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MacConaghy, Kelsey Irene (Ph.D., Chemical and Biological Engineering) 

 

Molecular Design and Engineering of Photonic Crystal Hydrogels for Biosensing 

Applications 

 

Thesis directed by Dr. Joel L. Kaar and Dr. Mark P. Stoykovich 

 

The rise of personalized medicine, increasing threat of bioterrorism, and growing concern 

of environmental pollutants necessitates the development of alternative biosensing techniques. 

Towards this end, we investigated the utility of using chemically and structurally modified 

photonic hydrogels for optical biosensing applications. Photonic crystal hydrogels are comprised 

of a crystalline colloidal array polymerized into a stimuli-responsive hydrogel. The crystalline 

colloidal array is comprised of highly charge nanoparticles that self-assemble into a photonic 

crystal that Bragg diffracts. The hydrogel is designed to undergo a volume transition in the 

presence of a target analyte. Altering the hydrogel volume in turn alters the lattice spacing of the 

photonic crystal, causing the diffraction peak to shift. 

Initially, we explored the use of photonic hydrogels for the detection of enzymatic 

phosphorylation through the fabrication of kinase-responsive optically diffracting materials. The 

responsive nature of the hydrogel was confirmed via diffraction measurements and was seen to 

exhibit a time- and dose-dependent response. A theoretical model for swelling in ionic polymer 

networks was then utilized to elucidate the key parameters that modulate response sensitivity. 

The determined parameters were experimentally tuned and a detection limit of 0.1 U/µL was 

achieved in a 2 h reaction time. 

We then developed a photonic hydrogel approach for DNA detection. Via hybridization 

events with a complementary probe strand, we were able to detect down to picomole amounts of 

a target p53 sequence. Moreover, we demonstrated that this approach could readily detect a 
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single base pair mutation in the target strand. We further showed that this approach is sensitive to 

epigenetic changes through the detection of a fully methylated form of the target sequence. 

Lastly, we developed a high-throughput glucose- and ethanol-responsive photonic crystal 

hydrogel for monitoring microbial fermentation. A platform was developed for the fabrication of 

photonic hydrogels in 96-well plates to allow for rapid detection and the response sensitivity 

tuned through blending a thermally responsive polymer with hydrophilic and hydrophobic co-

monomers. The 96-well platform was then used as a high-throughput method to monitor both 

glucose consumption and ethanol production during fermentation growth of Saccharomyces 

cerevisiae. 
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 – INTRODUCTION CHAPTER 1

1.1 The Importance of Biological Sensing 

Detection of chemical and biological agents plays a fundamental role in a multitude of 

analytical tasks ranging in application from medical diagnostics to environmental monitoring.
1-3

 

Biosensor-related research has experienced a high rate of growth over the last 30 (Figure 1.1) 

years from approximately 20 scientific publications in 1985 to nearly 9,000 in 2015.
4
 Along with 

the increase in biosensor-related research, the commercial market for bioanalytics is also rapidly 

expanding. For example, the fields of biosensing and in vitro diagnostics are expected to reach 

market values of US$20.7 billion by 2020 and US$69.1 billion by 2017, respectively, which is a 

dramatic increase from their respective values of US$12.5 billion and US$53.3 billion in 2013.
4-6

 

Factors contributing to the great increase in bioanalytical-related research and commercial 

spending on assaying techniques include a shift towards more personalized medicine, increased 

awareness of bioterrorism, and increased demand from emerging markets for rapid diagnostics 

and treatment of infectious diseases.
7-8

  

In general, the field of bioanalytics is comprised of two main categories of 

instrumentation: (1) equipment that is highly sophisticated and capable of high-throughput 

measurements that are sensitive and accurate and (2) easy-to-use, portable devices for use by 

non-specialists. Instrumentation that falls into category (1) tend to be expensive and require 

highly trained personal, whereas instrumentation in category (2) are mass produced and directed 

towards point-of-care and personalized medicine uses, such as handheld glucose monitoring.
4, 9

 

With the increased demand for bioassaying techniques, there is great interest in developing 

sensing platforms that span the divide between highly sophisticated, sensitive instrumentation 

and easy-to-use, rapid testing.
9-10

 Such instrumentation would ideally allow for one-step, rapid 
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detection that is low-cost and capable of being used by semi-skilled operators.
11-13

 Though there 

has been rapid increase in research directed towards new sensing platforms, few technologies 

have migrated from the research phase to achieve commercial viability due to the challenges of 

developing analytical techniques that are specific, sensitive, and do not require multiple steps 

and highly specialized equipment.
10, 14

 

 

 

Figure 1.1 Number of articles found per year on Web of Knowledge for the period of 1985 to 2015 using 

the search term “biosensor.”  

1.2 Traditional Approaches to Biological Sensing 

Biosensing platforms traditionally function through the coupling of a biologically derived 

sensing element to a transducer.
2, 10

 The sensing, or recognition, element functions to provide 

selective and sensitive interaction with the target analyte. Common sensing elements include 

enzymes, nucleic acids, antibodies, and whole cells.
11

 The transducer functions to translate the 

signal from the sensing element to a measurable output. Electrochemical,
15-18

 piezoelectric,
19-22

 

and optical
23-27

 techniques are commonly used transducers in biosensing applications. Though 
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these types of transducers have been heavily researched for the past 30 years and although 

demand for new bioanalytical techniques is increasing, few of these technologies have 

progressed past the infancy of development due to the increasing rigors required for new analysis 

techniques.
28

 

With the increasing demand for new bioanalytical techniques, there is great interest in 

developing an idealized sensing platform that is capable of rapid, sensitive, and selective 

detection while still being easy-to-use and not require specialized equipment.
29

 Though recent 

advances in analytical technologies are making vast strides towards the improvement of sensing 

technologies, no current technique fulfills the role of the idealized sensing platform. For instance, 

electrochemical sensors are highly attractive because of their low detection limits, low cost, and 

ease-of-use.
30

 However, they may be prone to signal interference and low selectivity.
31

 

Piezoelectric sensors are capable of real-time, sensitive detection, but are also sensitive to 

temperature and non-specific biomolecule adsorption.
22

 Optical based sensing approaches are 

particularly appealing because they are immune to electromagnetic interference, can provide 

multiplexed detection, and, in many cases, are capable of label-free sensing. Unfortunately, 

optical approaches may also suffer from signal interference and laborious labeling processes.
32-34

 

To achieve a more idealized sensing platform, significant improvements to current technologies 

is required. Response time, sensitivity, selectivity, and the signal-to-noise ratio is heavily 

dependent upon the functional components of the detection method and, therefore, the design of 

more effective sensing platforms depends on the development of novel materials to improve both 

recognition and signal transduction.
3
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1.3 Photonic Hydrogels as Optical Transducers 

Photonic hydrogels are one such novel material and show great promise as a new 

biosensing platform. A photonic hydrogel is considered to be a structural color-based transducer 

due to the ability of the material to modulate light in the visible spectrum.
35

 Structural color-

based transducers are advantageous over traditional transducers in that they have tunable 

response ranges, are immune to interferences from biomolecule absorption (UV range), and 

enable label-free detection.
7
 The benefits of label-free detection are two-fold. First, it allows for 

the detection of analytes in their natural form thus eliminating the need for time consuming 

labeling steps
36

 and, second, the sensing element is immobilized directly to the transducer, 

enabling a faster, simpler, and more physiologically relevant detection scheme than a label-based 

counterpart.
37-38

 It is also important to note that unlike traditional optical transducers where the 

signal strength decreases with the optical path length, photonic-based transducers provide local 

optical modes which enhance the light-matter interaction, enabling such sensing platforms to be 

used for a greater variety of applications.
39

  

Photonic hydrogels are comprised of a photonic nanostructure embedded within a 

hydrogel material. The photonic nanostructure possesses spatial dielectric periodicity, enabling it 

to interact with incident light.
40

 The photonic nanostructure may be fabricated through the self-

assembly of colloidal particles, laser writing, and lithographical approaches.
41

 The hydrogel 

material may exist either in a non-functionalized, non-analyte specific state or as a functionalized 

highly selective material. Upon interaction of the hydrogel material with a target analyte, the 

hydrogel undergoes a volumetric transition, thus altering the embedded photonic structure and 

modulating the optical properties of the material.
42

 Modulation in the optical properties of the 

material is reported by changes in reflection, diffraction, refraction, surface plasmon resonance, 
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or emission.
43

 The changes in optical properties may then be analyzed spectroscopically and 

correlated to analyte concentration. Additionally, photonic hydrogels can be tuned to report color 

changes which allows for rudimentary quantification to be performed visually, without the need 

for spectroscopic equipment. Unlike many traditional biosensing approaches, photonic hydrogels 

offer the potential for reversible, real-time analyte detection, they possess tunable detection 

ranges from UV to near-infrared, and they are compatible with standard photometric devices. 

Most importantly, photonic hydrogels are advantageous over standard assay formats in that they 

do not rely on labels or electrochemical reporting and so are immune to bleaching and 

electromagnetic and fluorescent interferences.
7
 The successful development of photonic hydrogel 

sensing platforms would represent a significant improvement over many current sensing 

technologies and come a long way towards the development of an ideal sensing platform in that 

it would be rapid, selective, require little specialized training, and be compatible with mobile, 

low cost spectrophotometers. 
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 – PHOTONIC CRYSTALS AND PHOTONIC HYDROGEL SENSORS CHAPTER 2

2.1 Background of Photonic Crystals 

2.1.1 History and Definition of a Photonic Crystal 

Photonic crystals (PCs) are materials with a periodicity in dielectric constant that creates 

a range of forbidden frequencies called the photonic bandgap. Photons with energies within that 

photonic bandgap cannot propagate through the material, creating an optical phenomenon that 

can be utilized for a variety of purposes.
1-2

 If the photonic bandgap is in the range of visible light 

(i.e. ~400-700 nm), it creates vibrantly colored material. The field of photonic crystal research 

was pioneered by the work of Yablonovitch
3
 and John

4
 in 1987. Since then, photonic crystal 

materials have been intensively studied and used in the areas of optical fibers, photovoltaic 

devices, displays, sensors, and more.
5-8

 Though researchers have been studying and fabricating 

photonic crystals for a few decades, Nature has been creating and fabricating a wide variety of 

photonic materials for millions of years.
9
 For example, photonic structures can be found on many 

insects, such as butterflies, worms, and beetles, and gems, such as opal.
10-13

 

2.1.2 Structural Components of Photonic Crystals 

PC materials can possess a periodic dielectric in 1 dimension (1D), 2 dimensions (2D), or 

3 dimensions (3D) (Figure 2.1). One-dimensional PCs are comprised of either a grating of two 

materials or a multilayer stack of materials of differing dielectrics. They are only capable of 

exhibiting a photonic bandgap in one direction, meaning that the bandgap is only present when 

incident light contacts at single orientation and that the bandgap energy is not angle dependent. 

The wavelength of that bandgap is controlled by the differences in the refractive indexes and the 

periodicity of the materials. Of the three types of PCs, 1D structures are the simplest to fabricate 

using traditional lithographic and chemical etching approaches.
14-15

 In nature, these PC structures 
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are also the most commonly found and are seen in insects, bird feathers, fish, and plant leaves. 

The most well-known example of this type of PC is the brilliant blue color of the Morpho 

butterfly wing.
16

 

Compared to 1D PC structures, 2D structures generally provide for richer color.
17

 Two-

dimensional PCs are generally comprised of cylinders or pillars of one material surrounded by a 

secondary material of differing refractive index (RI). As with 1D PCs, 2D PCs only exhibit a 

local photonic bandgap. However, due to the 2D periodicity of the material, the reflectance is 

angle-dependent and strong Bragg-scattering can only be seen in certain directions.
1
 Fabrication 

of 2D PCs, is traditionally achieved through lithographical and self-assembly based 

approaches.
18

 In nature, 2D PCs are less common than 1D and not commonly used for generating 

bright colors. Rather, 2D PCs are used for antireflection to increase the efficiency of an animal’s 

vision.
19

 

Of the three structures, 3D photonic crystals provide for the richest color. They were first 

studied in the 1960s when it was realized that close-packed silica spheres, a 3D photonic 

structure, were responsible for the iridescence of opal gems.
20

 Three dimensional PCs are 

commonly fabricated through approaches that utilize self-assembly or deposition of 

nanoparticles.
21-23

 Unlike with 1D and 2D PCs, 3D PCs are capable of producing partial photonic 

bandgaps, which diffract a variety of bright colors over broad angles.
24-26

 The bandgap 

wavelength and, therefore, the diffraction wavelength for 3D PCs can be determined using 

Bragg’s Law:
27

 

𝑚𝜆 = 2𝑛𝑑𝑠𝑖𝑛𝜃      (2.1) 

where m is the order of diffraction, λ is the wavelength of diffracted light, n is the mean 

refractive index, d is the lattice spacing of the crystal, and θ is the angle between incident light 

and the diffraction plane. 
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Figure 2.1 Depiction of 1D, 2D, and 3D photonic structures. Light and dark colored segments represent 

materials of differing dielectric constant. 

2.2 Photonic Crystal Sensing Mechanism 

Through the use of Bragg’s law, the diffraction wavelength can be rationally tuned by 

altering the lattice spacing, ordered state, or the mean refractive index (RI) of the materials. 

Similarly, by coupling a stimuli-responsive mechanism to the same tuning properties (Figure 

2.2), it is possible to create sensitive PC-based sensors for a variety of chemical, environmental, 

and biological analytes (Table 2.1).
28

 Commonly, PC-based sensing platforms rely on response 

mechanisms that alter either the mean RI of the material or the lattice spacing of the system. PC-

based sensors with stimuli-responsive RI have been successfully shown to detect analyte binding 

events, such as the binding of proteins or wholes cells, and may be used in cell-based assays to 

detect cytotoxicity, apoptosis, protease excretion, and cell migration.
28-33

 These types of sensors 

are commonly comprised on 1D and 2D photonic crystals that are functionalized with a ligand to 

facilitate analyte binding. Due to the difference in RI between water (n = 1.33) and most 

biomolecules (n ~ 1.4-1.5), surface adsorption alters the mean RI of the system, causing a 

diffraction shift. RI-based sensors are sensitive and possess a sharp diffraction signals due the 

ability to create highly uniform structures with lithographical approaches. Due to the simple 

fabrication techniques, these types of sensors are also easily implemented into multiwall formats 
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for high-throughput applications, unlike many other photonic crystal based approaches. 

However, they tend to have small diffraction shifts, on the order of hundreds of picometers, 

requiring sensitive equipment and precise temperature control to ensure accurate results.
29

 In 

general, RI-based PC sensors are also fabricated using ridged materials, limiting the ability to 

tune the mechanical properties of the sensor.  

 

Figure 2.2 Schematic of parameters that may be tuned to create stimuli-responsive 3D photonic crystals. 

 

An alternative to RI-based PC sensing techniques, is the use of composite materials with 

stimuli-responsive lattice spacing. These types of materials are generally formed by embedding a 

3D photonic structure into a stimuli-responsive polymer matrix, such as a crystalline colloidal 

array (CCA) based
34-35

 or inverse opal based sensors.
36-39

 CCA based sensors utilize a 3D PC 

comprised of highly-charged nanoparticles that form a pseudo-crystalline dispersion in 

solution.
40-42

 A hydrogel network is then polymerized around the 3D photonic structure, locking 
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it into place. Subsequently, the hydrogel network is functionalized with a molecular recognition 

motif that stimulates a volume transition in the presence of an analyte. Volume transitions may 

be triggered by altering the immobilized charge state of the hydrogel, creating or breaking cross-

links, or by altering the polymer-solvent interactions.
43-45

 Due to the encapsulation of the CCA in 

the polymer network, a volume transition in the hydrogel modifies the lattice spacing of the 

particles and shifts the diffraction wavelength. By tuning the diffraction wavelength to the visible 

range, it is possible to make bright devices that change color in the presence of an analyte, 

allowing for visual detection. Because of this, composite materials with stimuli-responsive lattice 

spacing have gained significant interest for use as chemical and biological sensors and have been 

fabricated for the detection of glucose,
46-47

 ethanol,
48

 metal ions,
49-53

 creatinine,
54

 

organophosphorus compounds,
55-56

 pH and ionic strength,
57-59

 surfactants,
60

 and carbohydrates.
61

 

Such sensors are advantageous because they provide for facile detection of a large variety of 

analytes with the added benefit of not requiring specialized equipment. Not only could such 

sensors be useful for rapid detection, providing a large advantage over many other sensing 

approaches, but the ability to precisely tune the mechanical and material properties of the sensor 

allows for use in a variety of different applications from real-time monitoring of cell culture to 

detection in non-aqueous environments. Due to the large potential of CCA-hydrogel based 

sensing platforms, the remainder of this work will focus on explaining and further developing 

this analytical technique. 
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Table 2.1 Selected photonic crystal sensors, analytes, and response mechanisms 

 

2.3 Crystalline Colloidal Array Synthesis and Self-Assembly 

The highly-charged nanoparticles are typically synthesized through free-radical emulsion 

polymerization in the presence of a charged comonomer. This synthesis technique can be used to 

prepare monodispersed particles ranging in diameter from ~100 nm to 500 nm.
62

 The reaction 

includes an emulsifier, low water-soluble monomers and cross-linkers, and an initiator. The 
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surface charge and size of the particles may be tuned by varying the charged monomer 

concentration, non-charged monomer concentration, and surfactant concentration. 

Aqueous suspensions of the monodispersed, highly-charged particles self-assemble into 

ordered 3D arrays in low ionic strength environments. Self-assembly is driven through 

electrostatic repulsion of the thousands of charge groups present on the surface of the particles. 

The 3D arrays are non-close packed structures that minimize the system free energy by 

assembling into either face-centered cubic (FCC) or body-centered cubic (BCC) lattice 

structures. The self-assembled structure is dependent upon the size, surface charge, and volume 

fraction of the colloidal particles. BCC structures are typically found in low volume fractions 

(less than ~5%) and smaller particle sizes (< 100 nm), whereas FCC structures are typically 

found in higher volume fractions and larger particle sizes.
63-64

 The lattice spacing is typically 

several times the diameter of the particle and assembled structures have been found to be stable 

with particle-particle distances up to 1 µm.
65

 Lattice spacing can be rationally tuned by changing 

the particle size, surface charge, particle concentration, and ion concentration in the aqueous 

medium. By tuning the lattice spacing it is possible to achieve efficient diffraction in the near-

UV, visible, and near-IR spectral regions. 

2.4 Hydrogel-Encapsulated Crystalline Colloidal Arrays 

The self-assembly and ordering of the CCA is dependent upon the electrostatic repulsion 

between particles and can easily be disordered by the presence of ions, impurities, or through 

vibration, giving rise to a highly dynamic system. Given that many analytes of interest are 

themselves ionic or occur in ionic solutions, it is necessary to stabilize the CCA. This is achieved 

by polymerizing the nanoparticles into a hydrogel network, thereby locking the structure in place 

and forming a polymerized crystalline colloidal array (PCCA) (Figure 2.3). Fabrication of 
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PCCAs is performed by solubilizing water soluble, nonionic monomers and cross-linkers in the 

aqueous CCA solution. Commonly used chemically cross-linked monomers include acrylamides 

and their derivatives,
60-61

 (meth)acrylate and their derivatives,
66

 and physically cross-linkable 

polymers, such as poly(vinyl alcohol).
67-68

 To that solution a mixed bed ion exchange resin is 

added to remove any ionic impurities that may destabilize the pseudo-crystalline structure. The 

solution is injected into a mold and polymerization is performed by UV initiation of a free 

radical photoinitiator. 

 

Figure 2.3 Optically diffracting hydrogels functionalized with negative charge groups. Swelling and 

diffraction shift is caused by equilibration in solutions of decreasing ionic strength. 

