using 204 nm, 229 nm, and 405 nm excitation to monitor 

changes in Mb from the presence of Xe. A table of the assigned bands used to monitor the presence 

of Xe can be found in Appendix B.2. Resonance Raman using 204 nm excitation is in resonance 

with the π→ π* transition that is associated with the amide groups.231 There are bands in the 204 

nm UVRR spectrum that are sensitive to the protein backbone dihedral angles which can be used 

to monitor protein secondary structure.229-230, 232 Collected spectra of 0.3 mg/mL Mb were fitted 

using the bands determined by Cai et al. for bovine serum albumin138 

Mb spectra showed amide III3 (AmIII3) bands with a frequency of 1252 cm-1 and a broad 

fitting of the band (Figure 4.7A). This correlates to a Ψ angle distribution centered at ~-40 ˚ which 

is indicative of an α-helical conformation. Our data agrees with published crystal structures of Mb 

showing a primarily α-helical secondary structure with some turn and coil-like regions interspersed 

within the protein network. AmIII3 bands did not show a significant shift from the presence of Xe 

that would indicate a change in protein secondary structure.  
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Figure 4.7 Resonance Raman spectra of horse heart myoglobin. (A) 204 nm excitation of 0.3 mg/mL Mb 

in the presence of 15 psi Xe (black) or 15 psi nitrogen (red). (B) ) 229 nm excitation of 0.5 mg/mL Mb in 

the presence of 30 psi Xe (black) or 30 psi nitrogen (red) an internal standard of ClO4
- was used to 

normalized the spectra and is seen at 935 cm-1.  (C) 405 nm exitation of 0.5 mg/mL Mb under or 30 psi 

Xe (black) or  30 psi nitrogen (red) an internal standard of ClO4
- was used to normalized the spectra and 

is seen at 935 cm-1. The difference spetra of Xe and nitrogen for each excitation is shown in blue.  
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Resonance Raman spectra using 229 nm excitation is dominated by contributions from the 

aromatic side chains. At 229 nm, electronic transitions of tryptophan (Trp), tyrosine (Tyr), 

phenylalanine (Phe), and histidine (His) are visible.138, 187, 232 Changes in the sidechain structure 

and packing can be monitored using dihedral angles, water exposure, and the aromatic ring 

geometries. Although Xe binds near aromatic amino acids, there were no measurable differences 

in sidechain packing from the presence of Xe (Figure 4.7B). 

Raman spectra of Mb using 405 nm excitation is in resonance with the Soret absorbance 

band which reports on the heme group and its ligands.233 The primary Xe binding site is located 

proximal to the heme. Due to Xe’s bulky size and location of binding, changes to the heme 

vibrations due to Xe binding were also monitored. No changes in the heme vibrations were 

observed (Figure 4.7C). 

Although it has been shown that Xe binds to Mb, there were no measurable differences in 

the Mb vibrations from the presence of Xe. Any changes to Mb from Xe binding are outside the 

sensitivity of our measurements, further showing how difficult it can be to detect the presence of 

Xe.   

4.4.3 129Xe NMR 

We used 129Xe NMR to gain insight into Xe-protein interactions for development of more 

sensitive Xe sensors. Binding models using 129Xe NMR have been developed and studied to 

investigate the different interactions between Xe and proteins in solution.184, 234-237 The work of 

Locci, et al. 184 used 129Xe NMR to characterize the interactions between Xe and multiple proteins, 

including horse Mb, hen egg white lysozyme, and horse cytochrome c. Locci, et al., additionally 

characterized non-specific interactions between Xe and the protein surface. They determined that 
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low concentrations of Xe cause the chemical shift to be upfield of the buffer while the increased 

concentration of Xe caused downfield shifts. They attributed this phenomenon to non-specific 

interactions between Xe and the protein surface.  

Xe chemical shifts can be fit to a two-site binding model derived by Locci, et al.184 

(Equation 4.3), where 𝛿𝑜𝑏𝑠 is the observed chemical shift, 𝛿𝑜𝑢𝑡 is the chemical shift of Xe not 

bound to the protein, 𝛿𝑖𝑛 is the chemical shift of Xe bound to the protein, and 𝜌𝑏𝑜𝑢𝑛𝑑 is the 

population fraction of Xe bound to the protein.  

