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Development of Two-Dimensional Photonic Crystal Hydrogel Sensors for Biomolecular
Detection

Kyeongwoo Jang, PhD

University of Pittsburgh, 2022

The work reported in this dissertation discusses the recent advancements in the
development of 2DPC hydrogel sensors for biomolecular detection. The 2DPC hydrogel sensors
are fabricated by incorporating 2DPC into responsive hydrogels. Each hydrogel sensor is
functionalized with specific recognition groups that interact with the desired target, causing the
hydrogel to undergo volume phase transitions (VPTs). We measure the target-induced hydrogel
VPTs by monitoring the 2DPC light diffraction and report the analyte concentrations. This sensing
platform is simple, does not require sophisticated instrumentation, and could be used in resource-
limited environments and point-of-care testing.

We demonstrated the use of oxyamine recognition groups for the detection of
phenylpyruvate, an enzymatic reaction product between phenylalanine and phenylalanine
dehydrogenase. The chemoselective oxime reaction between the hydrogel oxyamines and
phenylpyruvate covalently modifies the hydrogel structure and induces the hydrogel VPTs. This
2DPC hydrogel sensor could be further used to develop a phenylalanine sensor for patients with
phenylketonuria and to develop a lactate sensor to evaluate the development of sepsis.

We also developed two other mechanisms for small molecule detection utilizing DNA
aptamers as molecular recognition groups. Upon binding targets, the DNA aptamers that are
attached to the hydrogel network undergo conformational changes, triggering the hydrogel VPTs.

We hypothesize that this sensing motif is generalizable and that other sensors can be easily



fabricated by simply exchanging the aptamer recognition group. We plan to continue to develop

this sensing platform for the detection of other small molecules and proteins of interest.
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1.0 Introduction

1.1 Two-Dimensional Photonic Crystal Hydrogel Sensors

The Asher group has developed a variety of chemical sensors utilizing two-dimensional
photonic crystal (2DPC) hydrogels.}? The 2DPC hydrogel sensors consist of two main
components: responsive hydrogels and 2DPC. Hydrogels are crosslinked polymers that can exhibit
selective volume phase transitions (VPTs) in response to external stimuli including pH,
temperature, light, chemicals, etc.**'" The incorporation of 2DPC into the responsive hydrogels
enables sensitive monitoring of the hydrogel VPT upon target recognition by measuring the 2DPC
light diffraction. Therefore, we measure the target-induced 2DPC light diffraction shifts to report
the analyte concentrations. The 2DPC light diffraction measurement only requires a simple laser
pointer without the need for sophisticated instruments, ideally positioning the sensing motif for
potential use in resource-limited environments. This chapter describes the background theory
behind the development of 2DPC hydrogel sensors and provides an overview of the research topics

presented in this dissertation.

1.1.1 Stimuli-Responsive Hydrogels and Their Volume Phase Transition Mechanisms

Hydrogels are cross-linked polymers that contain large quantities of water. In response to
selective external stimuli, some hydrogels can undergo VPTSs, thus acting as smart materials. The
external stimuli include pH, temperature, light, small molecules, proteins, etc.'*” Depending on

the interactions between the hydrogel polymer networks, solvent (water), and stimuli, the



hydrogels may swell or shrink. These stimuli-induced VVPTs are very selective and sensitive to the
targets. Thus, responsive hydrogels have been of great interest in sensing applications.

Our hypothesis is that we can create chemical sensors by monitoring the hydrogel VPTs.
Understanding the mechanisms of the hydrogel VPTs allows the design and fabrication of
responsive hydrogels for the selective and sensitive detection of analytes. The VPTs of hydrogels
are caused by the changes in the Gibbs free energy within the system, as explained by the Flory-
Rehner theory. Flory and Rehner’s insights on the thermodynamic properties of polymer network

swelling are incorporated into the theory.8-20

1.1.1.1 VPTs of non-ionic hydrogels

The VPTs of non-ionic hydrogels were analyzed by the Flory-Rehner swelling equilibrium
theory.'®?! According to the theory, the hydrogel volume change is directly related to the
magnitude of the osmotic pressure induced by the Gibbs free energy change. Flory and Rehner
discovered that the total Gibbs free energy difference, AGotal CONSiSts 0f AGmixing @Nd AGelastic Where
AGnmixing is the change in the free energy of mixing and AGeiastic is the change in the elastic free
energy.

AGiotal = AGmixing + AGelastic (1-1)

The volume derivative of AG is equal to the osmotic pressure I1. Thus, the AGtota generates
the osmotic pressures [Tmixing aNd elastic Where ITmixing iS the osmotic pressure induced by AGmixing
and ITelastic is the osmotic pressure induced by AGelastic. The total osmotic pressure ITtotal IS the sum

of the two osmotic pressures ITmixing and Ielastic.