2.5 Response Mechanism for Analyte Induced Hydrogel Volume Transitions 

The individual components of the composite nanoparticle-hydrogel material have very 

specific functions. The CCA provides the optical, or measurable, response of the sensing 

platform via Bragg diffraction. The hydrogel matrix provides the stimuli-responsive aspect of the 

device through volumetric transitions in response to a specific analyte. By combining these two 

components it is possible to develop a stimuli-responsive material with an easily visualized, 

colorimetric output. 
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2.5.3 Smart Hydrogels 

Hydrogels are cross-linked polymers capable of absorbing large volumes of water.
69

 They 

possess a wide degree of mechanical flexibility due to their water content and can be tailored for 

specific functionalities. The network properties of hydrogels are influenced by the monomers 

and cross-linkers used and are highly tunable. Over the past several decades, researchers have 

developed a variety of stimuli-responsive hydrogels, termed smart hydrogels, which are capable 

of undergoing large property changes in response to a small environmental signal.
70-71

 

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

such as pH and ionic strength,
72-74

 temperature,
75-76

 solvent conditions,
77-78

 and enzyme 

activity.
79

 Though there are a variety of polymer species available for fabricating smart 

polymers, the majority are synthesized from meth(acrylate) derivatives.
80

 The hydrogel response 

type is dependent upon the functional group of the polymer, the basic polymer repeat unit, and 

the copolymer composition.
81

 For example, hydrogels that are pH responsive contain either acid 

or base pendant groups on the polymer network that elicit a pH induced volume transition (See 

Table 2.2 for further examples). The behavior of most stimuli-responsive hydrogels can be 

understood in terms of ionic interactions, hydrophobic interactions, hydrogen bonding, and van 

der Waals interactions.
82

 Due to the immense tunability of smart hydrogels, they have found 

widespread applications in the biomedical research,
83-84

 sensor development,
85

 and drug 

delivery.
82
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Table 2.2 Select stimuli and functional group for smart hydrogel systems 

 

2.5.4 Osmotic Pressures of the Hydrogel Systems 

Volume transitions within the majority of smart hydrogel may be elicited via three 

distinct mechanisms, as presented by the Flory-Huggins theory.
86

 Within the hydrogel, the total 

Gibbs free energy (ΔGtot) is the sum of the elastic free energy (ΔGelas), the free energy of mixing 

(ΔGmix), and the ionic free energy (ΔGion): 

∆𝐺𝑡𝑜𝑡 = ∆𝐺𝑒𝑙𝑎𝑠 + ∆𝐺𝑚𝑖𝑥 + ∆𝐺𝑖𝑜𝑛   (2.2) 

Similarly to the total free energy, the total osmotic pressure (Πtot) of the system, derived by 

dividing the change in free energy by the change in hydrogel volume, is the sum of the 

component osmotic pressures: 

Π𝑡𝑜𝑡 = Π𝑒𝑙𝑎𝑠 + Π𝑚𝑖𝑥 + Π𝑖𝑜𝑛    (2.3) 

At equilibrium the total osmotic pressure of the system sums to zero. Thus, analyte derived 

changes to any of the three free energies results in a change in osmotic pressure and a volume 

transition within the hydrogel, resulting in a visible color change of the composite material that 

can be correlated to analyte concentration. 
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2.5.5 Elastic Free Energy 

The osmotic pressure due to the elastic free energy of the system is dependent upon the 

cross-link density (ve), system temperature (T), the unstrained volume of the hydrogel (Vm), and 

the equilibrated hydrogel volume (V): 

Π𝐸 = −
1

2
𝑅𝑇𝑣𝑒 (

𝑉𝑚

𝑉
)

1 3⁄

    (2.4) 

The main sources of change to the osmotic pressure of the elastic free energy are due to altering 

the cross-link density which may be achieved through making or breaking polymer or ionic 

bonds or through the formation of supramolecular complexes.
87-88

 An increase in cross-link 

density increases the elastic restoring force of the system and, thus, acts to reduce the hydrogel 

volume. Conversely, decreasing the elastic restoring force reduces the energetic penalty for 

swelling, resulting in a larger hydrogel volume. Sensing mechanisms that rely on altering cross-

link density are desirable because the response is less dependent upon solution conditions such as 

ionic strength and pH. 

2.5.6 Free Energy of Mixing 

As with the osmotic pressure due to the elastic free energy, the osmotic pressure due to 

the free energy of mixing is dependent upon the system temperature and the equilibrium polymer 

volume. Along with those parameters, the osmotic pressure due to the free energy of mixing is 

also dependent upon the molar solvent volume (Vs), the dry hydrogel volume (Vo), and the Flory-

Huggins interaction parameter (χ): 

Π𝑀 = −
𝑅𝑇

𝑉𝑠
[𝑙𝑛 (1 −

𝑉𝑜

𝑉
) +

𝑉𝑜

𝑉
+ 𝜒 (

𝑉𝑜

𝑉
)

2

]   (2.5) 

The predominant method for altering the osmotic pressure of the free energy of mixing is to alter 

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

the thermodynamic preference of the polymer to interact with itself relative to interacting with 
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the solvent. Altering the Flory-Huggins interaction parameter may be achieved through changing 

the composition and structure of the polymer or by changing the solvent environment. For 

example, polymer-solvent systems with large interaction parameters indicate a greater dislike of 

the polymer for the solvent and a preference for the polymer network to exclude solvent and, 

thus, contract. The opposite is also true, polymer-solvent systems with smaller interaction 

parameters will tend to favor mixing and, therefore, an increased equilibrium volume. Although 

altering the interaction parameter can have a powerful effect on the equilibrium volume of the 

hydrogel and can be used to increase the sensitivity of the polymer system to a given analyte, it 

is also a potential source of interference due to solution conditions such as ionic strength, 

temperature, and system impurities potentially altering the value of the parameter.
89-90

 

2.5.7 Ionic Free Energy 

The osmotic pressure due to the ionic free energy is predominantly dependent upon the 

concentration gradient of mobile ion inside the hydrogel (cx) to the surrounding environment 

(𝑐𝑥
∗): 

Π𝑖𝑜𝑛 = 𝑅𝑇 ∑(𝑐𝑥 − 𝑐𝑥
∗)    (1) 

The magnitude of the concentration gradient, and therefore the osmotic pressure due to the ionic 

free energy, is dependent upon the concentration of immobilized ions inside the hydrogel.
91

 The 

presence of immobilized ions inside the hydrogel creates a local ion concentration which is 

greater than the ion concentration of the surrounding solution, thus creating an ion gradient and 

electrical potential called a Donnan potential.
86

 This Donnan potential results in an osmotic 

pressure differential between the interior and exterior of the hydrogel and causes solvent and 

counterions to rush into the hydrogel, increasing the hydrogel volume and neutralizing the 

charges. The Donnan potential may be attenuated by altering the ionic strength of the solution. 
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For example, at high ionic strengths the magnitude of the concentration gradient is greatly 

reduced and the osmotic pressure due to the ionic free energy goes to zero. Thus, a hydrogel 

response that is dependent upon the Donnan potential is only feasible when the ionic strength of 

the solution is low and the ionic strength and pH are well controlled. 
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 – OBJECTIVE AND SPECIFIC AIMS CHAPTER 3

3.1 Objective 

The overall objective of this research was to investigate the utility of using chemically 

and structurally modified photonic crystal hydrogels for the optical detection of enzyme activity, 

nucleic acids, and monitoring microbial fermentation. The first aim of this work was to 

demonstrate that CCA-based PC sensors are capable of label-free detection of kinase activity 

through altering the immobilized charge state of the hydrogel backbone. The natural evolution to 

the first aim was to then investigate the material and solution properties that influence the 

response of the CCA-based PC sensor to kinase activity. Due to the significant influence of 

solution ionic strength and immobilized charge concentration, it was then of interest to 

demonstrate the ability of CCA-based PC sensors for the detection of DNA hybridization events. 

Lastly, a temperature sensitive CCA-based PC sensor was developed for the detection of 

hydrophobic solvents and small molecules with the goal of monitoring microbial fermentation. 

Completion of these aims serves to increase the understanding of the capability of these materials 

as a biological sensing platform. 

3.2 Specific Aims 

3.2.1 Aim 1 – Development of a CCA-based PC sensor for the detection of kinase 

activity 

Detection of post-translational modifications is an area of interest for the study of cellular 

mechanisms and disease pathways and for drug discovery. There are a variety of enzyme 

families that catalyze post-translational modifications and, of these, kinases are one of the most 

important and well understood. To develop a CCA-based PC sensing platform capable of 

detecting kinase activity we have: 1) fabricated a kinase-responsive optically diffracting 



26 

 

hydrogel through functionalization with a charged peptide substrate, 2) demonstrated the sensor 

response to enzyme activity both as a function of enzyme dose and reaction time, and 3) 

successfully used the sensing platform to detect a small molecule kinase inhibitor. 

3.2.2 Aim 2 – Investigation of the material properties that influence sensor response to 

kinase activity. 

The effectiveness of an assay is determined by the sensitivity and selectivity of the 

sensing platform. Sensor selectivity may be modulated through the analyte recognition 

mechanism and is largely determined by the selectivity of the catalytic domain of the enzyme. 

Response sensitivity is largely determined by the material properties of the sensor. To understand 

the factors that affect the sensitivity of the CCA-based PC sensing platform we implemented a 

theoretical model of the response based on Flory’s description of swelling in polymer networks. 

Using the model, we modulated parameters such as charge density, Flory-Huggins interaction 

parameter, and the cross-link density of the materials to determine which properties may be 

rationally tuned to improve sensor response. Additionally, we experimentally altered and tuned 

the materials properties of the hydrogel and implemented the improved sensing platform for the 

detection of phosphorylation events in cell lysate. 

3.2.3 Aim 3 – Demonstrate the utility of CCA-based PC sensors for the detection of 

DNA hybridization events. 

Due to the sensitivity of the CCA-based PC sensor for the detection of changes in 

immobilized charge it was of interest to extend this sensing approach from sensing post-

translational modifications to sensing binding of biomolecules. One binding event of particular 

interest is DNA hybridization. Development of a CCA-based PC sensing platform for the 

detection of DNA hybridization was achieved through the fabrication of a DNA-responsive 

optically diffracting hydrogel. The response of the DNA-responsive hydrogels was then 

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

mismatch target, and a methylated perfect match target. 

3.2.4 Aim 4 – Development of a temperature sensitive CCA-based PC sensor for the 

detection of hydrophobic solvents and small molecules with the goal of high-

throughput monitoring of microbial fermentation. 

Engineering of microbial strains for the improved production of alcohols and other usable 

byproduct is of interest for use in renewable energy. Consequently, we developed a high-

throughput platform for monitoring microbial fermentation. This platform was developed by 

fabricating thermal-responsive optically diffracting hydrogels in a 96-well plate format. We then 

investigated the sensitivity of the platform to ethanol and glucose as a function of both lower 

critical solution temperature (LCST) and measurement temperature. Lastly, we cultured wild-

type (WT) Saccharomyces cerevisiae and used the sensing platform to monitor the depletion of 

glucose as a function of time along with an endpoint measurement of ethanol, the main 

fermentation product. 
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 – PHOTONIC CRYSTAL KINASE BIOSENSOR CHAPTER 4

4.1 Introduction 

Protein kinases are a critical family of enzymes that modulate virtually all cellular 

processes, including differentiation, proliferation, motility, and apoptosis, and thus cell 

function.
1,2

 Modulation of cell function by kinases is the result of the phosphorylation of target 

protein substrates that are involved in intracellular signaling pathways. At the molecular level, 

the phosphorylation of protein substrates provides a mechanism by which target proteins may be 

activated or deactivated. The resulting activation or deactivation of target proteins can, in turn, 

lead to aberrant signal transduction if levels of kinase activity are altered, as is the case in many 

disease states. Due to their central role in signal transduction, kinases have been implicated in a 

myriad of diseases, making kinases among the most important targets for therapeutic molecules.
3 

Despite the importance of kinases as potential drug targets, robust, high-throughput 

screening methods for kinase inhibitors and activators are sorely lacking. Kinases are inherently 

difficult to assay due to the lack of measurable signal (i.e., pH or color change) upon protein 

phosphorylation. Conventional biochemical methods to assay kinase activity nearly all use 

radiolabeled or fluorescent substrates or phospho-specific antibodies.
4-6

 Such methods, while 

sensitive, require expensive reagents and frequently involve multiple steps. Notably, phospho-

specific antibodies are also challenging to generate and of limited availability for phosphoserine 

and -threonine residues.
7
 Additionally, fluorescent methods, which are widely based on 

quenching, polarization, or resonance energy transfer, are prone to signal interference by small 

molecules that may fluoresce or quench fluorescent signals. Kinase screening efforts may 

alternatively rely on biophysical binding techniques such as NMR,
8
 surface plasmon resonance,

9
 

differential scanning fluorimetry (i.e., thermal shift assay),
10

 and quartz crystal microbalance,
11
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although traditional binding assays are limited in their ability to measure changes in catalytic 

activity. More recently, screening methods based on improved mass spectroscopy techniques,
12

 

computational approaches,
13,14

 and label-free nanoparticle aggregation assays
15-18

 have been 

reported. Ultimately, the development of high-throughput kinase screening platforms would 

greatly facilitate the discovery of potential drug candidates as well as probes for studying cellular 

mechanisms involved in disease and, moreover, kinase profiling. 

Here, we present a novel photonic crystal biosensor for the optical detection of peptide 

phosphorylation and, thus, kinase activity. The biosensor is composed of a crystalline colloidal 

array (CCA) polymerized into a hydrogel matrix. The photonic crystal, shown in Scheme, 

consists of negatively charged, vinyl-functionalized polystyrene particles that self-assemble into 

a pseudocrystal structure that diffracts light in the visible spectrum. Once polymerized, the 

hydrogel is functionalized with a kinase recognition sequence that is subject to phosphorylation, 

which alters the electrostatic environment within the hydrogel. The resulting change in the 

electrostatics induces a Donnan potential that causes the hydrogel to swell and, in turn, the lattice 

spacing of the CCA to increase and the wavelength of peak diffraction to red shift. Such an 

optical response can be monitored spectrophotometrically, after rinsing of mobile ions, to readily 

quantify the effect of kinase inhibitors and activators on phosphorylation activity. Incorporation 

of photonic crystals into swellable polymer networks has been reported previously for detecting 

pH changes and charged species, including small molecules and metal ions.
19-22

 Importantly for 

biosensing applications, because the CCAs developed here diffract light at visible wavelengths 

(≥400 nm), the adsorption of light by small molecules, which typically adsorb light in the UV 

range, will not interfere with the CCA signal. Additionally, because the sensing platform is 
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reagentless, kinase activity may be screened without exogenous labels or components, 

representing a significant advantage over conventional kinase assay methods. 

4.2 Experimental Methods 

4.2.1 Peptide Synthesis and Purification 

LRRASLG was synthesized by standard solid-phase peptide synthesis methods. 

Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids, MBHA Rink amide resin, and (2-

(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were 

purchased from Chem-Impex International, Inc. Solvents (ACS grade) were purchased from 

Fisher Scientific and used as received without further purification. Manual solid-phase synthesis 

was performed under constant agitation at room temperature. Prior to each amino acid coupling 

step, a solution of 20 vol% piperidine in DMF was used for Fmoc deprotection of the N-terminal 

amine of the peptide. The amino acid to be coupled was pre-activated with HBTU and N,N-

diisopropylethylamine (DIPEA) in DMF (4 mol eq. amino acid : 3.96 mol eq. HBTU : 6 mol eq. 

DIPEA) before being added to the reaction vessel. After addition of the final amino acid, the 

final N-terminus Fmoc group was removed and the peptide was cleaved from the resin through 

agitation in a solution of trifluoroacetic acid (TFA), water, and triisopropylsilane (95 vol eq.: 2.5 

vol eq.: 2.5 vol eq.). The peptide was recovered by precipitation in ethyl ether and dried. Peptide 

was subsequently resuspended in water and 0.1 vol% TFA to a final concentration of 2 mg/mL 

and filtered prior to HPLC purification. The product was purified by reverse-phase HPLC 

(Agilent 1100) using a Phenomenex Jupiter column (stationary phase: 10 µm, dC12) and linear 

gradient of 0% to 95% acetonitrile in water (HPLC grade), both with 0.1 vol% TFA. After 

purification, the peptide product was rotary evaporated to remove excess solvents and 

lyophilized. The mass and purity of the LRRASLG product were verified using matrix-assisted 
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laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF, ABI Voyager-DE 

STR) at the University of Colorado Mass Spectrometry Central Analytical Lab. For control 

experiments using phosphorylated peptide, crude LRRApSLG was purchased from GenScript, 

Inc. and purified by HPLC following the same procedure as for non-phosphorylated LRRASLG. 

4.2.2 Synthesis of Colloidal Suspensions of PS Spheres 

Monodisperse, negatively-charged polystyrene (PS) spheres were synthesized by 

emulsion polymerization as described elsewhere.
23

 The colloidal suspension of PS spheres 

utilized for the presented experiments contained 110 nm diameter PS particles with a 

polydispersity of ~4% at a concentration of ~11 wt% in water (Figure 4.1). Particles were stored 

with BioRad mixed bed resin (AG 501-X8) to remove ion impurities from the synthesis and to 

stabilize the colloidal suspension. The particle diameter and polydispersity were determined by 

dynamic light scattering measurements (Titan DynaPro with the Dyna V6.3.4 software package). 

Zeta potential was measured using a Malvern Zetasizer Nano ZS. 

 

Figure 4.1 Dynamic light scattering data of PS particles with 110 nm diameter and a polydispersity of 

~4%. 
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4.2.3 Polymerization of Hydrogel 

Hydrogels were synthesized by free radical polymerization using Irgacure 2959 (BASF) 

as the photoinitiator. Solutions containing 0.1 g acrylamide monomer, 2.5 mg N,N,`-

methylenebisacrylamide, and 1.5 g of the suspension of colloidal PS spheres were shaken with 

0.1 g of ion exchange resin (BioRad AG 501-X8). The solution was centrifuged to remove resin 

and photoinitiator (at 10 wt% in DMSO) was added to an overall final concentration of 0.05 

wt%. The solution was then injected into a cell composed of a vinyl support film (BioRad) and 2 

clean microscope slides separated by a 126.4±0.7 µm parafilm spacer. Photopolymerization was 

performed by flood exposure of the sample to 365 nm light from a UV mercury lamp at an 

irradiance of 15 mW/cm
2
 for 1 h. Films were rinsed and equilibrated with ultrapure water. 

4.2.4 Peptide Functionalization of Hydrogel 

The polyacrylamide hydrogel backbone was hydrolyzed for 4 h at room temperature 

using a solution of 10 vol% N,N,N’,N’-tetramethylethylenediamine (TEMED) in a 0.1 M 

aqueous solution of NaOH. After extensive rinsing, the hydrogel was submerged in a 0.1 M MES 

buffer at pH 5 containing 0.1 M NaCl, 30 mM 1-ethyl-3-[d-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC), and 50 mM N-hydroxysulfosuccinimide (Sulfo-NHS) for 20 min at 4 °C.
24

 

The solution was then exchanged for a 0.1 M sodium phosphate buffer at pH 7.5 with 0.1 M 

NaCl and 100 mM LRRASLG or LRRApSLG, and allowed to react for 16 h at room 

temperature. Peptide loading in the hydrogel was increased by repeating the EDC/NHS and 

peptide treatments for a total of 4 reaction cycles. Functionalized samples were thoroughly rinsed 

with and stored in sodium phosphate buffer at 4 °C. 
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4.2.5 Kinase Treatment 

The hydrogel-encapsulated crystalline colloidal arrays were immersed in 50 mM tris-HCl 

buffer with 10 mM MgCl2 and 1 mM ATP. The catalytic subunit of protein kinase A (New 

England Biolabs) was added in varying concentrations (0 – 25 U/μL) and incubated at 30 °C for 

varying times (0 – 8 h). The phosphorylation reaction was stopped by inactivating the kinase via 

submerging the samples in water at 65 °C for 20 min. For experiments in the presence of 

inhibitor, PKA was pre-incubated for 10 min at 30 °C in 50 mM tris-HCl buffer with 10 mM 

MgCl2, 100 µM ATP, and varying concentrations of H-89 inhibitor (Cell Signaling 

Technologies, 0.1 nM– 100 µM). The CCA biosensors were incubated in the enzyme-inhibitor 

solution for 3 h at 30 °C and then the kinase was inactivated as described above. 