𝛿𝑜𝑏𝑠 = 𝛿𝑜𝑢𝑡 + (𝛿𝑖𝑛 − 𝛿𝑜𝑢𝑡)𝜌𝑏𝑜𝑢𝑛𝑑 

Equation 4.3 

In the case of Xe binding to Mb, Xe interactions can be divided into three groups: Xe free 

in solution (not interacting with the protein), Xe interacting non-specifically with the surface of 

the protein, and Xe specifically bound to a site or sites within the protein (i.e. the proximal site in 

myoglobin). Locci, et al., showed that the binding of Xe to Mb could be approximated as a 1:1 

complex where Xe exchanges rapidly between a specific binding site (Xein) and all other 

environments (Xeout). This is described by the kinetic form: 

𝐾𝑒𝑞 =
[𝑋𝑒]𝑖𝑛

[𝑀𝑏][𝑋𝑒]𝑜𝑢𝑡
 

Equation 4.4 

4.4.3.1 129Xe NMR Myoglobin Binding Models 

To use the Xe binding models for other proteins that demonstrated affinity for Xe binding, 

we reproduced the published binding models for Xe-Mb interactions. Since Xe is in fast chemical 

exchange between its binding environments, it is a measure of the population-weighted chemical 

shift for Xe in the solution for that specific pressure (Figure 4.8).184, 237 By collecting 129Xe NMR 
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spectra for samples over a range of Xe pressures we were able to fit the data to the binding models. 

For samples with lower Xe pressures, more scans were needed to achieve the signal-to-noise for 

reliable chemical shifts.  

  

With one set of NMR spectra at a concentration of 0.8 mM Mb we varied the Xe pressure. 

As a result of the varied pressure, there are three parameters which change: δin, δout, and Keq. Using 

a second set of NMR spectra taken at a concentration of 1.2 mM Mb and similar Xe pressures, we 

fit the data to the binding model to look at Xe-Mb binding affinity. The slope of the observed 

chemical shift values was used to determine the binding affinity, which agreed well with the 

Figure 4.8 Xe chemical shift and linewidth dependence on Xe pressure in a 0.8 mM myoglobin in 80% 

H2O/20% D2O solution. 150 psi Xe in 10 mM phosphate buffer in 80% H2O/20% D2O shown for 

reference.  
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literature value. We confirmed Xe binding to Mb and our ability to use 129Xe NMR to study Xe-

protein interactions. 

 

4.4.3.2 129Xe NMR Serine Proteases 

We attempted to model Xe-serine protease interactions for sensor development using 129Xe 

NMR. Serine proteases (SPs) are a class of enzymes that cleave peptide bonds in proteins. SPs 

contain an active site with a catalytic triad consisting of serine, histidine, and aspartic acid residues. 

This catalytic triad is located in a hydrophobic pocket that is near the protein surface.238 Xe has 

been shown to act as a serine protease inhibitor by binding near the catalytic triad and the primary 

specificity pocket.180, 239  

129Xe chemical shifts of 25 mM elastase were measured under 60, 90, 120, and 150 psi Xe 

gas and are reported in Appendix B. The measured chemical shift of Xe increases linearly with Xe 

pressure. At neutral pH, 25 µM elastase was the most concentrated solution possible. Increasing 

the pH to 11 made it possible to achieve a more concentrated elastase solution of 72 µM elastase.  

The linear trend in the Xe chemical shift values for elastase differed from the change in Xe 

chemical shift values previously measured in Mb (Figure 4.9). Occupancy for Xe binding to 

elastase crystals has been shown to be ~0.64 at 4 atm Xe pressure and ~0.78 at 8 atm Xe pressure.240  

Even if it is assumed that there is full Xe occupancy under solution conditions, only one Xe atom 

binds to each elastase molecule. The maximum concentration of Xe specifically bound to the 

protein would then be 25 µM or 72 µM. With a Xe pressure of 15 psi (4.4 mM Xe in solution) 72 

µM is ~2% of the Xe present in solution specifically bound to protein.  
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Using the Xe binding model from Equation 4.3 it can be shown that the Xe bound to the 

protein alters the observed chemical shift through the population fraction of Xe bound, 𝜌𝑏𝑜𝑢𝑛𝑑 . 

Therefore, since the protein bound Xe fraction is very small compared to the fraction of Xe not 

bound to the protein, the observed chemical shift is dominated by the chemical shift of Xe in the 

solvent. 