0
ITtotal = E (AGmixing + AGeIastic) = Hmixing + elastic (1'2)



The Flory-Huggins theory explains that AGmixing and [Tmixing arise from the spontaneous
mixing process between the hydrogel polymer chains and the solvent, water.'®2° When the mixing
is spontaneous (AGmixing < 0), ITmixing IS induced in the hydrogel network, causing the hydrogel to
swell. The other components AGelastic and Melastic are derived from the rubber elasticity theory.?? As
the volume of the hydrogel increases due to the spontaneous mixing, the polymer chains lose the
conformational entropy, making AGelastic unfavorable (AGelastic > 0). This induces the corresponding
osmotic pressure ITepastic, making the polymer volume resistant to swelling. At equilibrium, these
two components are balanced, AGiotal = ITtotal = 0, and the hydrogel maintains its volume. When
the hydrogel is not in equilibrium (1w # 0), the volume of the hydrogel changes until
establishing an equilibrium by absorbing or expelling water.??

Equations 1-3 and 1-4 further define ITmixing and ITeiastic by the Flory-Rehner theory, where
R is the ideal gas constant, T is the temperature, 7, is the molar volume of the solvent, V; is the
volume of the polymer in the dry state, ' is the volume of the polymer in its swollen state, y is the
Flory-Huggins interaction parameter, V. is the volume of the polymer when initially polymerized,

and n, is the number of crosslinks.?4%

I mixing = —I;—T [In (1 — %) =2+ ( ) ] (1-3)

1
Helastic = —%nc [ R VT)] (1-4)
For the sensor development, we attach specific recognition groups to the hydrogel polymer
network.?® These recognition groups interact with a specific target, resulting in changes in y or
ner 2" As a result, Mot becomes non-zero and the hydrogel undergoes VPTs. Importantly, the
magnitude of the VPTSs is proportional to the target concentration. Thus, the target-induced VPTs

are monitored and used to report the target concentrations.



1.1.1.2 VPTs of ionic hydrogels
When the hydrogel polymer network contains ionic groups (ionic hydrogels), changes in
the ionic free energy AGionic and the corresponding osmotic pressure ionic also contribute to AGtotal
and ITrotal, @S shown in eqs 1-5 and 1-6.%°

AGtotal = AGmixing + AGelastic + AGionic (1-5)
ITotal = % [AGmixing + AGelastic + AGionic] = Hmixing + Helastic + ionic (1'6)

Equation 1-7 further describes ITionic Where C; is the concentration of the mobile ion species
i and the superscripts g and s denote the gel (inside of gel) and solution (outside of gel) phases,
respectively.

Mionic = RT Y. (¢f = ¢f) (1-7)

When the number of mobile ions between the inside and outside of the gel are not in
equilibrium, the non-uniform distribution of mobile counterions creates a Donnan potential,
leading to the hydrogel VPTs.? Thus, hydrogel sensors can be developed by selectively inducing
Mionic in the ionic hydrogels.! The ion-induced VPT allows the development of highly sensitive
hydrogel sensors in solutions with low ionic strength.?® However, the VPTs induced by ionic are
less effective in solutions with high ionic strength because the relative change in the number of

ions becomes smaller.
1.1.2 Photonic crystal hydrogel sensing motif

Photonic crystals (PC) are optical nanostructures that are composed of periodic dielectric

materials (Figure 1-1).1"3%3! Due to their ability to control the flow of light, PC have been applied



in many areas, including chemical sensing, light filters, antireflective coatings, waveguiding,

etc 17,32,33

periodic in one periodic in two periodic in three
dimension dimensions dimensions

Figure 1-1. Schematic representation of photonic crystals. The periodicity of photonic crystals ranges from one-

to three-dimensional .3

The Asher group is the first to develop a novel PC hydrogel sensing material called a
polymerized crystalline colloidal array (PCCA).3*%¢ The PCCA is fabricated by polymerizing a
crystalline colloidal array (CCA), a body- or face-centered cubic structure of highly charged
colloidal particles (Figure 1-2), into a responsive hydrogel. The responsive hydrogel has molecular
recognition groups that interact with the desired target, causing the hydrogel VPTs in proportion
to the analyte concentration. The hydrogel VPTs alter the periodicity of the CCA, shifting the
diffracted wavelength (Figure 1-3). Thus, the target-induced wavelength shifts are monitored and
can be used to report the analyte concentration. Based on this three-dimensional PC hydrogel

sensing motif, numerous sensors have been developed to detect stimuli including pH,2*%
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temperature,®>38 solvents,?*3" metal ions,3%3%%2 light,**** gases,®*> magnetic field,*® and small

molecules, 224754
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Figure 1-2. CCA with a body-centered cubic structure. Highly charged colloidal particles are self-assembled

into the lattice structure due to the electrostatic repulsion.
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Figure 1-3. The PCCA sensing motif. The CCA diffraction measurement allows for the sensitive monitoring

of the shits in the diffracted wavelength, which is used to report the analyte concentration.3*
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The PCCA sensing motif has a limitation in that the CCA is sensitive to the ionic
impurities.® As the polystyrene particles self-assemble into an ordered lattice due to the
electrostatic repulsion, the presence of ionic impurities can disturb the CCA ordering and greatly
degrade the CCA diffraction quality. Therefore, any polymerizable monomers with ionic groups
cannot be used during the PCCA fabrication. If such groups are required as molecular recognition
groups, they need to be attached to the PCCA hydrogel network via post-polymerization
modifications that require additional steps. Also, for highly sensitive monitoring, the PCCA
sensors need a spectrometer for the diffraction measurement, limiting their potential applications
in resource-limited environments.