4.2.6 Phosphatase Treatment 

The hydrogel-encapsulated crystalline colloidal arrays were immersed in 50 mM bis-tris-

propane HCl, at pH 6.0, with 1 mM MgCl2 and 0.1 mM ZnCl2. Antarctic phosphatase (New 

England Biolabs) was added at 0.1 U/µL and incubated at 37 °C for 16 h. The dephosphorylation 

reaction was stopped by inactivating the phosphatase via submerging the samples in water at 70 

°C for 5 min. 

4.2.7 Characterization of Immobilized Charge by Hydrogel Staining 

Hydrogel staining was performed using toluidine blue O (Sigma-Aldrich) to stain for 

negative charges
25

 and acid orange 7 (Sigma-Aldrich) to stain for positive charges.
26

 Samples 

were stained with toluidine blue O by rinsing thoroughly with a 0.1 mM NaOH solution and 

incubating with 0.5 mM stain in 0.1 mM NaOH for 3 h at 25 °C. Samples were rinsed three 

times with the 0.1 mM NaOH solution and the dye adsorbed to the hydrogel was extracted by 

incubating at room temperature with a 50 vol% aqueous acetic acid solution for 15 min. 
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Absorbance measurements were taken at 633 nm and the dye concentration in the extracted 

solution was calculated using an absorptivity of ε = 7x104 cm-1 M-1
. Samples were stained with 

acid orange 7 by rinsing thoroughly with a 1 mM HCl solution and incubating with 0.5 mM stain 

in 1 mM HCl for 3 h at 25 °C. Samples were rinsed three times with the 1 mM HCl solution and 

dye adsorbed into the hydrogel was extracted by incubating at room temperature with a 30 vol% 

aqueous ethanolamine solution for 20 min. Absorbance measurements were taken at 468 nm and 

the dye concentration in the extracted solution was calculated using an absorptivity of ε = 1.6x104 

cm-1 M-1
. 

4.2.8 Diffraction Measurements 

Optical diffraction from the hydrogel-encapsulated CCA was measured with an Ocean 

Optics USB-4000 fiber-optic spectrophotometer operating in reflectance mode (angle of 

incidence of 15° from the sample surface normal). Spectra were collected across the UV-visible 

range (375 - 850 nm). Samples were thoroughly rinsed with ultrapure water to remove all mobile 

ions and to achieve an equilibrium extent of hydrogel swelling before each optical measurement 

was performed. 

4.3 Results and Discussion 

Optically diffracting hydrogel thin films (126.4 ± 0.7 μm thick) were fabricated on vinyl-

functionalized plastic substrates via the process outlined in Figure 4.2. Specifically, acrylamide 

was photopolymerized in the presence of a colloidal suspension of charged, vinyl-functionalized 

polystyrene (PS) latex spheres (10–12% w/w), resulting in the cross-linking of a stable CCA 

within the hydrogel network.  
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Figure 4.2 Fabrication of a kinase responsive CCA biosensor. 

 

The negatively charged polystyrene particles were synthesized by emulsion 

polymerization in water using surfactants to stabilize the initial micelle formation and the 

polymer particles that were formed.
27, 28

 Dynamic light scattering (Figure 4.1) and scanning 

electron microscopy were used to characterize the resulting spheres, which were found to pack 

into a dense array in thin films (see the scanning electron micrograph in Figure 4.2 as well as to 

be monodisperse in size with a diameter of 110 ± 2 nm. In solution, the formation of the CCA is 

the result of the electrostatic forces between negatively charged sulfonate groups (zeta potential 

of −33 ± −2 mV) on the surface of the polystyrene particles. Electrostatic repulsion between the 

particles causes them to adopt a face-centered cubic lattice structure that has the lowest 

configurational energy. The crystal structure and thus volume of the hydrogel dictates the 

diffraction spectrum of the CCA sensor through Bragg’s law.
29

 Figure 4.3 shows example 

diffraction spectra of hydrogel-encapsulated CCAs as a function of immobilized carboxylate 

groups, the concentration of which was controlled by varying the hydrolysis time. Reflectance 

spectroscopy is used to quantify the wavelength of peak diffraction, although distinct changes in 

film color can also be observed by eye. The photograph corresponding to a total negative-charge 
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concentration of 25 mM appears almost black due to excessive swelling of the hydrogel, which 

causes the hydrogel to diffract at wavelengths beyond the visible spectrum. 

 

Figure 4.3 Redshift in peak optical reflectance of hydrogel-encapsulated CCAs with increasing 

concentrations of immobilized negatively charged groups (at pH 5.5). The inset images (~5x5 mm
2
) show 

visual color changes of the hydrogels. The total concentrations of negative charge from 5 to 25 mM, as 

indicated above each image, were measured by colorimetric staining. 

 

Upon preparation of the CCA-containing hydrogel, the hydrogel was functionalized with 

a peptide substrate (LRRASLG) for protein kinase A (PKA). The target LRRASLG peptide 

contains two positively charged arginine residues and has a net positive charge of +0.5 at neutral 

pH after phosphorylation of the serine. Briefly, peptide functionalization was enabled by 

converting free amide groups in the hydrogel to carboxylate groups through base hydrolysis. A 

two-step EDC/NHS reaction was subsequently used to form an amide linkage between the 

carboxylates in the hydrogel and the N-terminus amine of the peptide substrate. The 

functionalization reaction was performed in a high ionic strength environment to shield the 

immobilized negative charges, thus preventing excessive swelling and mechanical failure (i.e., 

delamination, fracturing, or wrinkling) of the hydrogel. Each step of the fabrication process was 

confirmed by diffraction measurements and the extent of reaction was quantified by staining for 
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immobilized charges. Prior to measuring optical diffraction, the hydrogels were rinsed 

extensively to remove free, mobile ions, which would interfere with the sensor’s response. By 

rinsing the sensor, the structure and response of the CCA is dependent only on the immobilized 

charges. To stain the hydrogels for negative and positive charges, the gel was reacted with 

toluidine blue O and acid orange 7, respectively, as reported previously.
30, 31

 The hydrogels were 

incubated in aqueous solutions containing each stain for 3 h to allow for complete dye 

adsorption, after which the hydrogels were rinsed to remove any loosely adsorbed dye. 

Following rinsing, the bound dye was extracted via treatment with a strong acid or base and 

quantified by UV–vis absorbance. For determination of immobilized charge concentrations in the 

hydrogel, the ratio of dye to immobilized charge was assumed to be 1:1. 

The immobilized charge concentration in the hydrogel-encapsulated CCAs is shown in 

Figure 4.4, as quantified by charge staining, following the polymerization, hydrolysis, and 

peptide functionalization steps. Charge concentration was determined on a per unit volume basis 

of the unswollen hydrogel. The hydrogels had an initial wavelength of peak diffraction of 500 

nm and a concentration of negative charge of 5 mM, which was due to the presence of the PS 

spheres. Hydrolysis increased the amount of negative charge immobilized in the hydrogel by 7-

fold, although this represents a low overall conversion (<1 mol %) of the available amide groups 

to carboxylates. The larger concentration of immobilized charge increases the Donnan potential, 

causing the hydrogel to swell and the wavelength of peak diffraction to red shift to >800 nm. 

Functionalizing the hydrogel with LRRASLG reduced the concentration of negative charges, due 

to reactive coupling through the carboxylate groups, and increased the concentration of positive 

charges due to the two arginine residues (with pKa’s of 12.48) present in the peptide. Based on 

the charge concentration and an overall mole balance, the concentration of peptide immobilized 
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in the hydrogel was calculated to be ∼10 mM (See Appendix B.1 for details). The reduction in 

negative charge was more significant than that expected based on the corresponding increase in 

the concentration of positive charge. Peptide functionalization also caused a dramatic blue shift 

in the optical response to a wavelength of peak diffraction of 495 nm, which was less than that of 

the initial CCA. Likely these observed effects were due to the formation of ionic cross-links 

between positive and negative charges in the hydrogel, which reduced the concentrations of free 

charges and increased gel stiffness, resulting in less swelling. Potential cross-linking of 

immobilized charges was accounted for in the estimation of immobilized peptide concentration. 

In comparison, unhydrolyzed samples and samples without peptide showed no change in charge 

concentration. 

 

Figure 4.4 Concentration of immobilized charge in kinase responsive CCA-containing hydrogels 

characterized by colorimetric staining. The blue and red bars represent negative (-) and positive (+) 

charge concentrations, respectively. The positive charge concentrations in the CCA-containing hydrogel 

and the hydrolyzed hydrogel were determined to be negligible within error. Error bars represent ±1σ, as 

measured for the first three steps for 30 samples. The PKA treatment was performed at a concentration of 

16 U/µL and 8 h and is reported for 3 independent samples. 
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The screening and quantification of kinase activity using the photonic crystal biosensor 

was demonstrated as a function of phosphorylation reaction time and enzyme concentration. 

Time course measurements (Figure 4.5a) were performed by incubating the biosensor at 30 °C 

in 0.5 mL of reaction buffer (50 mM Tris-HCl, pH 7.5, with 10 mM MgCl2 and 1 mM ATP) with 

16 U/μL of PKA. The reaction was quenched by heating the biosensor at 65 °C for 20 min to 

denature the enzyme. The biosensor was then thoroughly rinsed in water to remove any excess 

reactants or mobile ions that may reduce the extent of swelling. The red shift in the wavelength 

of peak diffraction is reported, representing the difference in Bragg diffraction between post- and 

pre-PKA treatment (see Appendix B, Figure B.2 for raw spectra). The red shift in the 

wavelength of peak diffraction due to the increase in immobilized negative charge was detected 

in as short as 30 min and increased with reaction times from 0 to 4 h, whereas after 4 h a plateau 

in sensor response was observed. Control samples prepared with phosphorylated LRRASLG 

(LRRApSLG) indicated that a red shift in peak diffraction of 100 nm corresponded to 30% 

phosphorylation (Appendix B, Figure B.1). Based on this, the response of the sensor in the time 

course plot is presumably limited by the extent of phosphorylation of the immobilized peptide. 

Limitations in phosphorylation may result from the loss of PKA activity from enzyme instability 

as well as partial inaccessibility of the immobilized peptide. Inamori et al.
32

 previously observed 

that phosphorylation of LRRASLG tethered to gold surfaces by PKA was limited to ∼20 mol % 

of that in solution. Moreover, while it is also plausible that this plateau may result from 

diffusional limitations, this is unlikely based on previous literature that has shown that proteins 

of similar size were able to diffuse 50 μm into CCA-impregnated hydrogels within 20 min, 

which is much deeper than the optically active region of the film being probed here.
33, 34

 

Additionally, a dose response curve, showing red shift in peak diffraction as a function of PKA 
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concentration, is shown in Figure 4.5b. Phosphorylation of the peptide by PKA can also be 

detected by staining as a small increase in the immobilized negative charge concentration 

(Figure 4.4, PKA treated samples). However, this response is significantly weaker than that 

measured optically, indicating the higher sensitivity of the CCA's optical response as compared 

to that of the charge staining assay. Control samples (not shown) for both the time course and 

dose response data were incubated in the presence of PKA, but without ATP. Time course 

controls were incubated for 8 h (also with 16 U/μL enzyme), and dose response controls were 

incubated with 25 U/μL enzyme (also for 2 h). Both sets of controls showed a shift in the 

wavelength of peak diffraction of <1 nm upon enzyme treatment, confirming that the apparent 

response was due solely to phosphorylation. Moreover, the sensor showed no change in response 

in the presence of exogenous charged molecules, indicating that there is no interference from 

such molecules (Appendix B, Figure B.3). 

 

Figure 4.5 Redshift in the wavelength of peak diffraction as a function of (a) time upon treatment with 10 

U/µL of PKA and (b) PKA concentration for 2 h treatments. The solid black curves represent model 

predictions over the range fitted, and the dashed curves are extrapolations from the model. Error bars 

represent ±1σ from the mean for 3 independent samples. 
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To demonstrate the utility of the CCA sensor to screen for kinase inhibitors, the sensor 

response to PKA activity in the presence of the small molecule kinase inhibitor H-89 was 

measured (Figure 4.6). The small molecule inhibitor H-89 competitively inhibits PKA by 

binding to the ATP binding cleft.
35

 The activity of PKA in the presence of H-89 was measured 

by preincubating 16 U/μL of PKA with 0.1 nM–100 μM H-89 for 10 min in reaction buffer (50 

mM Tris-HCl, pH 7.5, 10 mM MgCl2, 100 μM ATP). Following incubation of PKA with H-89, 

the CCA sensor was immersed in the reaction solution for 3 h at 30 °C after which residual PKA 

activity was quenched as above and the system was rinsed with water. As expected, increasing 

the concentration of H-89 decreased the red shift in peak diffraction, which is attributed to 

decreasing PKA activity. Notably, the IC50 value of H-89 was determined to be 68 nM, which is 

in agreement with previously reported literature values. 

 

Figure 4.6 Sensitivity of kinase responsive CCA sensor to PKA inhibition by H-89 (inset structure). 

Inhibition of PKA by H-89 was measured with varying inhibitor concentrations (0-10
5
 nM) and 16 U/µL 

of PKA. Hydrogel-encapsulated CCAs were incubated with the enzyme and inhibitor for 3 h at 30 °C. 

Error bars represent ±1σ from the mean for 3 independent samples. 
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The optical response of CCAs encapsulated in the kinase responsive hydrogel is 

dependent on not only the kinase activity but also (i) the material properties of the hydrogel, (ii) 

the immobilized charge distribution in the hydrogel, and (iii) the ionic character of the 

surrounding environment. A model of swelling in ionic polymer networks elucidates these 

dependencies and was used to fit the time course and dose response data in Figure 4.5 (solid 

curves, for derivation see Appendix A). The model predictions fit the experimental data well and 

allow for quantification of the extent of phosphorylation and enzyme kinetics including kcat from 

the optical response (Appendix B, Figure B.4). Deviation of the time course data from the 

model predictions at long incubation times (8 h) may be, as suggested previously, due in part to 

the loss in PKA activity over time or peptide inaccessibility. By elucidating the critical 

parameters that are associated with the diffraction of the biosensor in response to kinase activity, 

the model ultimately may be used to improve the sensitivity of the sensor and thus reduce the 

detection limit and permit shorter reaction times. For example, the model predicts that increased 

sensitivity may be achieved by increasing the concentration of accessible peptide, eliminating 

extraneous charges immobilized in the hydrogel (e.g., unreacted carboxylate functionalities), or 

by lowering the elastic restoring force upon swelling by reducing Young’s modulus of the gel 

(i.e., cross-linking density). Excess negative charges in the polymer backbone may be eliminated 

by linking the peptide through chemistries that do not require hydrolysis of the hydrogel (e.g., 

click reactions). Furthermore, although diffusional limitations do not affect the response of the 

sensor toward PKA, such limitations, which impact sensor response, with larger enzymes or 

proteins may be reduced by altering cross-linking density. 
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4.4 Conclusion 

In summary, novel photonic crystal-containing polymer hydrogels that are responsive to 

peptide phosphorylation were developed for assaying kinase activity. Such hydrogels may be 

used as a sensing platform to identify kinase inhibitors or activators of kinase pathways, as well 

as for assaying kinase selectivity. The lack of exogenous fluorescent reagents or labels, 

furthermore, enhances the potential utility of the hydrogels for high-throughput screening, which 

may be enabled through preparation of the hydrogels in a multiplex format. Though the photonic 

crystal biosensor was specifically developed for screening purified kinases, washing and 

detection in pure water will allow for assaying biologically complex samples as well. We have 

also demonstrated that the sensor can be used to detect the reverse (i.e., dephosphorylation) 

reaction, involving the removal of immobilized negative charges, by phosphatases (Appendix B, 

Figure B.5). More broadly, such hydrogels may be used to assay the activity of other enzymes 

that catalyze post-translational modifications that alter substrate charge (e.g., sulfonation, 

acetylation, carboxylation, or amidation), thus providing a platform to screen a broad spectrum 

of protein or biomolecule modifications. 
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 – OPTICALLY DIFFRACTING HYDROGELS FOR SCREENING KINASE CHAPTER 5

ACTIVITY IN VITRO AND IN CELL LYSATE: IMPACT OF MATERIAL AND 

SOLUTION PROPERTIES 

5.1 Introduction 

Optically diffracting and responsive materials based on the polymerization of photonic 

crystals within hydrogels have considerable utility as label-free chemical sensors.
1-5

 As chemical 

sensors, these materials provide a platform by which the presence of an analyte is detectable via 

changes in the hydrogel volume. The resulting change in hydrogel volume alters the lattice 

spacing and, in turn, the apparent diffraction spectrum of the embedded photonic crystal. This 

modulation in spectrum can be readily detected via reflectance spectroscopy and, depending on 

the characteristic dimensions of the crystal, as a color change at visible wavelengths that can 

qualitatively be ascertained by eye. A volume change in the hydrogel may be coupled to 

molecular recognition of the analyte through the conjugation of a ligand that is selective for the 

analyte within the hydrogel network. Such materials have previously been reported for the 

detection of various small molecules, including glucose,
6-8

 ammonia,
9
 surfactants,

10
 creatinine,

11
 

and parathion,
12, 13

 as well as metal ions,
14-18

 including Cu
2+

, Co
2+

, Ni
2+

, Zn
2+

, Hg
2+

, and Pb
2+

. 

This sensing approach has also been demonstrated in the context of measuring changes in 

solution pH.
19-21 

We have recently extended this sensing approach to the detection of enzyme activity 

while developing a novel sensor for kinases.
22

 The sensor is comprised of a hydrogel-

encapsulated crystalline colloidal array (CCA) that contains a target peptide, which is a substrate 

for protein kinase A (PKA). Phosphorylation of the peptide (LRRASLG), which is tethered to 

the hydrogel network, results in the addition of negative charge in the hydrogel that modifies the 

Donnan potential with the environment and causes the hydrogel volume to change (Figure 5.1). 
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With this sensor, we were able to detect phosphorylation events in as short as 30 min and, 

moreover, PKA levels on the order of 4 U/µL in solution. Additionally, the utility of the sensor 

to discern differences in PKA activity in the presence of an inhibitor was demonstrated, 

highlighting the potential use of the sensor for screening modulators of kinase activity. The lack 

of required exogenous fluorescent reagents or labels represents a significant advantage over 

conventional methods for assaying kinase.
23, 24

 To the best of our knowledge, this work 

represents the first use of such sensors for quantitatively screening enzyme activity. 

The aim of this work was to understand the impact of material properties on the response 

of kinase responsive CCA-containing hydrogels with the goal of improving the sensitivity of 

these materials to the phosphorylation activity of kinases. Specifically, in this work, the 

dependence of the optical response of the kinase sensor on material properties was investigated 

by modeling the swelling behavior of ionic polymer networks. Of particular focus, the model 

was used to examine the influence of the shear modulus of the hydrogel and the Flory-Huggins 

interaction parameter (χ), which describes polymer-solvent mixing, on the theoretical shift in 

peak diffraction of an ideal hydrogel system. The model was, furthermore, used to investigate the 

role of the ionic character of the surrounding environment (i.e., solution ionic strength) on peak 

diffraction. This understanding was subsequently exploited to experimentally show how varying 

material properties and solution conditions enables the sensor response to be rationally tuned 

and, ultimately, improved. As part of this effort, we have investigated an alternative approach to 

synthesis of the hydrogel network to eliminate extraneous charges in the polymer backbone that 

reduce the sensitivity of the sensor to phosphorylation. This approach entails use of click 

chemistry, rather than hydrolysis of the hydrogel, to link the peptide substrate within the 

hydrogel (Figure 5.2). Such use of click chemistry permits the rapid and facile functionalization 
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of CCA-containing hydrogels with multiple, distinct recognition motifs for sensing orthogonal 

analytes. Additionally, we also examined the utility of our sensing approach to assay the activity 

of PKA in cell lysate to demonstrate the feasibility of using this approach to quantify changes in 

PKA regulation. 