To accurately determine the binding affinity between Xe and elastase, the Xe and protein 

concentrations would need to be on the same order of magnitude, as they previously were between 

Xe and Mb. Solubility limits of elastase make it impossible to increase the elastase concentration 

to what is needed. The other strategy for measuring Xe binding affinity would be to decrease the 

Figure 4.9. Xe chemical shift values for  72 µM elastase in water/D2O (black) compared to water/D2O 

(red) for varying amounts of Xe. The moles of Xe were calculated from the difference in sample mass 

with and without Xe. Similar slopes between Xe in water and Xe in elastase indicates binding models are 

unreliable for determining Xe binding affinity with these data. 
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concentration of Xe. However, this would require Xe pressure well below atmospheric pressure. 

Amounts of Xe that low would be difficult to measure Using 129Xe NMR. 

We then switched studies to the serine protease trypsin which has a much larger solubility 

in aqueous solutions than elastase in an attempt to elucidate Xe-trypsin interactions. Trypsin is 

known to cleave after lysine and arginine residues; however, the cleavage is not specific to any 

protein, causing trypsin to cleave other trypsin molecules. One trypsin molecule cleaving a second 

trypsin molecule is referred to as autolysis. Trypsin autolysis is very fast and depends on protein 

concentration, occurring within minutes to hours.241 As the protein concentration increases so does 

the rate of autolysis.   

Solutions of 6-8 mM trypsin at pH 7 were used to monitor Xe binding. In order to monitor 

chemical shifts from Xe binding, trypsin solutions needed to be highly concentrated (>4 mM 

trypsin). Initial measurements of the neutral pH trypsin solution showed the Xe chemical shifts 

were time dependent due to autolysis (Figure 4.10). Further investigation into trypsin’s autolysis 

in the presence of Xe suggested the presence of elevated Xe pressures may lower the autolysis that 

occurs in the trypsin solution. This would support previous claims that Xe inhibits serine protease 

activity, but more investigation would be needed.180, 242 New studies also have suggested Xe 

binding can increase protein stability.243 

 The inherently low solubility of serine proteases makes them difficult to monitor using 

129Xe NMR. Although trypsin is soluble in the concentrations needed for Xe monitoring, its 

autolysis leads to Xe chemical shifts that are variable with time making them unreliable. We were 

not able to use 129Xe NMR to gain further insights into Xe-protein interactions for Xe detection.  
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4.4.4 EtOH and pNIPAM Xe Monitoring 

As expected, Xe-protein binding interactions are difficult to monitor as there is little to no 

change in protein structure caused by the presence of Xe. While the mechanism behind Xe binding 

is not well known, it is known that Xe binding cavities in proteins are primarily hydrophobic in 

nature and contain a significant amount of aromatic amino acids. Our pNIPAM CCAs can be 

modified to be more hydrophobic and are sensitive to the presence of additional hydrophobic 

Figure 4.10129Xe chemical shift values of trypsin solutions over time. A neutral pH trypsin solution was 

within trypsin’s optimal pH for activity. The neutral pH solution showed changes in the Xe chemical shift 

overtime due to autolysis.  
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groups, such as Xe. We investigated the use of our pNIPAM CCAs containing PS nanoparticles 

for monitoring the presence of Xe. Polystyrene CCAs were chosen due to their sharp diffraction 

bands and high diffraction intensity that enable monitoring of small changes in the wavelength. 

The addition of hydrophobic polystyrene also creates a more favorable Xe binding environment. 

Initial measurements using pNIPAM CCAs in pure water did not show any differences in 

the LCST between samples with Xe and those with N2. This was not unexpected as Xe’s solubility 

decreases with elevated temperature.244 Since the presence of Xe is difficult to monitor, our aim 

was to work close to pNIPAm’s LCST which has been shown to increase pNIPAm’s sensitivity to 

changes in pNIPAM’s environment, such as analyte binding.245 Based on our previous studies 

using pNIPAM CCAs in solutions containing ethanol, we equilibrated our pNIPAM CCAs with 

polystyrene nanoparticles in 0.18 mol fraction EtOH. The 0.18 mol fraction EtOH lowered 

pNIPAM’s LCST and enabled more sensitive monitoring at room temperatures and obvious shifts 

in the diffraction band. Xe also has an increased solubility in ethanol by almost an order of 

magnitude.246-247 Working with ethanol as a cosolvent is a promising direction for Xe detection. 

Initial trends in the data suggest the presence of Xe lowers the pNIPAM LCST when a 

water-ethanol mixture is used as the mobile phase. The LCST of samples containing 0.18 mol 

fraction ethanol showed a decrease in the LCST of ~0.5 ˚C from the presence of 40 psi Xe (Figure 

4.11). Current limitations with temperature control for CCA reflectance measurements put the ~0.5 

˚C shift from Xe on the edge of our limit of detection, however the presence of 40 psi N2 did not 

show significant shifts in the LCST leading to the belief that LCST shift is from Xe-pNIPAM 

interactions.  