 

Figure 5.1 Schematic of the behavior of optically diffracting hydrogels in response to phosphorylation by 

kinase. The hydrogels undergo reversible swelling and change color as a function of altered lattice 

spacing due to peptide functionalization and phosphorylation. 

 

5.2 Experimental Methods 

5.2.1 Materials 

Acrylamide (AA), N,N’-methylenebis(acrylamide) (BA), propargylamine, triethylamine, 

acryloyl chloride, and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) were purchased 

from Sigma-Aldrich (St. Louis, MO) and used without further purification. N-hydroxyethyl 

acrylamide (HEAA) and 2-hydroxyethyl acrylate (HEA) were purchased from Sigma-Aldrich 

and were purified over a column of basic alumina to remove inhibitors. Crude LRRASLG 

peptide was purchased from GenScript, Inc. (Piscataway, NJ) and purified via reverse-phase 

HPLC (Agilent 1100) using a Phenomenex (Torrance, CA) Jupiter column (stationary phase: 10 

µm, dC12). Azido-PEG4-NHS linker was purchased and used without further purification from 
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Conju-Probe (San Diego, CA). The catalytic subunit of protein kinase A (PKA) was purchase 

from New England Biolabs (Ipswich, MA).  

 

Figure 5.2 Preparation of optically diffracting kinase responsive hydrogels using click chemistry for 

peptide functionalization. 

 

5.2.2 Synthesis of N-propargyl Acrylamide 

N-propargyl acrylamide (PA) was synthesized according to a modified procedure 

described previously.
25, 26

 Briefly, propargylamine (0.7 mL, 10.9 mmol) and triethylamine (1.83 

mL, 13.1 mmol) were combined with anhydrous dichloromethane (DCM) (10 mL) in a flame 

dried round bottom flask under nitrogen. A solution of acryloyl chloride (1.02 mL, 12.6 mmol) 

and dry DCM (10 mL) was then added dropwise to the flask. The reaction was quenched with 

deionized water after reacting for 16 h at room temperature and washed three times with aqueous 

sodium bicarbonate, three times with deionized water, and once with a brine solution. The 

remaining organic phase was dried over anhydrous Na2SO4 and evaporated in vacuo. The 
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resulting product (yield: 403 mg, 34%), an off white crystalline solid, was characterized by NMR 

(Bruker Ascend
TM

 400, 400 MHz). 

5.2.3 Synthesis of Colloidal Suspensions of PS Spheres 

Colloidal suspensions of monodisperse, negatively-charged polystyrene (PS) spheres 

were synthesized by emulsion polymerization following a previously described protocol.
27, 28

 

The colloidal suspension utilized for the presented experiments had a concentration of 11 wt% in 

water and contained 98 nm PS particles with a polydispersity of 1.1%, as determined by dynamic 

light scattering (Titan DynaPro with Dyna V6.3.4 software package). Particles were stored with a 

BioRad (Hercules, CA) mixed bed resin (AG 501-X8). 

5.2.4 Hydrogel Polymerization 

Hydrogels were photopolymerized by free radical polymerization using Irgacure 2959 

(BASF; Florham Park, NJ) as the photoinitiator. Hydrogels were synthesized by solubilizing 

0.025 - 0.1 g AA in 710 µL of the colloidal suspension. To this solution, a mixture of 1.25 mg 

BA and 5 mg PA in 40 µL of DMSO was added. The solution was then shaken with 0.1 g ion 

exchange resin and centrifuged to remove the resin. Photoinitiator (10 wt% in DMSO) was 

added to a final concentration of 0.05 wt%. The solution was then injected into a cell comprised 

of two clean microscope slides separated by a 273 ± 2 µm parafilm spacer. The samples were 

photopolymerized by flood exposure to 365 nm light from a UV mercury lamp with an 

irradiance of 15 mW/cm
2
 for 45 min. Hydrogels with varying Flory-Huggins interaction 

parameters were prepared by substitution of 0-100% AA with HEA or HEAA monomer. All 

films were equilibrated in ultrapure water before use. 
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5.2.5 Hydrogel Functionalization with Peptide Substrate 

The peptide LRRASLG was initially solubilized in 100 mM sodium phosphate buffer (pH 

8.0) with 100 mM NaCl to a final concentration of 75 mM. One molar equivalent of azide-

PEG4-NHS linker was dissolved in 20 µL DMSO and added to the peptide solution. The 

solution was reacted at 4°C for 2 h to completion, which was verified using matrix-assisted laser 

desorption ionization time-of-flight mass spectroscopy (MALDI-TOF, ABI Voyager-DE STR). 

Hydrogels to be functionalized were reacted with a solution containing 0.1 - 10 mM of linker-

modified peptide and 2 equivalents each of CuSO4·5H2O, THPTA, and sodium ascorbate 

(NaAsc) in ultrapure water. The reaction was incubated at 40°C for 24 h. Functionalization was 

verified by Raman spectroscopy (BioTools µ-BioRAMAN
TM

) and detection of charged groups 

via hydrogel staining. Functionalized samples were thoroughly rinsed and stored in 100 mM 

sodium phosphate buffer (pH 8.0). 

5.2.6 Characterization of Immobilized Charge by Colorimetric Hydrogel Staining 

To detect the immobilization of positive charges after functionalization, hydrogels were 

stained with acid orange 7 (Sigma-Aldrich).
29

 Samples were first rinsed thoroughly with 1 mM 

HCl and subsequently incubated with 0.5 mM stain in 1 mM HCl at 25 °C for 3 h. After 

incubation, samples were rinsed 3 times with HCl (1 mM) and adsorbed dye was extracted by 

incubating at room temperature with 30 vol% aqueous ethanolamine for 20 min. Absorbance of 

the extracted dye was measured at 468 nm from which the dye concentration was determined 

using the extinction coefficient of the dye (ε = 1.6x10
4
 cm

-1
 M

-1
) and assuming that one dye 

molecule adsorbs to one positive charge. 
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5.2.7 Characterization of Modulus and Flory-Huggins Interaction Parameter of CCA-

Containing Hydrogels 

The shear modulus (G') was measured with a TA Instruments (New Castle, DE) Ares 

series rheometer using parallel plate geometry. The modulus was measured both with a 

frequency-sweep from 0.1-100 rad/s with a fixed shear strain of 10% and a strain-sweep from 1-

20% strain with a fixed frequency of 0.75 rad/s. The Flory-Huggins interaction parameter was 

calculated from the volume difference between non-strained and water equilibrated hydrogel, as 

measured by changes in the wavelength of peak diffraction. Buoyancy measurements in heptane, 

a non-solvent, were utilized to determine polymer volume fraction and dry hydrogel volume. 

5.2.8 Kinase Treatment of Hydrogels 

Hydrogels were immersed in 50 mM tris-HCl buffer (pH 7.5) with 10 mM MgCl2 and 1 

mM ATP. To initiate the kinase reaction, PKA was added in varying concentrations (0-10 U/µL), 

after which the hydrogel was incubated with PKA at 30°C for 2 h. The kinase reaction was 

terminated by inactivating the kinase by removing the hydrogels from the reaction solution and 

heating the hydrogels to 65°C for 20 min in 100 mM sodium phosphate buffer (pH 8.0). 

5.2.9 Preparation of HEK293 Lysate 

To collect cell lysate, human embryonic kidney 293 (HEK293) cells were seeded on 10 

cm tissue culture-treated polystyrene plates in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, and 

1x GlutaMax (LifeTechnologies, Grand Island, NY) and incubated at 37 °C in 5% CO2. Once the 

cells reached a confluence of approximately 90%, the media was replaced with serum-free 

DMEM in which the cells were incubated for 4 h. To stimulate PKA activation, 50 µM Forskolin 

(FSK) in DMSO (30 µL) was added to the media. Unstimulated samples were treated with 

DMSO in the absence of FSK. The cells were then incubated for 1 h and washed with 
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Dulbecco’s phosphate-buffered saline. Cells were removed from plates by scraping in 300 µL of 

50 mM Tris-HCl buffer (pH 7.5) containing 50 mM NaCl and 1.0 mM phenylmethanesulfonyl 

fluoride and lysed by sonication (200W and 10 s on ice). Cell lysate was clarified by 

centrifugation at 14,000 rpm for 15 min at 4 °C. Total protein concentration of the lysate was 

determined by Bradford assay. 

5.2.10 Lysate Treatment of Hydrogels 

Cell lysate was diluted in 50 mM tris-HCl buffer (pH 7.5) with 10 mM MgCl2 and 1 mM 

ATP to a total protein concentration of 100 µg/mL. Samples containing the peptide PKI, which is 

a PKA specific inhibitor, were incubated on ice with 5 µM PKI for 10 min prior to hydrogel 

treatment. Hydrogels were immersed in the lysate samples and incubated at 30 °C for 4 h. The 

kinase reaction was terminated as described above. 

5.2.11 Optical Diffraction Measurements 

Optical diffraction measurements were taken with an Ocean Optics USB-4000 fiber-optic 

spectrophotometer operating in reflectance mode with an angle of incidence of 15° from the 

sample surface normal. Spectra were collected across the UV-visible range (375 -800 nm). 

Samples were thoroughly rinsed and equilibrated with either ultrapure water or varying ionic 

strength sodium phosphate buffer (pH 8.0) during characterization. 

5.3 Results and Discussion 

5.3.1 Hydrogel Functionalization with Peptide Substrate Using Click Chemistry 

Approach 

To facilitate the investigation of hydrogel properties on the sensitivity of optically 

diffracting kinase responsive hydrogels, CCA-containing hydrogels were functionalized with 

LRRASLG via click modification. Copper (I)-catalyzed alkyne-azide cycloaddition (CuAAC) of 

the peptide substrate was enabled via copolymerization of an alkyne-containing monomer into 
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the hydrogel (Figure 5.2). CuAAC has previously be
3
en shown to be highly efficient at both 

tagging peptides and linking peptides to a variety of polymer systems.
30-39

 Specifically, in this 

work, clickable photonic crystal biosensors were fabricated from AA and the alkyne-containing 

monomer PA, as well as low concentrations of the BA cross-linker. Because the hydrogel 

network is uncharged, the CCA is able to self-assemble without interference via electrostatic 

repulsions between the negatively-charged PS particles. Incorporation of the alkyne moiety in 

the hydrogel was confirmed with Raman spectroscopy (Figure 5.3), which showed a 

characteristic alkyne stretch at 2130 cm
-1

. Notably, as expected, the stretch at 2130 cm
-1

 is absent 

in the spectra of CCA-containing hydrogels that were prepared with AA and BA only, serving as 

a control. 

 

Figure 5.3 Raman spectra of an acrylamide CCA hydrogel (black), alkyne-functionalized CCA hydrogel 

(red), and peptide-functionalization CCA hydrogel (blue). An alkyne peak is seen at 2130 cm
-1 

in the 

hydrogel containing PA, which is not observed in hydrogels fabricated with acrylamide only. Peptide 

functionalization was performed by incubating the hydrogel with 2:1 H2O:t-butanol in the absence of 

THPTA. After peptide functionalization, the alkyne peak is no longer detected indicating full conversion 

of the alkyne moieties. 
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For peptide attachment, LRRASLG was modified with a complementary reactive azide 

group by means of reaction of the N-terminal amino of the peptide with azide-PEG4-NHS. The 

reaction of the azide-modified peptide with the alkyne monomer in the hydrogel network was 

monitored through the disappearance of the alkyne stretch in the hydrogel. Under the reaction 

conditions used, the spectra of the peptide-functionalized hydrogels showed full conversion of 

the alkyne monomer. The immobilization of peptide within the hydrogel was further quantified 

by staining the hydrogel with a colorimetric dye that associates with positive charged residues in 

the peptide (the peptide contains two positively-charged arginine residues that, at neutral pH, can 

react with the dye). Charge staining indicated concentrations ranging from 0 - 21 mM of peptide 

immobilized in the hydrogel, as normalized to the unstrained volume of the hydrogel. At high 

peptide concentrations in the functionalization reaction (> 10 mM), the alkyne groups in the 

hydrogel were limiting relative to the concentration of azide groups in the reaction. It is plausible 

that a fraction of the alkyne groups may react with the acrylamide monomer during the formation 

of the hydrogel network,
40, 41

 although the cross-linking densities of PA-containing hydrogels 

and hydrogels with only AA were similar when prepared with equivalent total concentrations of 

both monomers. Additionally, the alkyne groups may undergo dimerization as well as 

cycloisomerization, thereby also reducing the effective concentration of free alkynes.
42

 

The CuAAC functionalization scheme that has been demonstrated allows for rapid 

incorporation of the target peptide, and also permits precise control over peptide concentration 

and thus the overall immobilized charge within the hydrogel. Additionally, this approach, which 

circumvents the need for hydrolysis of the hydrogel network for functionalization, eliminates 

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

model that describes the response of the peptide-functionalized biosensors to kinase activity, as 
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well as the experimental characterization of their behavior as a function of critical material 

properties and ionic character. 

5.3.2 Theoretical Model of Optically Diffraction of Kinase Responsive CCA-Containing 

Hydrogels 

Flory’s description of swelling in ionic polymer networks
43

 provides a theoretical basis to 

describe the optical response of hydrogel-encapsulated photonic crystals. At equilibrium, the 

total osmotic pressure Π𝑇 = Π𝑖𝑜𝑛 + Π𝐸 + Π𝑀 = 0, where Π𝑖𝑜𝑛 is the osmotic pressure due to the 

Donnan potential, Π𝐸  is the osmotic pressure due to the elastic restoring force, and Π𝑀 is the 

osmotic pressure due to the free energy of mixing. Expressions for the individual terms of the 

overall pressure balance are given by: 

Π𝑖𝑜𝑛 = 𝑅𝑇 ∑(𝑐𝑥 − 𝑐𝑥
∗)    (1) 

Π𝐸 = −
1

2
𝑅𝑇𝑣𝑒 (

𝑉𝑚

𝑉
)

1 3⁄

     (2) 

Π𝑀 = −
𝑅𝑇

𝑉𝑠
[𝑙𝑛 (1 −

𝑉𝑜

𝑉
) +

𝑉𝑜

𝑉
+ 𝜒 (

𝑉𝑜

𝑉
)

2

]   (3) 

where R is the universal gas constant and T is the system temperature. In the Donnan 

potential expression, 𝑐𝑥 is the concentration of mobile ions of species x inside the hydrogel and 

𝑐𝑥
∗ is the concentration of ions in the surrounding environment, and the summation is performed 

over all ionic species. Thus, the Donnan potential provides a driving force for swelling or 

shrinking the hydrogel depending on whether the net charge immobilized in the hydrogel 

increases or decreases, respectively, upon functionalization and kinase activity. In contrast, the 

elastic or mechanical term strictly resists deformation of the hydrogel from its undeformed state, 

with 𝑣𝑒 representing the effective cross-linking density of the hydrogel, 𝑉𝑚 is the unstrained 

hydrogel volume, and 𝑉 is the actual hydrogel volume. The cross-linking density for the 
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materials used here was experimentally measured from the shear modulus, 𝐺′, and the polymer 

volume fraction, 𝜙.
43

 

𝐺′ = 𝑣𝑒𝑅𝑇𝜙1 3⁄    (4) 

The osmotic pressure for polymer-solvent mixing considers the thermodynamic 

preference of the polymer in the hydrogel to interact with itself relative to interacting with the 

solvent. This interaction strength is commonly described by 𝜒 between the polymer network and 

the solution, with larger values of 𝜒 indicating a greater dislike of the polymer for the 

surrounding environment and a preference of the hydrogel to contract and exclude solvent (i.e., 

to minimize polymer-solvent interactions and to maximize polymer-polymer interactions). The 

variables 𝑉𝑠 and 𝑉𝑜 are the molar solvent volume and the dry hydrogel volume, respectively.  

The optical response of hydrogel-encapsulated photonic crystals is directly related to 

volumetric changes in the hydrogel system described by Flory’s description of swelling. The 

optical response in the photonic crystals detectors is dominated by Bragg diffraction, with the 

wavelength of peak diffraction being dictated by the lattice spacing of the crystal structure. 

Therefore a relationship between peak diffraction wavelength and the hydrogel volume can be 

defined: 

𝜆

𝜆𝑚
= (

𝑉

𝑉𝑚
)

1/3

  (5) 

where 𝜆 is the peak diffraction wavelength from the hydrogel at volume 𝑉and 𝜆𝑚 is the 

peak diffraction wavelength of the unstrained volume 𝑉𝑚.  

Figure 5.4 captures the optical response of hydrogel-encapsulated photonic crystals as 

function of the key material parameters, 𝜒 and the elastic modulus, of the hydrogel described by 

the Flory model for swelling. The model predicts that biosensors with such a design will be more 

sensitive (i.e., displaying a larger optical response for a given stimulus) when materials are 
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selected to have smaller values of 𝜒 and the elastic modulus, such that the energetic penalty for 

hydrogel swelling is low. Moreover, the model suggests that the sensor response is more 

dependent on the magnitude of the interaction parameter rather than the elastic modulus. This 

prediction is a bit surprising and, although the elastic response of the hydrogel has been explored 

as a means to increase the sensitivity of detection, tuning the strength of the polymer-solvent 

interactions has not been carefully considered. 

 

Figure 5.4 Theoretical peak redshift as a function of elastic modulus (solid curve) and χ (dashed curve) 

from Flory’s description of swelling in ionic polymer networks. The theoretical redshifts were calculated 

assuming an immobilized charge concentration of 20 mM, immersion in a solution of ionic strength of 0 

mM, an interaction parameter of 0.560 (for varying modulus values), and a modulus of 2.8 kPa (for 

varying χ values). 

 

5.3.3 Effect of Hydrogel Elastic Modulus on Optical Response 

Figure 5.5 shows the experimentally measured response of hydrogel-encapsulated 

photonic crystals as a function of elastic modulus from 0.7 to 6.2 kPa. The redshift in the 
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wavelength of peak diffraction, or peak redshift, is reported as the difference between the optical 

response post-peptide functionalization relative to the unfunctionalized state. As predicted by the 

model, hydrogels with small elastic moduli had a reduced elastic restoring force and were less 

resistant to deformation, such that greater peak redshifts and optical responses were observed. 

The moduli of the acrylamide hydrogels was controlled by varying the monomer concentration 

during photopolymerization. Hydrogels with moduli below 0.7 kPa were not characterized 

because they were too fragile to handle, which led to mechanical failure. Beside the varying 

elastic modulus, the hydrogels were prepared to be otherwise identical; the hydrogels were each 

functionalized with 10 mM of the azide modified peptide and diffraction measurements were 

performed in a 1.0 mM sodium phosphate buffer at a pH of 8.0.  

 

Figure 5.5 Peak redshift as a function of shear modulus for hydrogels (with χ = 0.609) containing 21.4 ± 

0.6 mM of peptide, as measured by charge staining. Diffraction measurements were taken in 1.0 mM 

sodium phosphate buffer at pH 8.0. Error bars represent ±1σ from the mean of 3-4 distinct samples. 