Although 0.20 mol fraction of ethanol is not ideal for use in our current pNIPAM sensors, 

we investigated the effects of Xe on the LCST from the increased ethanol concentration. If Xe’s 
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solubility in EtOH-water mixtures is a linear relationship at low concentrations of EtOH, the larger 

mol fraction of EtOH should increase Xe’s concentration in solution. If Xe binds to the polymer, 

causing a shift in the LCST, an increased concentration of Xe in solution should result in larger 

LCST shifts from Xe-pNIPAM interactions. We saw a similar trend with 0.2 mol fraction of EtOH 

as we did with 0.18 mol fraction EtOH where solutions containing Xe had lower LCSTs than 

solutions containing nitrogen. The difference in the LCST between samples with nitrogen and 

samples with Xe was ~0.7 ̊ C, supporting our conclusion that the shift in LCST is from the presence 

of Xe however further investigation is needed. 
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Figure 4.11 Examples of pNIPAM CCA LCST as determined by reflectance bands in the presence of 40 

psi N2 (red) or Xe (black). (A) pNIPAM LCSTs were measured in pure water and showed no significant 

difference in LCST. (B) pNIPAM LCSTs were measure in 0.18 mol fraction EtOH/water mixture showing 

a possible shift of ~0.5 ˚C.  (C) pNIPAM LCSTs were measure in 0.20 mol fraction EtOH/water mixture 

showing a possible shift of ~0.7 ˚C.  The switch between N2 and Xe gas was made by gently degassing the 

sample followed by repressurizing 
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4.5 Conclusions and Future Directions 

We investigated the use of pNIPAM hydrogels containing crystalline colloidal arrays for 

development of portable sensors. The thermoresponsive polymer pNIPAM has an LCST that is 

altered by changes to the pNIPAM environment including changes in solvent, the addition of 

comonomers, or the presence of hydrophobic groups within the polymer network. We monitored 

decreases in pNIPAM’s LCST from the addition of low concentrations of the comonomers 

hydroxyphenyl acrylamide (HPA). The addition of 1-5 % w/v HPA decreased the observable 

LCST by 1 ˚C due to the changes in the pNIPAM sensing environment. Addition of the cosolvent 

ethanol showed contributions of co-nonsolvency within the pNIPAM hydrogel leading to LCSTs 

that were significantly lowered at 24 ̊ C for 0.18 mol fraction ethanol and 21 ̊ C for 0.2 mol fraction 

ethanol.  

Xe is a hydrophobic atom that plays a large role in the medical field and environmental 

monitoring of human activity. Development of a portable sensor for the presence of Xe would 

enable more widespread detection. Our data suggests that using a pNIPAM CCA mobile phase of 

0.18 mol fraction ethanol in water, there is a shift in the pNIPAM CCA LCST of ~0.5 ˚C. While 

further investigation into this trend is needed, we believe pNIPAM CCAs can be adapted for use 

as portable sensors for the presence of other hydrophobic compounds.   

Future investigations will focus more on the fabrication of pNIPAM hydrogels containing 

comonomers and how the hydrophobicity/hydrophilicity affects use of the pNIPAM LCST for 

analyte detection. We will also look at the addition of 2D photonic crystals (2DPC) instead of 

CCAs for monitoring hydrogel volume due to issues with CCA incorporation within the polymer 

network when fabricating modified pNIPAM CCAs. pNIPAM hydrogels containing 2DPCs have 

shown successful addition of hydrophobic comonomers such as tertbutyl alcohol without 
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observable phase separation.200 The use of a 2DPC will decrease changes in the pNIPAM 

environment from the presence of the CCA nanoparticles. 2DPCs can also be added to hydrogel 

networks after polymerization82, enabling a two-step fabrication process and better incorporation 

of comonomers for sensor development.   
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5.0 Summary of Results and Future Directions 

5.1 Summary of Results  

In this work, we studied photonic crystal hydrogels and their adaptability as sensing 

materials. Our work highlights the adaptability of our photonic crystal hydrogel sensors for 

biomolecular sensing and their use as sensing motifs for a wide range of applications. Our 

investigations focused on how small modifications to stimuli responsive hydrogels can be used to 

easily monitor the presence of varying analytes. Chapter 1 briefly discusses photonic crystal 

diffraction and hydrogel behavior for the development of photonic crystal hydrogel sensors. 