 



60 

 

5.3.4 Effect of Hydrogel-Solvent Flory-Huggins Interaction Parameter on Optical 

Response 

The hydrogel swelling model predicts that the Flory-Huggins interaction parameter 

should have a substantial impact on the optical response of the sensor to the concentration of 

immobilized charge. One approach, as used here, to varying the polymer-solvent interaction 

parameter is by modifying the composition of the polymer hydrogel. The hydrogel composition 

was carefully tuned through the inclusion of comonomers, either HEA or HEAA (molecular 

structures shown in Figure 5.6a, insets), that were more hydrophilic than AA. By 

copolymerization of these monomeric units into the hydrogel, the overall polymer-solvent 

interaction parameter of the hydrogel was reduced from that of AA only hydrogels (𝜒 = 0.609) as 

quantified in Figure 5.6a. The Flory-Huggins interaction parameter was calculated via the 

relationship between the interaction parameter and the equilibrium volume of the hydrogel:  

𝜒 = − (
𝑉

𝑉𝑜
)

2

[𝑙𝑛 (1 −
𝑉𝑜

𝑉
) +

𝑉𝑜

𝑉
+ 𝑉𝑠

𝑣𝑒

2
(

𝑉𝑚

𝑉
)

1 3⁄

] (6) 

Figure 5.6b shows the peak redshift in the optical response of the hydrogels upon peptide 

functionalization, and the associated inclusion of immobilized charge, as a function of 𝜒. The 

interaction parameter was measured prior to peptide functionalization and ranged from 0.587 for 

pure HEA hydrogels to 0.609 for pure AA hydrogels. As anticipated, decreasing the polymer-

solvent interaction parameter increased the peak redshift for a constant concentration of 

immobilized charge (10 mM azide modified peptide) and hydrogel elastic modulus (2.8 kPa). 

Importantly, the optical response for both the HEA and HEAA copolymerized hydrogels can be 

plotted as a single curve as function of 𝜒. When plotted this way, the 𝜒 parameter effectively 

describes the ensemble polymer-solvent interactions while accounting for differences in 

chemical structure. Of note, the overall 𝜒 for the hydrogels varies during the course of 
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functionalization and as well as during phosphorylation by kinase. The optical response observed 

experimentally nevertheless corresponds well to the theoretical predictions (the dashed curved in 

Figure 4), in terms of both the trend and relative magnitude of the optical response over the range 

of χ that was investigated, regardless of the small variations in hydrogel composition that arise 

during peptide functionalization. 

 

Figure 5.6 a) The variation of χ for hydrogels (with a modulus of 2.8 kPa) as a function composition for 

HEA (left panel) and HEAA (right panel) copolymerized with AA. b) Peak redshift as a function of χ for 

hydrogels containing 21.4 ± 0.6 mM peptide, as measured by charge staining. χ was calculated prior to 

peptide functionalization. Diffraction measurements were taken in 1 mM sodium phosphate buffer at pH 

8.0. Error bars represent ±1σ from the mean of 3-4 distinct samples. 
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5.3.5 Effect of Free Ions in Solution 

The ionic strength of the environment influences the optical response of the optical 

response of the hydrogel-encapsulated photonic crystals, with lower ionic strength conditions 

leading to greater sensitivity and dynamic range. The osmotic pressure due to the Donnan 

potential (Equation 1) between the hydrogel and the surrounding environment arises from a 

gradient in the concentration of mobile ions. Thus, the strength of the Donnan potential is 

dependent upon the concentration of ions immobilized in the hydrogel and the ionic strength of 

the surrounding environment. Figure 5.7 shows the relative redshift in the wavelength of peak 

diffraction reported by the hydrogel-encapsulated photonic crystals as a function of the 

concentration of peptide immobilized in the hydrogel and the ionic strength of the buffer solution 

in which the sensor was immersed. Diffraction measurements were made after thoroughly 

rinsing and equilibrating the hydrogel sensors in the buffer solutions of the specified ionic 

strength. Increasing concentrations of immobilized peptide, which have a charge of +2, induce a 

larger influx of mobile ions from the buffer solution into the hydrogel. In high ionic strength 

environments, however, the gradient in the mobile ion concentrations in the hydrogel (𝑐𝑥) and in 

the buffered environment (𝑐𝑥
∗) remained small and no change in the optical response was 

observed. All of the systems that were considered attained a minimum wavelength of peak 

diffraction at buffer ionic strengths above 25 mM, which effectively corresponds to the situation 

in which 𝑐𝑥
∗ → ∞ and the hydrogel is not swollen. The absolute value of this minimum 

wavelength differed for each concentration of immobilized peptide, with the hydrogel systems 

functionalized with 0.1 and 10 mM peptide having the most blueshifted and redshifted responses, 

respectively. This variation in the minimum wavelength of peak diffraction was likely due to 
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differences in the effective Flory-Huggins interaction parameter that arise due to different extents 

of functionalization by the hydrophilic peptides that replace hydrophobic alkyne moieties. 

 

Figure 5.7 Relative peak redshift as a function of both buffer ionic strength and peptide concentration for 

hydrogels with a modulus of 2.8 kPa and χ of 0.609. The redshift represents the difference in the 

wavelength of peak diffraction of the sample in a given solution ionic strength relative to the sample in 

solution ionic strength >25 mM. The reported peptide concentrations correspond to the peptide 

concentration in the reaction mixture during hydrogel functionalization. The corresponding peptide 

concentrations in the hydrogel were measured by charge staining to be 21.4 ± 0.6, 15.6 ± 0.6, 9.3 ± 0.7, 

and 2.8 ± 0.4 mM for reaction concentrations of 10, 3, 1, and 0.1 mM, respectively. Error bars represent 

±1σ from the mean of 3-4 distinct samples. 

 

Decreasing the ionic strength of the environment in which the hydrogel-encapsulated 

photonic crystal was immersed increased the mobile ion gradient, thereby yielding enhanced 

optical responses. These optical responses were significant (up to 175 nm) and arose for 

environments reduced in ionic strength by two orders of magnitude. While in theory further 

reducing the ionic strength of the environment should lead to greater sensitivity and dynamic 

range, in practice challenges associated with the manipulation and characterization of extensively 
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swollen hydrogels must first be overcome. For example, hydrogels reacted with 3 and 10 mM 

modified peptide were not measured in solutions with ionic strengths lower than 0.5 mM due to 

excess swelling, which caused the gels to become too fragile to handle. 

5.3.6 Characterization of Optical Sensitivity of Click-Modified Kinase Responsive 

CCA-Containing Hydrogels to PKA 

The application of the optically responsive sensors to characterize peptide 

phosphorylation events and kinase activity was demonstrated by the acquisition of a dose-

dependent response curve. Figure 5.8 shows the peak blueshift as a function of PKA 

concentration for hydrogels treated with 1, 3, and 10 mM of the azide modified peptide. The 

hydrogel materials were specifically selected for this experiment to display a large optical 

response and to be sensitive to kinase activity, and therefore had an elastic modulus of 0.8 kPa 

(low modulus) and were comprised of 100% HEA (small χ). Phosphorylation due to kinase 

activity reduced the net charge, and thus the Donnan potential, in the hydrogel such that the 

material contracted (from the swollen state induced by functionalization with the positively 

charge peptide) and the wavelength of peak diffraction blueshifted. The azide-alkyne click 

chemistry approach to peptide functionalization of the hydrogel-encapsulated photonic crystals 

also significantly reduced the concentration of immobilized charge in the system and improved 

the sensitivity of detection. Here, with ~10 mM of peptide immobilized in the hydrogel (i.e., the 

1 mM treatment condition), a PKA sensitivity of 0.5 U/µL was determined. Increasing the 

peptide concentration immobilized in the gel by a factor of two (i.e., the 10 mM condition in 

Figure 8) enabled the device sensitivity to be further improved to 0.1 U/µL. In comparison, a 

hydrogel-encapsulated photonic crystal containing similar peptide concentrations, but that was 

functionalized via an EDC/NHS pathway that left a high background concentration of 
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negatively-charged carboxylate functionalities in the hydrogel, had a sensitivity to PKA of only 4 

U/µL. 

 

Figure 5.8. Biosensor response as a function of peptide and PKA concentrations for a 2 h reaction time 

for hydrogels with a modulus of 0.8 kPa and χ of 0.587. The reported peptide concentrations correspond 

to the peptide concentration in the reaction mixture during hydrogel functionalization. The corresponding 

peptide concentrations in the hydrogel were measured by charge staining to be 21.4 ± 0.6, 15.6 ± 0.6, and 

9.3 ± 0.7 mM for reaction concentrations of 10, 3, and 1 mM, respectively. Control samples incubated in 

the absence of either PKA or cofactor ATP showed no change in diffraction. Inset images (~3x3 mm
2
) 

show the visual color difference between hydrogels reacted with 10 mM peptide and treated with 0.05, 

0.5, and 10 U/µL PKA. Diffraction measurements were measured in 1 mM sodium phosphate buffer at 

pH 8.0. Error bars represent ±1σ from the mean of 3-4 distinct samples. 

 

5.3.7 Detection of FSK Induced Activation of PKA in Cell Lysate 

Having demonstrated utility of our approach for the detection of purified PKA, of 

particular interest was to understand if this approach can quantify PKA activity in lysate from 

whole cells. To determine the feasibility of detecting PKA activity in cell lysate, HEK293 cells 

were stimulated with FSK, which activates PKA through elevating intracellular levels of cyclic 

AMP.
44, 45

 Following stimulation, hydrogels were incubated in clarified lysate from the cells 
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under similar conditions (i.e., 30 ºC for 4 h) as in the case for purified PKA. Notably, the lysate 

from FSK-treated cells produced a significantly larger (approximately 6-fold) blueshift relative 

to that produced by the lysate from unstimulated cells (Figure 5.9). To confirm that the response 

was indeed PKA specific, the shift in peak diffraction from the lysate from stimulated cells was 

also measured in the presence of the PKA inhibitor, PKI.
46

 In the presence of PKI, as expected, 

the sensor response was significantly lower than that without PKI, which can be attributed to the 

inhibition of PKA. As an added control, the sensor response was also measured upon incubation 

of lysate from unstimulated cells to which PKI was also added. The shift in peak diffraction from 

these samples was statistically similar to that resulting from incubation with untreated cells only. 

Of note, the extent of blueshift due to FSK-stimulated lysate was several fold lower than that 

measured with purified PKA. This reduction may be due to lower overall PKA activity in the 

lysate as well as competing phosphatase activity, which can contribute to the dephosphorylation 

of the substrate. Additionally, this difference may arise from diffusional differences between 

full-length PKA from the lysate and the truncated catalytic subunit used in experiments with 

purified PKA. These results ultimately highlight the feasibility of using this sensing approach to 

quantify changes in PKA regulation and, in theory, expression in whole cell assays. Furthermore, 

these results support the use of our sensing approach for screening potential therapeutic 

molecules that alter intracellular PKA activity. 
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Figure 5.9 Optical response of PKA activity in FSK stimulated, non-stimulated and PKI inhibited lysate 

from HEK293 cells. The hydrogel samples used in cell lysate experiments had a modulus of 0.8 kPA and 

χ of 0.587. The peptide concentration in the hydrogels was 21.4 ± 0.6 mM, which was determined by 

charge staining. Diffraction measurements were measured in 1 mM sodium phosphate buffer at pH 8.0. 

(*) indicates p < 0.0005. Error bars represent ±1σ from the mean of 3-4 distinct samples. 

 

5.4 Conclusion 

Herein, we have investigated the development of optically diffracting materials that are 

responsive to the phosphorylation activity of kinases. The development of such materials was 

specifically investigated by theoretically and experimentally characterizing the influence of 

hydrogel properties and the local environment on optical sensitivity. Results of a theoretical 

model of swelling in ionic polymer networks and experiments, which were consistent, showed 

that optical sensitivity increases as shear modulus and Flory-Huggins interaction parameter 

between the hydrogel network and solvent decrease. Furthermore, the sensitivity of the 

responsive hydrogel network was shown to increase through the elimination of extraneous 

charges in the hydrogel by exploiting azide-alkyne click chemistry for functionalization. 
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Through tuning the hydrogel properties, the sensitivity of the optical response was sufficiently 

high enough to detect 0.1 U/L PKA in 2 h. Such sensitivity limits are similar to those of 

conventional biochemical assays, highlighting the potential utility of this approach, which has 

added advantages that enable label-free detection. Further enhancements in sensitivity may be 

realized by the use of even more hydrophilic constituents and consideration of the impact of the 

assay temperature on the Flory-Huggins interaction parameter. The utility of this approach was 

also demonstrated through the application and selective detection of PKA in cell lysate. Given its 

advantages and utility, this approach is a highly attractive screening platform for the discovery of 

novel therapeutic molecules and probes for studying kinase regulation in vivo. 
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 – LABEL-FREE DETECTION OF MISSENSE MUTATIONS AND CHAPTER 6

METHYLATION DIFFERENCES IN THE P53 GENE USING OPTICALLY 

DIFFRACTING HYDROGELS 

6.1 Introduction 

Due to the importance of DNA detection in a myriad of fields, including genetic 

screening, forensics, pathogen identification, and biotechnology (e.g., genome engineering), the 

development of new technologies for DNA sensing is critical. Of particular interest is the 

development of new approaches that accelerate DNA detection with high fidelity and reduce the 

cost of traditional DNA sequencing. In addition to traditional DNA sequencing (i.e., capillary 

electrophoresis), which, although precise, requires specialized instrumentation, other methods of 

detecting DNA include electrochemical impedance spectroscopy,
1-3

 surface enhanced Raman 

spectroscopy,
4
 nanoparticle aggregation assays,

5-7
 analysis by quartz crystal microbalance,

8, 9
 

surface plasmon resonance,
10-12

 and scanning tunneling spectroscopy.
13-15

 Additionally, 

fluorescent
16, 17

 and chemiluminescent
18, 19

 based techniques for DNA sensing have been 

reported. However, many of these techniques, as with traditional sequencing, require highly 

specialized instrumentation as well as exogenous labels or reagents and, moreover, are unable to 

detect down to single nucleotide changes.
20, 21 

A novel approach for the detection of DNA, which may overcome many of the 

limitations of current sensing methods, entails combining DNA-responsive and optically 

diffracting materials. In one such approach, a photonic crystal may be polymerized within a 

hydrogel matrix that can swell or contract in response to the presence of an analyte. The 

hydrogel matrix can be rationally tuned to change volume in response to a specific analyte by 

tethering a receptor for the analyte within the hydrogel along with the photonic crystal.
22-25

 

Depending on the properties of the analyte (i.e., charge or hydrophobic character), receptor 
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binding may trigger a volume change of the hydrogel by creating a Donnan potential or altering 

the interaction of the hydrogel with water. Changes in hydrogel volume are accompanied by an 

alteration in the lattice spacing of the photonic crystal that may be readily measured by 

reflectance spectroscopy or, if large enough, visually through changes in coloration of the 

hydrogel. We and others have previously exploited this approach to develop sensors for a broad 

spectrum of small molecule analytes,
26-28

 metals,
29-31

 changes in solution conditions,
32, 

33 and, 

more recently, protein kinase activity.
34, 35

 Notably, in all cases, this approach enabled the 

detection of environmental cues in the absence of exogenous reagents, using changes in optical 

properties of the hydrogel as the primary readout. 

In this work, we explored the utility of this approach as a sensing platform for label-free 

DNA detection via encapsulation of a crystalline colloidal array (CCA) within a DNA-

responsive hydrogel. Specifically, we fabricated DNA-responsive hydrogel films that alter the 

diffraction of light upon hybridization of a specific “target” DNA strand to a capture “probe” 

sequence (Figure 6.1). We reasoned that hybridization of the target strand would cause a change 

in the volume of the hydrogel network by increasing the concentration of immobilized negative 

charges within the hydrogel. The addition of negative charges upon hybridization is due to the 

backbone of the target DNA being comprised of negatively-charged phosphate groups. Once 

these charges become immobilized within the hydrogel network, the Donnan potential between 

the hydrogel and surrounding solution is modified, resulting in swelling of the hydrogel and 

ultimately a change in the diffraction spectrum of the encapsulated CCA. 
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Figure 6.1 Schematic of hydrogel functionalization with “probe” DNA and subsequent hybridization of 

“target” DNA strands. Color changes in the optically diffracting hydrogel are representative of those 

observed upon functionalization and hybridization due to changes in the lattice spacing of the 

encapsulated CCA. The sequences of the probe and target DNA strands that were used are shown below 

the schematic. 

 

The utility of this approach for DNA sensing was demonstrated via the detection of the 

gene for the major tumor suppressor protein p53. A key transcription factor involved in cell 

regulation, p53, which is inactivated in virtually all human cancers, is of specific interest as a 

marker for early cancer detection.
36-41

 For sensing, a short 18-mer sequence that is 

complementary to the DNA-binding domain of the p53 gene was used as the capture probe and 

was conjugated to the hydrogel network (Figure 6.1). The perfect matching 18-mer sequence 

from the wild-type p53 gene was used as the target strand. Furthermore, we were interested in 

determining if the sensing approach was sensitive to mutations in p53, which is the most 

frequently mutated gene in cancer. To determine the sensitivity of the optical response of the 

detection approach to DNA mutations, a single base in the target strand was changed (G → A). 

This genetic alteration corresponds to mutation of arginine at position 175 to a histidine (i.e., 

R175H), which is one of the more frequent oncogenic mutations in p53. Finally, we tested if the 

detection scheme was also sensitive to DNA methylation by using a methylated form of the wild-
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type target strand (Table 6.1). We show that changes in methylation can also be readily detected, 

which may have additional implications in screening for epigenetic disease markers. 

 
Table 6.16.1 Names and Sequences of DNA Oligos 

Name Sequence 

Probe 5’ –NH2 - GGG GCA GCG CCT CAC AAC – 3’ 

Perfect Match (PM) Target 5’ – GTT GTG AGG CGC TGC CCC – 3’ 

1 Base Pair Mismatch (1bpMM) Target 5’ – GTT GTG AGG CAC TGC CCC – 3’ 

Random Target 5’ – CCC GCG AGG CTT GTC GTG – 3’ 

Methylated Perfect Match (mPM)Target 5’ – GTT GTG AGG mCGmC TGmC mCmCmC – 3’ 

 

6.2 Experimental Methods 

6.2.1 Materials 

Acrylamide (AA), N,N′-methylenebis(acrylamide) (BA), and allyl glycidyl ether (AGE) 

monomers were purchased from Sigma-Aldrich (St. Louis, MO) and used without further 

purification. DNA oligos (Table 6.1) were purchased and used as received from Integrated DNA 

Technologies (Coralville, IA). The linker SPDP-PEG4-NHS was purchased and used without 

further purification from Conju-Probe (San Diego, CA). 

6.2.2 Synthesis of Polystyrene Nanospheres 

Highly-charged polystyrene (PS) nanospheres were synthesized via emulsion 

polymerization as previously described.
42, 43

 The PS nanospheres used in all experiments had a 

concentration of 12 wt% in water and were 87 nm in diameter with a polydispersity of 4.9%, as 

determined by dynamic light scattering (Titan DynaPro with Dyna V6.3.4 software package, 

Wyatt Technology, Inc.; Santa Barbara, CA). Particles were stored at room temperature in the 

presence of BioRad (Hercules, CA) AG501-X8 mixed bed resin. 
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6.2.3 Hydrogel Polymerization and Crystalline Colloidal Array Formation 

Hydrogels were photopolymerized by solubilizing 35 mg (0.98 M) AA in 480 μL of the 

PS nanospheres. To this mixture, a solution of 1 mg (0.015 M) BA and 24 mg (0.42 M) AGE in 

20 μL DMSO was added. The photoinitiator Irgacure 2959 (BASF; Florham Park, NJ) (10 wt% 

in DMSO) was added at a final concentration of 0.05 wt% to the CCA-monomer solution. The 

solution was then pipetted into a mold formed by two glass slides separated by a 273 ± 2 μm 

Parafilm spacer. Samples were flood exposed with 365 nm light at 15 mW cm−2 from a UV 

mercury lamp for 45 min. Films were subsequently equilibrated and stored in ultrapure water for 

a minimum of 24 h prior to DNA functionalization. 