In Chapter 2, we investigate the use of photonic crystal hydrogels containing oxyamine 

recognition groups for the detection of lactate. By converting lactate to pyruvate, we were able to 

use oxime ligation to attach pyruvate within the hydrogel network. We successfully monitored 

lactate indirectly through its enzymatic conversion to pyruvate.  Our work is the first demonstration 

of an enzyme coupled photonic crystal hydrogel sensor for indirect detection of analytes. We were 

able to detect lactate concentrations of 0.24 mM in buffer solutions and < 4 mM in serum solutions.  

Chapter 3 discusses 2DPC hydrogels that contain DNA aptamers as crosslinks for analyte 

detection. We successfully detected the protein thrombin at concentrations below 500 μM within 

2 h using our DNA hydrogels. Fabrication of these DNA aptamer hydrogels was previously used 

for small molecule detection. Our work showed DNA aptamer hydrogels are highly sensitive and 

easily adaptable for different targets by modifying the DNA aptamer used.  
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Work discussed in Chapter 4 begins our investigations into pNIPAM’s LCST for sensor 

development. Sensitivity of pNIPAM’s LCST to small changes in the polymer’s environment can 

lead to large volume changes making LCST monitoring a promising direction for sensor 

development. Our work is the first to look at how pNIPAM CCAs can be modified to better sense 

hydrophobic analytes using shifts in pNIPAM’s LCST. We determined pNIPAM is so sensitive to 

its environment, the material of the CCA can impact fabrication and the addition of comonomers.   

The development of hydrogels as responsive materials, particularly for sensing, requires 

characterization of the hydrogel’s fabrication and behavior. Complex hydrogel swelling responses 

can make adapting sensors for different targets and environments a complex and time-consuming 

process. We have demonstrated how small modifications to our hydrogel sensors can be made to 

detect diverse analytes. Our findings include the addition of the LDH enzyme to detect lactate 

instead of pyruvate and using a different DNA aptamer sequence to change from detecting the 

small molecule adenosine to the large protein thrombin. Our sensors are easily fabricated and retain 

sensitivity in complex samples such as serum solutions.    

5.2 Future Directions 

5.2.1 Mitigating 2DPC Hydrogel Swelling Response to NAD During Enzymatic Reactions 

Our research into oxyamine functionalized 2DPC hydrogels showed use for indirect 

monitoring of lactate. Lactate detection in this work relied on lactate’s conversion to pyruvate 

using the enzyme lactate dehydrogenase. Like many other enzymatic processes, LDH’s production 

of pyruvate requires the cofactor nicotinamide adenine dinucleotide (NAD). In Chapter 2, we 
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investigated interferences in lactate detection from NAD attachment to our 2DPC hydrogels during 

sensing. The presence of NAD during sensing can increase the limit of detection (LoD) by over 

200 x’s, limiting analyte detection.  

 Removal of NAD from solution before attachment to the hydrogel will significantly lower 

detection limits, however NAD removal can be a complex process248 that may impact detection of 

other small molecules within the solution. Modification of NAD using alginic acid has been shown 

to cause precipitation of NAD under acidic conditions.102-103 We hypothesize the use of NAD+ 

modified with alginic acid would enable us to precipitate out NAD during lactate detection. We 

use LDH denaturation to avoid the conversion of pyruvate back to lactate during hydrogel 

attachment. During denaturation, we lower the solution pH to < 2 which is also reported to lead to 

precipitation of the alginic acid modified NAD, eliminating additional attachment to our sensor.  

While the use of modified NAD moieties is helpful for NAD removal in buffer solutions, 

NAD is also present in biological fluids such as serum. If the concentration of our desired analyte 

is significantly low, detection may be difficult from attachment of the unmodified NAD in the 

solution. NAD imprinted polymer networks have been created using acrylamide-

acrylamidophenylboronic acid copolymers.249-250 We believe the addition of an NAD imprinted 

hydrogel after the enzymatic production of pyruvate can be used to trap and remove NAD present 

in complex solutions without causing a negative impact to sensing.  

We believe both the use of modified NAD moieties and NAD imprinted hydrogels are 

promising methods for removal of sensing interferences from the presence of NAD. Studies 

investigating their use may lead to lower sensor LoDs and allowing detection of analytes that have 

typically have concentrations <100 µM in biological fluids such as phenylalanine using its 

enzymatic conversion by phenylalanine dehydrogenase. 