6.2.4 Hydrogel Functionalization with DNA Probe 

DNA probe with a 5′-primary amine was solubilized in 100 mM NaPO4 buffer, pH 8, at a 

concentration of 5 mM. A fifteen-fold molar excess of the SPDP-PEG4-NHS linker relative to 

the probe was solubilized in 10 μL DMSO and added to the DNA solution. The solution was 

incubated at 4 °C and reacted for 2 h. The solution was then desalted to remove excess linker 

after which 100 mM tris(2-carboxyethyl)phosphine (TCEP) was added and reacted at room 

temperature for 1 h to reduce the linker disulfide bond. To determine the amount of linker 

containing DNA, the absorbance of the cleaved pyridine-2-thione was measured at 343 nm. The 

concentration of the reduced linker was calculated using the pyridine-2-thione extinction 

coefficient of 8080 M−1 cm−1.
44

 After determining the linker concentration, a final desalt was 

performed to remove the cleaved pyridine-2-thione group. 

Prior to functionalization, hydrogels were equilibrated in 100 mM NaPO4 buffer, pH 8. 

To each sample, 25 μL of 75 μM linker-modified DNA probe in 100 mM NaPO4 buffer was 
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added and reacted at room temperature for 36 h. Post-functionalization, the samples were 

thoroughly rinsed and stored in 100 mM NaCl, pH 6. 

6.2.5 DNA Hybridization 

Samples to be annealed were equilibrated in 100 mM NaCl solution, pH 6, prior to the 

addition of perfect match (PM), single base pair mismatch (1bpMM), random, or methylated 

perfect match (mPM) target DNA. Target DNA was added to the hydrogels at concentrations 

ranging from 0.5 to 1000 μM and annealed by heating the hydrogel samples to 85 °C, holding 

that temperature for 30 min, and ramping from 85 to 55 °C at rates ranging from 0.05 to 1 °C 

min−1. Once the temperature reached 55 °C, the system temperature was no longer controlled and 

samples were permitted to naturally cool to room temperature. 

6.2.6 Measurement of DNA Melting Point 

The melting point for both the PM and 1bpMM samples was determined by first 

annealing samples with 50 μM PM target or 500 μM 1bpMM target in 100 mM NaCl followed 

by equilibration in 2.5 mM NaCl solution. Melting points were subsequently measured by 

submerging the hydrogels in a 2.5 mM NaCl solution and increasing the solution temperature 

from room temperature to 65 °C at a rate of 0.25 °C min−1. 

6.2.7 Optical Diffraction Measurements 

The optical response of the equilibrated hydrogel-encapsulated CCA biosensors was 

measured with an Ocean Optics (Dunedin, FL) USB-4000 fiber-optic spectrophotometer 

operated in reflectance mode set to an angle of incidence of 15° from the sample surface normal. 

This optical setup allowed for characterization of the peak diffraction wavelength in situ and in 

real-time, enabling measurements as a function of temperature (e.g., to generate melting curves). 

In all experiments, the hydrogels were initially rinsed with 100 mM NaCl solution, pH 6.0, to 
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remove non-hybridized DNA. For experiments utilizing a single ionic strength condition, 

samples were introduced to the desired ionic strength by a stepwise decrease in NaCl 

concentration. For experiments investigating sensor response to solution ionic strength, samples 

were first equilibrated and characterized in 10 mM NaCl, pH 6, followed by a stepwise reduction 

in ionic strength to 0.01 mM NaCl with measurements taken after equilibration at each condition. 

6.3 Results and Discussion 

6.3.1 Effect of Target DNA Concentration on Sensor Response 

Upon hydrogel functionalization with the p53 probe strand, the sensitivity and selectivity 

of the sensing platform was investigated using a fully complementary (i.e., perfect match) and 

random sequence. Figure 6.2 shows the sensor response to concentrations of the perfect match 

(PM) and random sequence ranging from 0.5 to 1000 μM, which corresponds to 25 pmole to 50 

nmole of target DNA. Addition of the PM caused a dose-dependent redshift in the diffraction 

peak with increasing target concentrations, resulting in a nearly 8-fold change in signal over the 

concentration range. Conversely, the random sequence, which has the same GC content as the 

PM, did not elicit a response at even the highest concentrations used. These results highlight the 

sensitivity and selectivity of the approach, which presumably are due to differences in the 

hybridization of the PM relative to the random sequence. Hybridization of the PM would result 

in the immobilization of negative charges from the target DNA strand within the hydrogel, 

triggering a change in the Donnan potential of the system. This change would, as a result, cause 

the hydrogel network to expand and, in turn, the lattice spacing of the embedded CCA to 

increase, leading to the observed redshift in peak diffraction. Accordingly, given that the random 

sequence would not be expected to hybridize with the capture probe, the lack of response that 

was generated by the random sequence is not surprising. In these measurements, the amount of 
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target DNA was less than that of the probe strand within the hydrogel such that the 

immobilization of additional probe would not enhance the response. 

 

Figure 6.2 Change in wavelength of peak diffraction relative to that of the probe functionalized sensor as 

a function of the concentration of target ssDNA. Samples were annealed at a rate of 0.2 °C min−1 with 

PM, 1bpMM, or random target DNA concentrations ranging from 0.5 to 1000 μM. Diffraction 

measurements were taken in a 0.25 mM NaCl solution at pH 6 and at room temperature. Error bars 

represent ±1σ from the mean of 3 samples. 

 

Due to the sensitivity of the approach to the hybridization between the target and probe 

strands, we also hypothesized that mutations in the target that weakened hybridization would be 

detectable. Of particular interest was if single base pair mutations could be detected using this 

approach. The detection of single base pair missense mutations is of practical importance for the 

identification and screening of genetic makers that are associated with various diseases. In the 

case of p53, screening for specific known hotspot mutations allows for the detection of genetic 

hallmarks of cancer, which permits rational treatment using cancer-specific therapies. To 

understand if our approach is sensitive to single base pair mutations, the optical response of 
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functionalized hydrogels to the target sequence with a base pair mismatch (1bpMM) was 

measured. Notably, the mutation that was introduced results in the hotspot mutation R175H, 

which perturbs the structure of the DNA binding domain of p53, resulting in a loss of p53 

function.
45, 46

 Although a redshift in the diffraction peak relative to the probe functionalized 

sensor (i.e., the signal Δλ) was not observed at low concentrations of 1bpMM, a significant 

change in the diffraction peak was apparent at higher concentrations, indicating that, despite 

weaker affinity for the probe, a target with a single base pair substitution can be detected. 

Presumably, because the binding affinity would increase, the response to a base pair change in 

longer target and probe sequences would theoretically increase relative to the control. Moreover, 

the apparent selectivity of the approach for the PM relative to the 1bpMM suggests that, in 

principle, a target strand may be differentiated from similar sequences in complex DNA 

mixtures. Such mixtures may include a multitude of strands with differing sequences and 

lengths, which may arise, for example, from the digestion of cellular DNA. 

6.3.2 Effect of Annealing Rate and Temperature on Sensor Response 

Annealing conditions can greatly affect the ability of DNA to form the most 

thermodynamically favorable duplexes. Accordingly, the impact of annealing conditions on the 

sensitivity of the detection of the target sequence was investigated. The conditions for annealing 

were varied by heating hydrogels that contained the probe in the presence of the target DNA to 

approximately 10 °C above the theoretical Tm of the bound PM (∼76 °C in 100 mM NaCl). After 

heating, the solution containing the free PM target and hydrogel was cooled to well below the Tm 

at different cooling rates. The final temperature to which the solution was cooled was 55 °C at 

which the PM sequence should be mostly bound within the hydrogel. As shown in Figure 6.3a, 

the magnitude of the redshift in diffraction is greatest at low cooling rates and drops off as the 
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rate of cooling increases beyond 0.2 °C min−1. The decline in sensitivity at high cooling rates 

may be attributed to imperfect hybridization of the PM to the probe sequence, which would 

result in increased dissociation of the PM strand. 

 

Figure 6.3 Optical response Δλ observed for DNA hybridization as a function of (a) annealing rate and 

(b) annealing temperature. All samples were annealed in the presence of 50 μM PM target DNA at rates 

ranging from 0.05 to 1 °C min−1. In (a) the annealing rate was maintained from 85 to 55 °C, followed by 

uncontrolled cooling from 55 °C to room temperature. Samples presented in (b) were annealed at a rate of 

0.2 °C min−1 and, at the specified temperatures, were removed and immediately cooled in ice water 

followed by rinsing in 100 mM NaCl to quench hybridization. Diffraction measurements were taken in a 

0.5 mM NaCl solution at pH 6 and at room temperature. Error bars represent ±1σ from the mean of 3–6 

samples. 

 

The impact of annealing conditions on the sensitivity of target detection was also 

investigated by using a fixed cooling rate, but varying the annealing time. In this case, samples 

were heated to 85 °C and subsequently cooled at a rate of 0.2 °C min−1 for different times, which 

resulted in different final annealing temperatures, ranging from 85–55 °C. At the final annealing 

temperature, the hydrogels were quickly cooled in ice water followed by rinsing in 100 mM 

NaCl solution at room temperature to quench any further hybridization. Figure 6.3b shows the 

optical response to the PM sequence as a function of the final annealing temperature. As 
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anticipated, at high final annealing temperatures, where the amount of bound PM is expected to 

be low, the response of the sensing approach to the PM is low. A significant increase in the 

detection of the PM sequence is observed at longer times and thus lower final annealing 

temperatures. Annealing of the hydrogels below 55 °C resulted in no further change in the sensor 

response, indicating further lowering the annealing temperature has negligible impact on 

hybridization and sensitivity of the approach. 

6.3.3 Characterization of the Critical Melting Temperature of Target DNA 

A fundamentally interesting question related to DNA detection using our sensing 

approach is if the Tm of the bound target DNA is the same in the hydrogel as in solution. 

Dramatic changes in Tm of the bound target DNA, relative to the annealing or characterization 

temperatures, may significantly lower the magnitude of the observed response to the target and 

thus the detection limit. To determine the Tm of the target sequences used in this work, the PM (at 

50 μM) and 1bpMM (at 500 μM) sequences were annealed at a cooling rate of 0.2 °C min−1 with 

the immobilized probe. For reference measurements, hydrogels were subject to annealing under 

identical conditions without target DNA. Of note, a larger concentration of the 1bpMM sequence 

relative to the PM sequence was used to obtain optical responses of similar magnitude for the 

two DNA targets. After annealing, the hydrogels were heated from room temperature to 65 °C at 

a rate of 0.25 °C min−1 and the diffraction response of each sample was measured over the entire 

temperature range. The diffraction response for the PM and 1bpMM sequences is reported as a 

normalized response, which was determined as the difference of the diffraction wavelength (i.e., 

Δλ) of the sample with target DNA from that of the reference (with no target DNA) divided by 

the average maximum shift in peak diffraction wavelength (i.e., Δλmax,ave) from the PM or 

1bpMM. By reporting the normalized difference in diffraction wavelength, volume changes in 
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the hydrogel related to temperature increases and DNA denaturation could be decoupled. In this 

case, changes in the equilibrium volume of the hydrogel at elevated temperatures may be 

attributed to changes in the solvent density and Flory–Huggins interaction parameter that alters 

the free energy of mixing of the system.
47 

From the melting curve of the normalized diffraction response for the PM and 1bpMM 

sequences (Figure 6.4), the Tm of bound PM and 1bpMM could be approximated. The 

approximated Tm of the bound PM and 1bpMM were 43.5 and 34.3 °C, respectively, as 

determined from linear interpolation of the melting curves. For comparison, the theoretical Tm of 

bound PM and 1bpMM in solution are 43 and 35 °C, respectively,
48

 which are in good 

agreement with the experimentally determined values when bound in the hydrogel. This close 

agreement implies that the hybridization of the target DNA in the hydrogel is nearly identical to 

that in solution and, moreover, that the theoretical Tm of the target DNA-probe duplex in solution 

can be used to rationally design the probe strand to enhance sensitivity as well as to optimize the 

annealing and characterization temperatures. 
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Figure 6.4 (a) Schematic of the optical setup for characterizing melting curves and (b) normalized 

melting curves for samples annealed with PM or 1bpMM target DNA. The normalized optical response 

was calculated as the difference in peak diffraction between the target containing samples and reference 

samples, normalized to the average maximum shift for the PM and 1bpMM samples. The Tm for the 

hybridized PM (blue squares) and 1bpMM (red triangles) was found to be 43.5 and 34.3 °C, respectively. 

Sample annealing was performed prior to melting with 50 μM PM or 500 μM 1bpMM target DNA at a 

rate of 0.2 °C min−1. Melting was performed by ramping samples from room temperature to 65 °C at a 

rate of 0.25 °C min−1. Diffraction measurements were taken in a 2.5 mM NaCl solution at pH 6. Error 

bars represent ±1σ from the mean of 3 samples. 

 

6.3.4  Characterization of Sensor Response to Solution Ionic Strength 

Due to the effect of ionic strength on DNA melting and the Donnan potential between the 

hydrogel and the surrounding environment, the detection of target DNA is strongly dependent on 
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ionic strength during the diffraction measurements. To understand the magnitude of this effect, 

the sensor response as a function of ionic strength of the optical characterization solution was 

investigated for PM, 1bpMM, and control samples (Figure 6.5). For both PM and 1bpMM 

samples, starting at high ionic strengths, the response of the sensor increased significantly as the 

ionic strength of the characterization solution was lowered. However, as the ionic strength was 

further lowered, the sensor response decreased, resulting in two discernable regimes that describe 

the effect of ionic strength on the sensor response. 

 

Figure 6.5 Optical response Δλ as a function of ionic strength for samples annealed with 50 μM PM (blue 

squares) or 1bpMM (red triangles) target DNA annealed at a ramp rate of 0.2 °C min−1. Control samples 

(black circles) included probe functionalized hydrogels annealed in the absence of target DNA and 

hydrogels that were not functionalized with probe but annealed in the presence of target DNA. The 

vertical dashed line indicates the ionic strength conditions at which the melting temperature of the PM 

target DNA is equal to the optical characterization temperature. Diffraction measurements were taken 

after sample equilibration in 0.01 to 10 mM NaCl solutions at pH 6 and at room temperature. Error bars 

represent ±1σ from the mean of 3–6 samples. 
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The distinction between these regimes is most notable for the PM sequence for which a 

maximum response was observed at an ionic strength of ∼0.25 mM. A decrease in the sensor 

response below this ionic strength is presumably due to the reduction in Tm for the hybridized PM 

to less than the characterization temperature, which results in weaker binding of the target strand. 

Notably, the predicted salt adjusted Tm for the hybridized PM is equivalent to room temperature 

at 0.15 mM salt (dashed line), which corresponds to the characterization temperature for these 

samples. As such, at ionic strengths less than 0.15 mM, one would expect that the amount of 

bound PM within the hydrogel at room temperature is very low. Despite the formation of the 

duplex being favored, the decrease in sensor response above the optimum ionic strength can be 

explained by a reduction in Donnan potential upon hybridization. This reduction is due to a 

smaller gradient in the concentration of mobile ions from the interior to the exterior of the 

hydrogel with increasing ionic strength. For the 1bpMM sample, the optimum ionic strength for 

detection was significantly higher than for the PM as expected given that the Tm for bound 

1bpMM is lower (than for bound PM) at all ionic strengths. 

These results ultimately show the importance of considering ionic strength and 

characterization temperature, which are intimately related, when expanding this sensing 

approach to other sequences and mutations. For example, for probe and target strands with a 

lower GC content, that when hybridized have a lower Tm, a lower characterization temperature or 

ionic strength could be used. Similarly, if longer probe and target strands are used, the 

characterization temperature or ionic strength (or both) could be increased to enable detection. 

However, the use of shorter probe and target strands enables a wider range of characterization 

conditions due to a greater difference in the Tm between a strand that is a perfect match and one 

that has a base pair mutation. The flexibility to rationally alter the characterization conditions for 
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the detection of virtually any sequence or length target strand represents a major strength of the 

approach. In the case of longer target strands that form secondary structures (e.g., hairpin loops), 

the annealing conditions could be altered to ensure melting of the target and hybridization with 

the probe. Additionally, the location of a base pair mutation has little effect on the Tm of 

hybridization unless the mutation is present at one of the end positions. The location of the 

mutation at an end position would, in theory, result in a decrease in the difference in the response 

between the perfect match and mutated target strands. As such, this suggests that the probe 

strand should be designed such that the anticipated mutation is internal within the probe 

sequence. 

6.3.5 Detection of Methylated DNA 

Having demonstrated the utility of our sensing approach to detect single base pair 

mutations, an interesting question to ask is if this approach is also sensitive to epigenetic DNA 

modifications. Such modifications include DNA methylation and hydroxymethylation, which 

play a crucial role in gene regulation and thus the development and progression of a variety of 

diseases.
49, 50

 Currently, the primary methods for detecting such modifications include mass 

spectrometry
51, 52

 and methylation-specific PCR,
53, 54

 although newer methods, including 

photopolymerization-based amplification,
55

 have recently been reported. For conventional DNA 

sensing methods, these modifications are difficult to detect due to the often negligible impact 

these modifications generally have on DNA melting and thus hybridization.
56, 57 

To explore the question of sensitivity to epigenetic changes, we characterized the optical 

response using our approach to the fully methylated form of the PM sequence (mPM). The PM 

sequence, when fully methylated, contains six methylated cytosine bases (Table 6.2.1). We 

hypothesized that the methylated moieties in the mPM sequence would reduce the relative 
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hydrophilicity of the hydrogel (i.e., increase the strength of the Flory–Huggins interaction 

parameter χ) and the extent of mixing in water, thereby causing the hydrogel to contract, rather 

than swell. As expected, a dose-dependent response to the addition of the mPM target sequence 

annealed at a rate of 0.2 °C min−1 was observed when measured at 10 mM ionic strength and 

room temperature. This response, which is shown in Figure 6.6, is reported as the difference 

between the optical peak shift due to hybridization of the mPM target strand and hybridization of 

the PM target strand (|ΔΔλ|). The raw response generated by the addition of the mPM sequence is 

shown in the inset. Of note, optical characterization was performed in a high ionic strength 

solution to minimize the electrostatic contributions to the observed response upon hybridization 

of the mPM and PM sequences. By minimizing the contribution of electrostatics, the response 

that is observed is primarily due to volume changes arising from modulation of the χand the 

addition of the methyl groups to the target DNA. Moreover, as anticipated, the response 

generated by the addition of the mPM sequence resulted in a blueshift in the diffraction peak of 

the encapsulated CCA, which is consistent with the hydrogel shrinking. 
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Figure 6.6 Optical response as a function of the concentration of methylated DNA target. The reported 

response (|ΔΔλ|) is the difference between the optical shift in the wavelength of peak diffraction upon 

hybridization of the methylated target and the detected shift upon hybridization of the PM target. The 

inset shows the raw response generated by hybridization of the mPM target. Samples were annealed from 

85 to 55 °C utilizing a ramp rate of 0.2 °C min−1 and target DNA concentrations ranging from 100 to 500 

μM. Diffraction measurements were taken in a 10 mM NaCl solution at pH 6 and at room temperature. 

Error bars represent ±1σ from the mean of 3–6 samples. 

 

The relative impact of even a single methylation site on the target DNA may be predicted 

based on a theoretical model for hydrogel swelling,
47

 in which the osmotic pressure term 

associated with hydrogel mixing in an aqueous solution scales as ΠM ∝ χ. To the simplest 

approximation χwater-hydrogel ∝ (δwater − δhydrogel)
2 where δ are semi-empirical solubility parameters 

related to the cohesive energy density as based on the approaches of Hildebrand or Hansen.
58, 59

 

Often, solubility parameters for polymers may be well estimated by using a group contribution 

approach, in which δ = (∑F)/V where F are tabulated values of the molar attraction constants for 

common functional groups
60

 and V is the molar volume of the repeat unit. Therefore, the 

dependence of the interaction parameter on the number of methylation sites n on the DNA target 
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may be estimated by χmethylated ≈ χunmethylated + 2nδCH3χunmethylated
1/2, and assuming a linear dependence of 

the optical response on χ (a reasonable approximation for small changes in χ, see Chapter 5), the 

blueshift in optical response based on a single methyl group may be estimated to be 2–3 nm. 