 133 

5.2.2 DNA Aptamer Hydrogels: Protein Stability and Sensor Reversibility 

Our DNA aptamer hydrogels detected the protein thrombin through thrombin-aptamer 

interactions with amino acids on the protein surface. Protein-aptamer interactions are highly 

specific due to the sequence of both the protein and aptamer, along with the protein’s folded 

structure.  

Some proteins have active and inactive structures. For thrombin, one of its inactive forms, 

prothrombin (Figure 5.1), is present in blood until it undergoes activation. During activation,  

prothrombinase cleaves prothrombin into the active thrombin form and two fragments.251  Since 

there are many thrombin binding aptamers252 that are able to bind to different locations on the 

thrombin structure253, we hypothesize that by switching our DNA aptamer sequence to one that 

only binds to prothrombin, we can differentiate between active thrombin and its inactive form.  

Figure 5.1 Structural alignment comparison of human thrombin (blue) to human prothrombin (pink). PDB 

ID 3U69 and 6BJR respectively. 
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If a protein’s structure is altered in such a way that the amino acid sequence used for 

detection is no longer accessible, aptamer-protein binding will not occur. Protein structure can be 

altered due to degradation or denaturation affecting surface available amino acids.254. Denaturation 

can occur due to changes in the protein’s environment such as changes in temperature, pressure, 

pH, or the presence of certain chemicals.255 We hypothesize protein denaturation can lead to 

changes in the DNA aptamer binding site resulting in a lack of sensor response.  

We believe further characterization of our 2DPC hydrogel’s response to proteins using 

other DNA aptamer sequences can lead to monitoring protein conformation and activity.   

5.2.3 2DPC pNIPAM Hydrogel Sensor Fabrication and Hydrogel Modification 

Our pNIPAM hydrogels contain a crystalline colloidal array (CCA) which is used to 

monitor hydrogel volume changes through shifts in the CCA’s diffraction. However, CCA 

fabrication is highly sensitive to solution conditions. High ionic strength solutions inhibit 

nanoparticle self-assembly, impacting our ability to increase polymer solubility using charged 

monomers or organic solvents.  

Two-dimensional photonic crystals (2DPCs) are a single layer of hexagonally ordered 

nanoparticles instead of multilayered structures. The use of 2DPCs decouples the photonic crystal 

self-assembly from the monomer solution composition while still monitoring hydrogel volume 

changes. We hypothesize replacing our CCAs with 2DPCs will enable addition of hydroxyphenyl 

acrylate (HPA) to our pNIPAM hydrogels to increase detection of caffeine.  

Switching from pNIPAM CCAs to 2DPC pNIPAM hydrogels will allow us to fabricate 

hydrogels of different compositions more easily. Development of other pNIPAM co-polymers will 

also expand detectable analytes based on the formation of different analyte-co-polymer complexes. 
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We believe pNIPAM hydrogels show promise for sensor development based on the sensitivity of 

their LCST and further investigation should be performed.  
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Appendix A Supporting Information for Chapter 3 

Appendix A.1 Determination of Thrombin Concentration 

The concentration of thrombin stock solution was determined using a Pierce Rapid Gold 

BCA protein assay kit. The manufacturer’s protocol was followed using a BSA standard.  Samples 

were analyzed in 96-well plates in a SpectraMax M2 plate reader with absorbance at 480 nm. 

Appendix A.2 Calculating the Dissociation Constant (KD) of the Thrombin-Binding 

Aptamer 

 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑏𝑜𝑢𝑛𝑑 =
[𝑎𝑝𝑡𝑎𝑚𝑒𝑟 ∙ 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]

[𝑓𝑟𝑒𝑒 𝑎𝑝𝑡𝑎𝑚𝑒𝑟] + [𝑎𝑝𝑡𝑎𝑚𝑒𝑟 ∙ 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]
 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑏𝑜𝑢𝑛𝑑 =
1

[𝑓𝑟𝑒𝑒 𝑎𝑝𝑡𝑎𝑚𝑒𝑟]
[𝑎𝑝𝑡𝑎𝑚𝑒𝑟 ∙ 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]

+ 1
 

𝐾𝐷 =
[𝑓𝑟𝑒𝑒 𝑎𝑝𝑡𝑎𝑚𝑒𝑟][𝑓𝑟𝑒𝑒 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]

[𝑎𝑝𝑡𝑎𝑚𝑒𝑟 ∙ 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]
, 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑏𝑜𝑢𝑛𝑑 =

1

𝐾𝐷

[𝑓𝑟𝑒𝑒 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]
+ 1

 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑏𝑜𝑢𝑛𝑑 =
[𝑓𝑟𝑒𝑒 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]

𝐾𝐷 + [𝑓𝑟𝑒𝑒 𝑡ℎ𝑟𝑜𝑚𝑏𝑖𝑛]
 

Thus, when KD = [free thrombin], fractionbound = ½. Assuming fractionbound is proportional 

to the 2DPC hydrogel particle spacing, and [free thrombin] = the concentration of thrombin in 
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solution, KD can be estimated as the thrombin concentration at half the maximum 2DPC hydrogel 

particle spacing. 

Appendix A.3 Linear fit Data for Calibration Curve in Thrombin-Binding Buffer 

Appendix Table 1 Linear fit data for the calibration curve in thrombin-binding buffer 

Adjusted R-squared Slope Y-intercept 

0.9836 60.95 ± 3.93 -111.74 ± 11.10 

 

Linear fits were generated with a weighted least squares method using the software 

OriginLab. 

Appendix A.4 Linear Fit Data for Calibration Curve in Alternate Buffer 

Appendix Table 2 Linear fit data for the calibration curve in alternate buffer 

Adjusted R-squared Slope Y-intercept 

0.9663 16.88 ± 1.81 -38.47 ± 5.44 

 

Linear fits were generated with a weighted least squares method using the software 

OriginLab. 
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Appendix A.5 Linear Fit Data for Calibration Curve in Diluted Serum Buffer 

Appendix Table 3 Linear fit data for the calibration curve in adiluted serum buffer 

Adjusted R-squared Slope Y-intercept 

0.9563 84.03 ± 10.29 -184.27 ± 27.98 

 

Linear fits were generated with a weighted least squares method using the software 

OriginLab. 
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Appendix B Supporting Information for Chapter 4 

Appendix B.1 Fitting of 204 nm UVRR Spectra for Protein Structure Determination 

Spectral fitting of Mb at 204 nm is based off fitting by Cai et al.138  and can be found in 

Appendix Figure 1. Bands at ~1252, ~1300, ~1330, and ~1387 cm-1 were assigned to the amide 

III3 (AmIII3), amide III2 (AmIII2), amide III1 (AmIII1), and CαH stretching bands respectively.138, 

231 Previous work in the Asher group showed that there is a sinusoidal correlation between the 

AmIII3 frequency and the peptide backbone Ramachandran ψ angle.229-230, 256 Additionally, the 

presence or absence of the 1387 cm-1 CαH bending band is a secondary indicator of the protein’s 

structure. This vibration is coupled with the amide N-H bending vibration when the two groups 

are in physical proximity to one another. Therefore, in an α-helical conformation, such as that 

adopted by Mb, the band will be present.229  
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Appendix Figure 1 Resonance Raman spectrum of horse heart myoglobin at 204 nm excitation (black). 

Modeled bands are in blue and sum to the modeled peak fitting (red) which overlaps heavily with 

experimental data.   

 

An AmIII3 frequency of ~1260 cm-1 is indicative of an α-helical structure.230 In our spectra, 

the AmIII3 bands are downshifted slightly from this value to 1252 cm-1 as the bands in our data 

are broad, ~60 cm-1. Therefore, these UVRR results generally agree with the crystal structure data 

and we concluded that Mb has a distribution of Ramachandran ψ angles that contain the α-helical 

geometry. 

The 1 cm-1 between the AmIII3 bands of the air atmosphere and xenon atmosphere Mb 

UVRR spectra is within the ~5 cm-1 precision of our spectrometer.191 We concluded that there is 
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no difference between the two bands and, therefore, little to no difference in the secondary 

structures of the Mb with and without Xe bound. This is confirmed by comparing the crystal 

structures of Mb with and without Xe bound (Appendix Figure 2). There is very little difference 

between the two aligned crystal structures, indicating that there is little to no change in the 

secondary structure of Mb upon Xe binding.  