Given the error of the optical response in Figure 6.6, the methylation of as few as two sites may 

be reasonably detected. One way to potentially enhance the response to a single methylation site 

may be to encapsulate the CCA in a hydrogel with a lower inherent χ. 

Similarly, it may be predicted that other chemical modifications to DNA, including 

hydroxymethylation or more significantly functionalities that are highly hydrophobic, will also 

be readily detectable using this approach. For example, a single phenyl modification is predicted 

to have approximately three times the effect as a methyl modification. Chemical carcinogens that 

form DNA adducts may likewise be detected, including the classic example of benzo[a]pyrene 

which through a series of chemical reactions may be covalently linked to guanines in DNA.
61-63

 

In fact, the effect of benzo[a]pyrene on the p53 oncogene has been shown to lead to transversion 

mutations, such as the single base pair mutation considered here.
64

 The DNA biosensing scheme 

presented here may then also provide opportunities to screen for chemical carcinogens and DNA 

adducts that lead to mutations from which cancer originates. 

6.4 Conclusions 

In summary, we have developed and demonstrated the utility of optically diffracting 

hydrogels for the label-free detection of DNA, as well as missense mutations and methylated 

sites ubiquitous to genes associated with a variety of diseases. Specifically, we showed that a 

short target DNA sequence from p53 could be readily distinguished from an analogous sequence 

that has a single base pair mutation that corresponds with the cancer hotspot mutation R175H in 

a highly selective and dose-dependent manner. Furthermore, methylation of the native target 

http://pubs.rsc.org/en/content/articlehtml/2015/an/c5an01191d#cit35
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sequence could be detected, indicating the feasibility of using this approach to screen for 

epigenetic modifications. Differences in the detection of the native versus mutant and methylated 

sequences can be attributed to alterations in hybridization and polymer-solvent interactions, 

respectively, and are sensitive to changes in ionic strength and hybridization conditions. This 

approach ultimately represents a new paradigm for screening oncogenic hotspot mutations in p53 

and other cancer-associated proteins. More broadly, this approach may be extended to screen for 

genetic markers for other diseases as well as nucleotide modifications, stemming from epigenetic 

changes or chemical modification. The high selectivity in differentiating between a target strand 

and similar sequences would, in principle, permit the detection of the target strand from complex 

DNA mixtures. 
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 – DEVELOPMENT OF A THERMAL-RESPONSIVE PHOTONIC CRYSTAL CHAPTER 7

HYDROGEL FOR THE HIGH-THROUGHPUT DETECTION OF SOLVENTS AND SMALL 

MOLECULES PRODUCED DURING MICROBIAL FERMENTATION 

7.1 INTRODUCTION 

In order to combat climate change and counteract diminishing supplies of fossil fuels, 

there is significant interest in research directed towards renewable and carbon-neutral energy 

sources such as biofuels. Biofuels are a renewable source of energy derived from a biological 

precursor.
1
 In the simplest terms, there are three routes for the conversion of renewable 

biological materials into fuel-like molecules: 1) direct production by photosynthetic organisms 

such as plants and algae; 2) fermentative or nonfermentative production by heterotrophic 

organisms such as bacteria or yeast; and 3) chemical conversion of biomass to fuel.
2
 At first 

glance, production of fuels direction from CO2 via photosynthetic metabolism appears to be 

highly promising, however this approach faces major difficulties in terms of scalability and 

available land.
3-4

 Chemical conversion of biomass to fuel also faces potentially insurmountable 

hurdle of requiring energy intensive and caustic pretreatment steps, making this process 

prohibitively expensive.
5-6

 

Microbes, on the other hand, have been utilized in industrial processes for centuries. 

Some of the most successful examples include alcohol fermentation by Saccharomyces 

cerevisiae and bioplastic production by Escherichia coli.
7-8

 However, though there are instances 

of effective industrial use of microbes, the expensive of feedstocks remain a major prohibitive 

factor to producing biofuels from microbes and, therefore, fermentation processes must be as 

carbon efficient as possible.
2
 Methods for improving the efficiency of the fermentation process 

include reducing inhibitor sensitivity, increasing product tolerance, and increasing specific yields 

through directed evolution.
9-10

 One difficulty of evolving more efficient microbial strains is time 
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consuming nature of the selection process. For example, if a microbial strain is being evolved to 

increase accumulation of an alcohol it is necessary to perform a comprehensive screen to 

quantify the production yields. Traditionally, this is performed by HPLC analysis, which, though 

automated, is extremely time-intensive.
11

 

To alleviate this problem, we have developed a high-throughput photonic crystal 

hydrogel sensing platform capable of monitoring carbohydrate consumption during fermentation 

and, via an increase in measurement temperature, an endpoint measurement of ethanol 

production. Photonic crystal hydrogels, which are comprised of a photonic material embedded 

into a hydrogel network, have shown great utility in detecting solvent conditions,
12-14

 small 

molecules,
15-18

 and biomolecules.
19-20

 The photonic crystal hydrogel used here is comprised of a 

crystalline colloidal array (CCA), a solution of highly charged nanoparticles, polymerized into an 

N-isopropylacrylamide (PNIPAM) hydrogel. The charged nanoparticles electrostatically repel 

each other in solutions, forming a 3-dimensional photonic crystal that Bragg diffracts visible 

light.
21

 The diffraction wavelength is dependent upon the particle spacing which is modulated 

through volume transitions in the hydrogel. PNIPAM, a well-known thermal-responsive 

polymer, has a distinct lower critical solution temperature (LCST) where it exhibits a sharp 

volumetric transition due to hydrogen bonding and hydrophobic interactions inside the gel.
22-23

 

At temperatures below the LCST, the functional groups of the polymer hydrogen bond strongly 

with water molecules and the hydrogel remains the hydrophilic or swollen state. At temperature 

above the LCST, the hydrogen bonds between the functional groups and water are broken and 

the polymer undergoes a collapse into a reduced volume hydrophobic state.
24-26

 Due to the strong 

dependence of the polymer state on hydrophobic and hydrogen bonding interactions, solvents 
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can also induce the same type of phase transition,
25, 27-28

 which, because of the presence of the 

CCA, is seen as a color change of the hydrogel. 

The PNIPAM photonic hydrogels were polymerized into a 96-well plate to facilitate 

high-throughput detection of glucose and ethanol, main components of a fermentation system. 

The presence of glucose or ethanol in solution acts to disrupt the hydrogen bonds between the 

PNIPAM and water,
29-30

 thereby reducing the LCST, shrinking the hydrogel, and inducing a 

blueshift in the diffraction peak (Figure 7.1). Through the addition of hydrophobic and 

hydrophilic co-monomers we are able to tune the LCST of the material and, therefore, the 

response sensitivity to the target molecules. Furthermore, we can alter the measurement 

temperature to expand the detectable range and allow for the detection of molecules of differing 

hydrophobic character with the same polymer composition. Lastly, we used the developed 

sensing platform to monitor glucose consumption during Saccharomyces cerevisiae growth and 

ethanol accumulation after reaching the diauxic shift.  

 

Figure 7.1 Schematic of photonic hydrogel response to temperature, glucose, and ethanol. Detection is 

preformed via high-throughput transmission spectroscopy with a conventional plate reader. 
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7.2 EXPERIMENTAL METHODS 

7.2.1 Materials 

N-isopropylacrylamide (NIPAM) was purchased from Sigma-Aldrich (St. Louis, MO) 

and purified by solubilizing in hexane at 60 °C followed by precipitation in an ice bath. White 

solid was filtered and stored at 4 °C for up to 2 wks. N,N’-methylenebis(acrylamide) (BA), and 

N-tert-butylacrylamide (tBA), and N-hydroxyethyl acrylamide (HEAA) monomers were 

purchased from Sigma-Aldrich and used without further purification. Wild-type (BY4709) 

Saccharomyces cerevisiae was purchased from ATCC (Manassas, VA). Half-are UV bottom 96-

well plates (#3679) were purchased from Corning, Inc. (Corning, NY).  

7.2.2 Synthesis of Colloidal Suspension of Nanospheres 

As previously described, the colloidal suspension of highly-charged polystyrene (PS) 

nanospheres were synthesized via emulsion polymerization.
31

 The colloidal suspension used had 

a concentration of 11 wt% in water and were ~110 nm in diameter with a polydispersity of 3.4%, 

as determined by dynamic light scattering (Titan DynaPro with Dyna V6.3.4 software package, 

Wyatt Technology, Inc.; Santa Barbara, CA). The suspension was stored at room temperature 

with BioRad (Hercules, CA) AG501-X8 mixed bed resin. 

7.2.3 Hydrogel Polymerization and Crystalline Colloidal Array Formation 

Hydrogels were photopolymerized by solubilizing 50-56 mg NIPAM (0.9-1 M) and 1.2 

mg (0.015 M) BA in 480 µL of the CCA solution. The hydrophobic monomer (tBA) and 

hydrophilic monomer (HEAA) were dissolved in DMSO at 1 M and added to the NIPAM/BA 

solution to a final concentration of 0-0.1 M. The photoinitiator Irgacure 2959 (BASF; Florham 

Park, NJ) (10 wt% in DMSO) was added at a final concentration of 0.03 wt% to the CCA-

monomer solution. For all hydrogels fabricated, the final monomer concentration was maintained 
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constant at 1 M. 4 µL of the solution was then pipetted into the center of each well of UV clear 

96-well acrylic plate and an acrylic mold was placed into the wells to create hydrogels of 

approximately 175 µm in thickness. Samples were flood exposed with 365 nm light at 6 

mW/cm
2 

from a handheld UV mercury lamp for 90 min at 4 °C. It was necessary to cool samples 

during polymerization to prevent phase separation of the monomers. Films were subsequently 

rinsed and stored in ultrapure water for a minimum of 24 h prior to use. 

7.2.4 LCST Determination and Diffraction Shift as a Function of Temperature 

The LCST of the copolymer was determined by differential scanning calorimetry (TA 

DSC Q2000, Dallas, TX). Approximately 10 mg of water equilibrated hydrogel was tested. 

Samples were equilibrated at 15 °C for 10 minutes prior to ramping from 15 °C to 60 °C at 3 

°C/min. LCST values were measured by the peak position of the endotherm. The diffraction shift 

do to the polymer collapse was measured in pure water after a 24 h equilibrium period. The 

temperature profiles were measured from 26 to 32 °C with a step size of 1 °C. Prior to 

measurement, the micro-well plate was incubated for 30 min at the desired temperature to ensure 

equilibrium had been reached.  

7.2.5 Saccharomyces cerevisiae Culture 

Wild-type (WT) S. cerevisiae was cultured in 25 mL of complete synthetic media with 

added yeast nitrogen base and glucose concentrations ranging from 0 to 20 g/L at 30 °C and 200 

rpm. OD600 measurements were taken every 1.5 h and samples were centrifuged at 4000 x g for 

10 minutes to pellet the cells. The supernatant was then removed and 160 µL was added to each 

well. The 96-well plate was then incubated at the desired temperature for 30 min before 

measurement to reach equilibrium. 
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7.2.6 Optical Diffraction Measurements 

The optical response of the equilibrated hydrogel-encapsulated CCA biosensors was 

measured with a TECAN (Winooski, VT) Infinite 200 Pro series plate reader. After gels 

equilibrated at the desired temperature for 30 min, the absorbance spectrum was scanned from 

300 to 800 nm. Diffraction shifts were calculated as the difference between the sample 

measurements and the reference measurements. For the glucose response curve and glucose 

depletion studies, reference samples of glucose in synthetic complete media were used. For the 

ethanol response curve and endpoint ethanol values, reference samples of synthetic complete 

media in the absence of glucose were used. 

7.2.7 Endpoint Ethanol Measurement via HPLC 

HPLC measurements were taken using a Biorad (Hercules, CA) Amine HPX-87H ion 

exclusion column with a Shimadazu (Kyoto, Japan) 10avp HPLC system. Mobile phase 

consisted of 5 mM aqueous sulfuric acid at a flow rate of 0.6 mL/min. Column temperature was 

maintained at 50 °C throughout analysis. Injection volumes were 40 µL and the run time was 35 

min per sample. 

7.3 RESULTS AND DISCUSSION 

7.3.8 Fabrication of Photonic Crystal Hydrogels in a 96-well Plate Format for High-

throughput Detection  

Photonic crystal hydrogels were developed to be compatible with half-area UV 

transparent 96-well plates (Figure 7.2) to allow for high-throughput detection of the diffraction 

shift with a conventional microplate reader. Hydrogels were fabricated directly into the 

microwell plate by adding 4 µL of monomer containing CCA solution to the center of each well. 

An acrylic mold consisting of 96 pins, roughly the same diameter as the well, was pushed into 
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the plate, effectively compressing the monomer solution to the bottom of the wells. The mold 

was specifically designed to have pins that are approximately 175 µm shorter than the well depth 

to ensure uniform hydrogel thickness. The solution was then polymerized by exposing to 365 nm 

light through the bottom of the plate. Because polymerization was performed through the bottom 

of the plate, it was necessary to use UV transparent microplates, which have a thin and semi-

flexible bottom. Fabrication of photonic hydrogels within a standard, full area, UV transparent 

96-well plate was also attempted. However, the bottom of the larger wells flexed much more 

during the application of the mold, disrupting the self-assembly of the CCA. Due to the response 

mechanism of the system, the key capabilities of the plate reader include temperature control and 

the ability to perform spectral absorbance scans from 300 to 800 nm. Depending on the plate 

reader used, scanning each well takes on the order of 30 s, meaning that an entire plate can be 

read in ~45 min which is comparable to the time it takes to run a single sample on a conventional 

HPLC system. 
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Figure 7.2 Image of photonic crystal hydrogels fabricated in a 96-well plate. From left to right in two 

column sections samples contain: 5 mol% HEAA, 5 mol% tBA, 2.5 mol% HEA, and 2.5 mol% tBA. 

Image was taken at 30 °C. 

7.3.1 LCST Determination and Response as a Function of Temperature 

Figure 7.3a shows the LCST of PNIPAM and PNIPAM co-polymers as a function of 

polymer composition, as measured by DSC. Photonic crystal hydrogel co-polymers were 

fabricated through blending 0 to 10 mol% of a hydrophobic (tBA) and hydrophilic (HEAA) 

monomer into the NIPAM monomer solution prior to polymerization. Hydrogels containing tBA 

showed decrease in LCST that is proportional to the molar increase of co-polymer concentration. 

Conversely, hydrogels containing HEAA show the opposite trend. Increasing the co-polymer 

concentration increases the LCST of the hydrogel. Inclusion of hydrophilic and hydrophobic co- 

monomers into a PNIPAM hydrogel affects the LCST of the resulting hydrogel via altering the 

polymer-water hydrogen bonds. The inclusion of a hydrophobic co-monomer acts to reduce the 

hydrogen bonding between PNIPAM and the water molecules, thereby stabilizing the 

hydrophobic or collapsed state of the hydrogel and lowering the LCST. Conversely, inclusion of 
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hydrophilic monomers increases the amount of hydrogen bonds between the polymer and 

solvent, resulting in a more swollen hydrogel and increased LCST.
22, 24

 

This phenomena was further verified by monitoring the diffraction shift as a function of 

temperature for pure PNIPAM hydrogels and hydrogels containing 2.5% tBA and 2.5% HEA 

(Figure 7.3b). For all polymer compositions investigated, increasing the measurement 

temperature dramatically blueshifted the diffraction peak, indicating a reduction in hydrogel 

volume. Samples containing 2.5 mol% tBA, the hydrophobic monomer, exhibited a more rapid 

reduction in volume as the temperature is increased. Pure PNIPAM gels exhibited a transition 

between the hydrophobic and hydrophilic monomer. The hydrophilic monomer exhibited the 

lowest response to temperature over the range tested and the maximum diffraction shift that is a 

quarter the magnitude of the hydrophobic monomer. It is important to note that it was not 

possible to capture the entire thermal transition for any of the co-polymers investigated. The low 

end of the range, 26 °C, was chosen because this was the lowest temperature that the plate reader 

used could accurately control. At this temperature, both the tBA containing and PNIPAM 

hydrogels were already within the transition range. It also was not possible to capture the upper 

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

below 300 nm and, therefore, no longer detectable. 
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Figure 7.3 LCST as a function of polymer composition from DSC measurements (a) and hydrogel optical 

response as a function of polymer composition and temperature (b). DSC data was acquired by 

equilibrating samples at 15 °C for 10 minutes prior to ramping from 15 °C to 60 °C at a rate of 3 °C/min. 

Optical response data was performed in pure water. Error bars represent ± 1 σ from the mean of 4 distinct 

samples. 

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

Due to the goal of detecting glucose consumption during microbial fermentation, it was 

necessary to choose a polymer composition with an LCST above the measurement temperature 

for samples equilibrated with synthetic complete media and 20 g/L of glucose. For the purpose of 

this study, a measurement temperature of 30 °C was chosen because that is a common 

temperature for culturing yeast. Because of the relatively high temperature, media, and glucose 

concentration, it was necessary to choose a hydrogel composition with a fairly high LCST to 

ensure that the diffraction wavelength was within the detection range (300 – 800 nm) across all 

applicable glucose concentrations (0 to 20 g/L). In theory, if different glucose concentrations or 

growth conditions were required, complete glucose detection could be achieved by selecting the 

polymer conditions that fit the temperature and media requirements (e.g. more HEAA for higher 

temperature or glucose concentrations).  
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Figure 7.4 is the redshift as a function of decreasing glucose concentration for polymers 

containing 2.5 mol% HEAA. Two conditions were tested: 1) varying glucose concentration in 

synthetic media and, 2) varying glucose with ethanol supplemented at 0.5 g ethanol/ g glucose 

consumed (e.g. 5 g ethanol/ 10 g glucose). As glucose is consumed the hydrogel redshifts 

because less glucose is available to disrupt the hydrogen bonding of the polymer and water. 

Therefore, the amount of hydrogen bonds increases, the LCST increases, and the diffraction peak 

redshifts. In a system that undergoes ethanol production from the consumptions of glucose, there 

is a competing response because ethanol accumulation disrupts the hydrogen bonding and lowers 

the LCST. An ethanol concentration of 0.5 g ethanol / g glucose was chosen because it is close to 

the theoretical maximum ethanol production of S. cerevisiae. At the theoretical maximum 

ethanol production, the difference between the glucose only control and the ethanol containing 

samples should be maximized. Though a slight difference is seen between the glucose standard 

and the ethanol containing samples, this difference is not large enough to differentiate between 

small variations in ethanol production rates that are expected from directed evolution of 

microbial strains. This lack of sensitivity is due to the fact that the measurement temperature is 

significantly lower than the LCST, which is approximately 38 °C in pure water for the polymer 

system used. It is necessary to measure the glucose consumption at such a low temperature for 

two reasons. One, there is significantly more initial glucose than final ethanol concentration (> 2 

times) and measuring at a higher temperature would saturate the signal due to collapse of the 

polymer. Two, the hydrogel exhibits a larger response to glucose than to ethanol. This is likely 

due to the fact that glucose is a larger, more hydrophobic molecule that is better able to disrupt 

hydrogen bonding. 
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Figure 7.4 Redshift as a function of glucose in synthetic complete media and mixture of glucose and 

ethanol in synthetic media. Redshift was calculated as the difference between samples and reference 

samples containing 20 g/L glucose in synthetic media. Hydrogels contain 2.5 mol% HEAA and were 

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

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

To increase the sensitivity to ethanol is it necessary to measure the ethanol response at a 

temperature closer to the LCST of the material in the absence of glucose. Figure 7.5 is the 

hydrogel response to ethanol in synthetic complete media as a function of temperature. Over the 

investigated range, which spans no ethanol production to the theoretical maximum, the response 

sensitivity dramatically increases as a function of temperature. As indicated by the glucose data, 

at 30 °C the sensor is not able to differentiate between no ethanol and 10 g/L ethanol. When the 

temperature is increased to 31 °C, the sensor can differentiate ethanol concentrations greater that 

8 g/L. At 32 °C, the lower detection limit is 2 g/L ethanol. Though higher temperatures would 

allow for more sensitive detection, this range was selected because it is highly applicable for 

monitoring yeast fermentation. It is interesting to note that for the majority of the samples a 1 °C 
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increase (from 32 °C to 33 °C) shifted the response outside of the lower end of the detection 

range (i. e. below 300 nm). Though it is not possible to use this sensing platform to 

simultaneously measure glucose and ethanol concentration on the same hydrogel and in the same 

micro well, data suggests that glucose concentration may be monitored over the course of 

microbial fermentation and that, after all the glucose is depleted, it is possible to measure the 

ethanol accumulation. 