 

Appendix Figure 2 Crystal structures of myoglobbin with Xe bound (PDB 1J52-pink) and without Xe bound 

(PDB 1VXA- blue) 

 

The sharp band at 1563 cm-1 was assigned to an O2 stretching vibration.231 This band 

overlaps with the amide II (AmII) band, which appears as a shoulder on the low wavenumber side 

of the O2 stretching band.138, 231 When the band is modeled as a linear sum of two Lorentzian bands, 

the AmII band can be resolved. We can then assign a band at 1537 cm-1 to the AmII band.  
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The band at 1668 cm-1 is assigned to the amide I (AmI) band.231 This band predominantly 

involves C=O stretching of the amide carbonyl. It is sensitive to the hydrogen bonding and 

dielectric environment of these carbonyls.257-260 An AmI band frequency of 1660 cm-1 is indicative 

of backbone-backbone hydrogen bonding, and an AmI band frequency of 1680 cm-1 is indicative 

of backbone-water hydrogen bonding. With an AmI band frequency of 1668 cm-1 and a broad 

linewidth, we can conclude that there is a distribution of hydrogen bonding environments within 

the Mb structure, but most of these environments are made up of backbone-backbone hydrogen 

bonds. This agrees with the overall α-helical structure of Mb. We assigned the 1451 cm-1 band to 

the Arg sidechain. It arises from an overtone of the Arg side chain guanidinium CN3 out-of-plane 

bending vibration.138, 261 

Finally, the bands at 1178, 1205, 1587, 1605, and 1617 cm-1 are assigned to the Y9a/F9a, 

Y7a/F7a, F8b, Y8b/F8a, and Y8a vibrations, respectively.138, 186, 262 These are aromatic amino acid 

vibrational bands, and they are sensitive to their local environment. Additionally, the Asher group 

showed that their Raman cross sections are correlated with changes to solvation.187, 263 The signal-

to-noise ratio (S/N) of these spectra does not allow us to assign any specific features when the 

difference between Mb with and without Xe is analyzed. 
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Appendix B.2 Resonance Raman Band Assignment for Myoglobin 

 

Appendix Table 4 Summary of  204 nm excitation UVRR spectroscopic peaks monitored for myoglobin 

Frequency (cm-1) Peak Assignment Reference 

1178 Y9a/F9a 138, 186, 262 

1205 Y7a/F7a 138, 186, 262 

1252 AmIII3 
231 

1300 AmIII2 
231 

1332 AmIII1 
231 

1387 CαH Bend 138, 231 

1451 Arg CN3 Bend 138, 261 

1537 AmII 231 

1563 O2 Stretch 231 

1587 F8b 138, 186, 262 

1605 Y8b/F8a 138, 186, 262 

1617 Y8a 138, 186, 262 

1668 AmI 231 
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Appendix Table 5 Summary of  229 nm excitation UVRR spectroscopic peaks monitored for myoglobin 

Frequency (cm-1) Peak Assignment Reference 

760 W18 187, 264 

881 W17 264 

935 ClO4
-  

1014 W16 187, 264 

1179 Y9a 187, 264 

1238 W10 264 

1360 W7 187, 264 

1564 W3 187, 264 

1625 Y8a 187, 264 

 

Appendix Table 6 Summary of  405 nm excitation RR spectroscopic peaks monitored for myoglobin 

Frequency (cm-1) Peak Assignment Reference 

931 ν46 
233 

1121 ν5 
233 

1169 ν30 
233 

1369 ν4 
233 

1426 ν28 
233 

1562 ν2 
233 

1620 ν(Ca=Cb) 
233 
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Appendix B.1 129Xe NMR Chemical Shifts of Proteins 

Appendix Table 7129Xe chemical shift values for myoglobin in 80% H2O/20% D2O 

Myoglobin 

Concentration 

(mM) 

Xe Pressure (psi) Solution pH 

129Xe Chemical Shift 

(ppm) 

0.8 

5 ~7 -5194.6 

10 ~7 -5194.1 

15 ~7 -5194.5 

20 ~7 -5194.2 

25 ~7 -5194.1 

30 ~7 -5193.8 

45 ~7 -5193.6 

60 ~7 -5193.5 

90 ~7 -5193.3 

105 ~7 -5193.2 

120 ~7 -5193.1 

135 ~7 -5193.0 

150 ~7 -5192.9 

1.2 

15 ~7 -5194.0 

30 ~7 -5193.2 

60 ~7 -5192.9 

150 ~7 -5191.8 
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Appendix Table 8 129Xe chemical shift values for elastate in 80% H2O/20% D2O 

Elastase 

Concentration 

(mM) 

Xe Pressure (psi) Solution pH 

129Xe Chemical Shift 

(ppm) 

25 

60 5.5 -5194.1 

90 5.5 -5194.0 

120 5.5 -5193.9 

150 5.5 -5193.8 

72 

15 11 -5194.5 

30 11 -5194.4 

45 11 -5194.3 

60 11 -5194.2 
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