 

Figure 7.5 Blueshift as a function of both ethanol concentration and temperature. Sample contains 

synthetic complete media and ethanol. Blueshift was calculated as the difference between samples and 

reference samples containing synthetic complete media in the absence of glucose. Hydrogels contain 2.5 

mol% HEAA. Error bars represent ± 1 σ from the mean of 4 distinct samples. 

7.3.4 Application of the Photonic Hydrogel for Monitoring Microbial Fermentation 

Wild-type S. cerevisiae was cultured for 15 h in synthetic complete media with yeast 

nitrogen base and 20 g/L glucose added. Reference measurements of media with 20 g/L glucose 

and media only were taken before measurement of the fermentation products. At the determined 

time points, samples were removed, the cells were centrifuged, and the glucose concentration of 
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the supernatant was measured. It was found that the redshift, due to consumption of glucose, 

closely matches the growth curve (Figure 7.6a). In the initial time points, there appears to be a 

slight lag phase before the response enters an exponential phase that mirror the exponential phase 

of the growth curve. After 13.5 hrs, the stationary phase was reached and growth halted. At the 

same time point, no further increase in response was seen, indicating that glucose consumption 

was complete. It is of interest to note that diffraction measurements were also attempted with 

samples containing microbial cells in the microplate wells. However, the noise was much greater 

than the signal and no clear trend could be elucidated. Likely, the noise was due to a localized 

response of the hydrogel to cells, sedimentation of the cells onto the hydrogel surface reducing 

the signal, or a combination of both factors. 

After the growth had reached the stationary phase it was assumed that the glucose had 

been fully consumed. The samples were then heated to 32 °C and diffraction measurements were 

taken to determine the accumulation of ethanol (Figure 7.6b). The diffraction shift was found to 

be approximately 25 nm, which correlates to between 4 and 6 g/L ethanol. The concentration of 

glucose and ethanol were verified using HPLC. It was found that glucose had been completely 

consumed and the sample contained 7.9 g/L ethanol. Both the hydrogel sensor and HPLC 

indicated no ethanol in the media only control sample. The discrepancy between the hydrogel 

response and the HPLC results are likely due to interactions of other fermentation product within 

the hydrogel. HPLC analysis showed prominent acetic acid and glycol peaks. It is feasible that 

the presence of one or both of those small molecules act to reduce the sensor response to ethanol. 
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Figure 7.6 Redshift as a function of time during fermentation with S. cerevisiae (a) and blueshift as a 

function of sample for stationary phase growth (b). Redshift was calculated as the difference between 

samples and reference samples containing 20 g/L glucose in synthetic complete media and is due to 

consumption of glucose. Blueshift was calculated as the difference between samples and reference 

samples containing synthetic complete media in the absence of glucose. Ethanol concentration was 

determined via HPLC analysis. Hydrogels contain 2.5 mol% HEAA and were measured at 30 °C for (a) 

and 32 °C for (b). Error bars represent ± 1 σ from the mean of 4 distinct samples. 

7.4 CONCLUSIONS 

We developed a high-throughput photonic crystal hydrogel sensor responsive to both 

ethanol and glucose. The photonic crystal hydrogel is comprised of PNIPAM co-polymerized 

with hydrophobic and hydrophilic monomers to alter the LCST. Addition of either glucose or 

ethanol acts to reduce the hydrogen bonding between the polymer and solvent which, in turn, 

lowers the LCST, reduces the hydrogel volume, and blueshifts the diffraction peak. With this 

platform, we were able to detect glucose as a function of time during microbial fermentation. 

After consumption of glucose, we then increased the measurement temperature and were able to 

detect relevant concentrations of produced ethanol. Further study is still required to show that 

this platform can be used to detect modulations in ethanol accumulation after fermentation is 

complete. This will be accomplished by altering the growth conditions (e.g. reduced glucose 

concentration) to obtain cultures with differing endpoint ethanol accumulation. Lastly, expansion 
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of this platform to other microbial systems that produce other biofuels such as isobutanol or 

isopropanol is of interest. 
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APPENDIX A  - DERIVATION OF THEORETICAL MODEL 

A.1 Derivation of the Free Energy of Mixing 

The thermodynamics of polymer solutions vary greatly from that of ideal solutions and 

are considered irregular in that both the change in entropy and enthalpy differ from their ideal 

values. Entropic variation is attributed to the large size discrepancy between the solvent and 

solute molecules, whereas the enthalpic variation is due to the existence of a finite heat of 

mixing. By regarding the polymer chain as a series of covalently bonded discreet units, the 

entropic change can be calculated from the lattice theory using the combinatorial contributions of 

the molecules, as shown by the entropic term of the Flory-Huggins theory of mixing: 

∆𝑆𝑀 = −𝑘(𝑁1𝑙𝑛𝜙1 + 𝑁2𝑙𝑛𝜙2)  (A.1) 

where 𝜙1is the volume fraction of the solvent and 𝜙2 is the volume fraction of the solute. 

The expression for the change in enthalpy for an irregular solution is highly similar to 

that of a regular solution where enthalpic changes are derived from the breaking of polymer-

polymer and solvent-solvent contacts and the formation of polymer-solvent contacts. The 

number of contacts can be estimated using the lattice model by assuming the probability of a 

lattice space being occupied is represented by 𝜙1: 

Δ𝐻𝑀 = 𝑘𝑇𝜒𝑁1𝜙2   (A.2) 

where 𝜒 is the Flory-Huggins interaction parameter that represents the difference in energy 

between a solvent molecule interacting with itself as opposed to interacting with pure polymer. 

The free energy of mixing can be derived by combining the enthalpic and entropic 

contributions to mixing in the following expression: 

Δ𝐺𝑀 = Δ𝐻𝑀 − 𝑇Δ𝑆𝑀 = 𝑘𝑇[𝑁1𝑙𝑛𝜙1 + 𝑁2𝑙𝑛𝜙2 + 𝑁1𝜙2𝜒]  (A.3) 
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A.2 Derivation of the Elastic Free Energy 

Free energy of hydrogel swelling, which is analogous to deformation of rubber, must be 

considered separately from the free energy of mixing. By assuming that swelling occurs without 

appreciable change in internal energy (i.e. Δ𝐻𝑀 = 0) the elastic free energy becomes: 

Δ𝐺𝐸 = −𝑇Δ𝑆𝐸  (A.4) 

Assuming a linear deformation factor (𝛼) and that the polymer is isotropic (𝛼𝑥 = 𝛼𝑦 = 𝛼𝑧), the 

elastic free energy becomes: 

Δ𝐺𝐸 = (𝑘𝑇𝑣𝑒/2)(3𝛼2 − 3 − 𝑙𝑛𝛼2)  (A.5) 

where 𝑣𝑒 is the number of chains present in the network.  The linear deformation factor may be 

described by: 

𝛼3 = 𝑉/𝑉𝑜  (A.6) 

where 𝑉𝑜 is the volume of the relaxed polymer network (i.e. the volume occupied by the polymer 

when cross-links are introduced) and 𝑉 is the volume of the swollen polymer. 

A.3 Derivation of the Ionic Contribution to Polymer Swelling 

The equilibrium between a swollen ionic polymer and the surrounding solution closely 

resembles the Donnan equilibrium of membranes. The polymer acts as a membrane by 

preventing immobilized charges, which are randomly dispersed throughout the hydrogel from 

diffusing to the outer solution. The swelling force that results from the presence of the charge 

groups within the polymer is directly comparable to the net osmotic pressure across the 

semipermeable membrane typical of the Donnan equilibrium. Due to the presence of 

immobilized ions, the ion concentration inside the hydrogel is always higher than the 

concentration outside the hydrogel, meaning that the osmotic pressure inside the gel is greater 

than that outside the gel, creating a driving force for swelling. The expansive force may be 
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equated to the difference in osmotic pressure between the two solutions and is therefore related 

to the difference in the internal and external ion concentration: 

Π𝑖𝑜𝑛 = 𝑅𝑇 ∑(𝑐𝑥 − 𝑐𝑥
∗)                 (A.7) 

where 𝑐𝑥 is the concentration of mobile ions of type x inside the hydrogel and 𝑐𝑥
∗ is the 

concentration of ions in solution. 
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APPENDIX B – SUPPLEMENTARY RESULTS AND DISCUSSION FOR PHOTONIC 

CRYSTAL KINASE BIOSENSOR 

B.1 Theoretical Model of Swelling in Hydrogel-Encapsulated CCA Biosensor 

To fully understand the effect of phosphorylation and, therefore, kinase activity on the 

optical response of the hydrogel-encapsulated CCA biosensor, it is necessary to investigate the 

parameters that affect hydrogel swelling. Towards this end, a theoretical model of the hydrogel-

encapsulated CCA swelling due to immobilized charge was developed to elucidate the 

dependency of that swelling on (i) the material properties of the hydrogel, (ii) the charge 

distribution immobilized in the hydrogel, and (iii) the ionic character of the surrounding 

environment. The developed model is based on Flory’s description of swelling in ionic polymer 

networks
1
 which specifies that the total osmotic pressure, at equilibrium, is equal to zero: 

Π𝑇 = Π𝑖𝑜𝑛 + Π𝑀 + Π𝐸 = 0   (B.1) 

Three contributions to the osmotic pressure are considered, including Π𝑖𝑜𝑛, which is the 

osmotic pressure due to the Donnan potential that arises from the gradient in mobile ion 

concentration inside the hydrogel and that of the surrounding solution: 

Π𝑖𝑜𝑛 = 𝑅𝑇 ∑(𝑐𝑥 − 𝑐𝑥
∗)                 (B.2) 

where R is the universal gas constant, T is the temperature, 𝑐𝑥 is the concentration of mobile ions 

of type x inside the hydrogel, and 𝑐𝑥
∗ is the concentration of ions in solution. Π𝑀 is the osmotic 

pressure associated with the free energy of mixing: 

Π𝑀 = −
𝑅𝑇

𝑉𝑠
[𝑙𝑛 (1 −

𝑉𝑜

𝑉
) +

𝑉𝑜

𝑉
+ 𝜒 (

𝑉𝑜

𝑉
)

2

]           (B.3) 

where Vs is the molar solvent volume, Vo is the dry hydrogel volume, V is the current 

hydrogel volume, and χ is the Flory-Huggins interaction parameter between the polymer and the 
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solvent. Finally, Π𝐸 is the osmotic pressure due to changes in the free energy upon elastic 

deformation of the hydrogel thin film (as confined to swelling in 1D): 

Π𝐸 = −
𝐸

2
(

𝑉𝑚

𝑉
)                     (B.4) 

where E is the Young’s modulus and Vm is the volume of the unstrained hydrogel.  

The Young’s modulus was experimentally measured by rheometry (E = 6 kPa) and the 

Flory-Huggins parameter was estimated from the equilibrium swelling of the hydrogel (χ = 

0.545). The concentration of charge immobilized in the hydrogel and the corresponding mobile 

counterions were calculated from the staining data in Fig. 2. However, since there are both 

positive and negative charges immobilized in the LRRASLG-functionalized hydrogel, a portion 

of these charges are involved in ionic cross-links (a concentration x) and are assumed to be 

inaccessible for staining. A mole balance around the concentration of positive and negative 

charges in the hydrogel enables calculation of the concentration of peptide immobilized in the 

gel (p) and unreacted carboxylate functionalities:  

Mole balance on negative charges:  

 𝐶𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 = 𝐶𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒 𝑖𝑛 𝐿𝑅𝑅𝐴𝑆𝐿𝐺 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 +  𝑝 + 𝑥   (B.5)  

Mole balance on positive charges:    

0 = 2𝑝 − 𝐶𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑟𝑔𝑖𝑛𝑖𝑛𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑖𝑛 𝐿𝑅𝑅𝐴𝑆𝐿𝐺 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 − 𝑥              (B.6) 

where 𝐶𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 = 35.4 mM, 𝐶𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑒 𝑖𝑛 𝐿𝑅𝑅𝐴𝑆𝐿𝐺 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 

= 10.1 mM, and 𝐶𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑟𝑔𝑖𝑛𝑖𝑛𝑒 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑖𝑛 𝐿𝑅𝑅𝐴𝑆𝐿𝐺 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 = 3.3 mM from the staining data in Fig. 2. 

Solving this pair of simultaneous linear equations for p and x results in calculated concentrations 

of immobilized peptide of 9.5 mM and ionic cross-links of 15.8 mM. 
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B.2 Redshift in Peak Diffraction as a Function of Increasing Phosphorylated Peptide 

Concentration 

The red shift in peak diffraction as a function of known phosphorylated peptide 

concentrations (Figure B.1) was characterized to determine the potential range of the biosensor 

response and to provide a standard curve for the relationship between optical response and extent 

of reaction. Each hydrogel was functionalized with identical total concentrations of peptide using 

a 100 mM peptide solution and following the procedure discussed previously. The extent of 

phosphorylation was controlled, however, through the molar ratio of phosphorylated and non-

phosphorylated peptide added (e.g., 15 mol% extent of phosphorylation was achieved with 15 

mM LRRApSLG and 85 mM LRRASLG). Results shown in Figure 4.5a indicate that the 

maximum red shift in peak diffraction upon kinase activity was ~80 nm. According to data 

presented in Fig. B.1, this corresponds to an extent of phosphorylation of 26 mol%. 

 

Figure B.1 Red shift in peak diffraction as a function of extent of phosphorylation (mol%) of peptide 

immobilized in the hydrogel. Error bars represent ±1σ from the mean over 3 distinct samples. The images 

 0 %  15 %  30 %  45 % 
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(~5x5 mm2) show the visual color change of the hydrogels as a function of increasing extent of 

phosphorylation. 

B.3 Raw Peak Diffraction Spectra as a Function of PKA Concentration in 

Phosphorylation Reaction 

 

Figure B.2 Red shift in peak optical reflectance of hydrogel-encapsulated CCAs with increasing PKA 

concentration. The PKA treatment was performed at concentrations ranging from 0 (black curve) to 25 

U/µL (brown curve) for 2 h at 30 °C. The raw diffraction spectra shown here correspond to the dose-

dependent measurements presented in Fig. 4.5b. 

 

B.4 Detector Response in the Presence of Mobile Charged Small Molecules 

A potential concern for using the photonic crystal biosensor for screening kinase 

inhibitors and activators is that charged, small molecules present during the phosphorylation 

reaction may affect the optical response of the sensor. To address this concern, the response of 

the sensor to phosphorylation in the presence and absence of charged small molecules was 

investigated. In this case, we utilized biologically relevant amino acids (lysine for the positively-

charged molecule and glutamic acid for the negatively-charged molecule) at 10 mM 

concentrations that are well above relevant concentrations for compounds for inhibiting and 
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activating kinases. The results, reported in Figure B.3, indicate that the charged molecules have 

no effect on the final optical response of the sensor. Exogenous charged and uncharged species 

are removed upon extensive rinsing in ultrapure water, as is always done prior to optical 

characterization of the biosensor, thereby preventing interference from these compounds. 

 

Figure B.3 Optical response of the photonic crystal biosensors to kinase activity in the presence of 

positively- and negatively-charged small molecules. The hydrogel-encapsulated CCAs were kinase 

treated alone, with 10 mM positively-charged lysine, or with 10 mM negatively-charged glutamic acid. 

All samples were incubated with 16 U/µL PKA for 2 h at 30 °C in 50 mM tris-HCl buffer, at pH 7.5, with 

10 mM MgCl2 and 1 mM ATP. Error bars represent ±1σ from the mean over 3 samples. The similarity in 

red shift in peak diffraction between samples indicated that exogenous charged molecules in the kinase 

reaction step may readily be washed from the hydrogel samples and, as such, do not alter the extent of 

hydrogel swelling. 

 

B.5 Extent of Phosphorylation as a Function of Time and Enzyme Concentration as 

Determined by Theoretical Fitting 

The time course and dose response data in Figure 4.5 can be fit with the theoretical 

model of swelling in ionic polymer networks, using a single fitting parameter, as indicated with 

the solid curves. The model assumes that the change in charge concentration varies linearly with 
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both time and enzyme activity, which is consistent with Michaelis Menten kinetics at substrate 

saturating and initial rate conditions. Assuming substrate saturation ([𝑆] ≫ 𝐾𝑚), plots of product 

([𝑃]) as a function of time (𝑡) and [𝑃] as a function of enzyme concentration ([𝐸]) are shown in 

Figure B.4.
2
 The slope of [𝑃] versus 𝑡 in Figure B.4a is the activity (𝑑[𝑃] 𝑑𝑡⁄ ) and, at this 

condition, is equivalent to 𝑉𝑚𝑎𝑥. In Figure B.4b, the slope of [𝑃] versus [𝐸] is equivalent to 

𝑘𝑐𝑎𝑡 × 𝑡, from which 𝑘𝑐𝑎𝑡 was determined to be 2.0 s
-1

. The same value of 𝑘𝑐𝑎𝑡 could also be 

calculated independently from the plot of [𝑃] versus 𝑡 using the known value of [𝐸] (16 U/µL).  

 

Figure B.4 Extent of phosphorylation as a function of a) time upon treatment with 16 U/µL of PKA and 

b) PKA concentration for 2 h treatments. Experimental measurements are shown as blue points, the solid 

black curves represent model predictions over the range fitted, and the dashed curves are extrapolations 

from the model. 

 

B.6 Application of the Photonic Crystal Biosensor to the Detection of Phosphatase 

Activity 

We have also demonstrated that the photonic crystal biosensor can be used to detect the 

reverse (i.e., dephosphorylation) reaction, involving the removal of immobilized negative 

charges, by phosphatases. Figure B.5 shows the spectral data for a CCA biosensor 

functionalized with 45 mol% phosphorylated peptide and 55 mol% non-phosphorylated peptide 

before (black curve) and after (blue curve) treatment with Antarctic phosphatase (0.1 U/µL at 37 

a) b) 
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°C for 16 h). After incubation of the sample with the phosphatase, a ~30 nm blueshift in the 

wavelength of peak diffraction was observed. In addition, the recyclability of the biosensor was 

demonstrated by subsequent phosphorylation upon incubation with PKA (16 U/µL at 30 °C for 3 

h), leading to a red shift in the wavelength of peak diffraction similar to that quantified in Fig. 3a 

(an ~60 nm red shift). 

 

Figure B.5 Optical detection of phosphatase activity using the photonic crystal biosensor. The hydrogels 

were functionalized with a 100 mM peptide solution that contained 45 mol% phosphorylated and 55 

mol% non-phosphorylated peptide. The black curve is the spectral data of the sample post-peptide 

functionalization and the blue curve is the same sample after incubation with 0.1 U/µL Antarctic 

phosphatase at 37 °C for 16 h. Control samples showed no shift in peak diffraction upon phosphatase 

treatment. 
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