The Asher group recently reported a new 2DPC hydrogel sensing motif that eliminates the
shortcomings of the PCCA sensors.>>% As an initial fabrication step, a hexagonally-closed-packed
2DPC array is prepared on water, transferred to a glass substrate, and dried (Figure 1-4).2 The dry
2DPC array is now highly stable on the glass substrate, and the hexagonal ordering is not disturbed
by the addition of polymerizable monomer solutions containing ionic groups. This allows the

preparation of 2DPC hydrogels even using monomer solutions containing charged species.



b) —— ) N —»

Figure 1-4. Preparation of 2DPC on a glass substrate. (a-b) Inject a solution containing polystyrene particles
on water surface to fabricate a hexagonally-closed-packed 2DPC array. (c-d) The 2DPC on water is

transferred to a glass substrate and air-dried.?

In addition, the 2DPC diffraction measurement requires only a laser pointer without any
sophisticated spectrometer. When irradiated by a monochromatic light along the array normal, the
2DPC array forward diffracts light at an angle, producing a Debye ring on the bottom screen
(Figure 1-5).* By measuring the Debye ring diameter, the 2DPC particle spacing can be calculated
and used to determine the analyte concentration (Figure 1-6). Due to its ease of fabrication, low
cost, and the potential application in resource-limited setting, the 2DPC hydrogel sensing motif
has been widely used to detect pH,12 gases,” metal ions,* small molecules,>1125-5 proteins,+6:9:10

microorganisms,3%° etc.
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Figure 1-5. (a) Schematic diagram and (b) the experimental setup showing the 2DPC light diffraction. When
irradiated by a monochromatic light along the array normal, 2DPC diffracts light at an angle depending on

the particle spacing, producing a Debye ring on the bottom screen.*
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Figure 1-6. Example particle spacing curve reporting the analyte concentration. The 2DPC hydrogel sensor
contains biotin recognition groups that form additional crosslinks with avidin via avidin-biotin binding. As

the avidin concentration increases, the particle spacing decreases.*



1.2 Overview of Research Program

The work reported in this dissertation discusses the advancements in the development of
2DPC hydrogel sensors for biomolecular detection. This 2DPC hydrogel sensing motif requires
only a laser pointer and does not require any sophisticated instrumentation or complicated sample
preparation. Thus, the hydrogel sensors could potentially be used for resource-limited settings and
point-of-care testing.

Chapter 2 describes the development of phenylpyruvate (PhPY)-sensing 2DPC hydrogels.
PhPY is the reaction product between phenylalanine and the enzyme phenylalanine
dehydrogenase. With the goal of developing phenylalanine sensor for phenylketonuria patients,
we first developed the PhPY sensor. The 2DPC hydrogel sensor for PhPY used an oxyamine
recognition group to form a chemoselective oxime bond with the carbonyl group of PhPY. The
PhPY-induced covalent modification attached additional charged groups to the hydrogel network,
resulting in the hydrogel swelling. This in turn increased the 2DPC particle spacing in proportion
to the PhPY concentration.

Chapter 3 demonstrates the development of new 2DPC hydrogel sensing motif utilizing
the DNA aptamers as molecular recognition groups. Aptamers are short, single-stranded
oligonucleotides that bind specific targets with high binding affinities. For this proof-of-concept
study, we polymerized the adenosine-binding aptamer into the hydrogel network. The long
aptamer strand was partially duplexed with another short DNA strand that was also polymerized
in the hydrogel network. In the absence of adenosine, the hybridized DNA strands acted as
crosslinks in the hydrogels; however, when adenosine was added, the DNA crosslinks broke as the

adenosine-binding aptamer now competitively bound adenosine. This reduced the elastic restoring
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force of the hydrogel network, causing the hydrogel to swell. The adenosine-induced particle
spacing increases were monitored to report the adenosine concentrations.

Chapter 4 shows another 2DPC hydrogel sensor for the detection of adenosine using a
different sensing mechanism. In the hydrogels, the adenosine-binding aptamers were again used
as recognition groups. The difference is that now both ends of the DNA strand were covalently
attached to the hydrogel network. Upon binding adenosine, the aptamer changed its conformation
from an elongated structure to a short hair-pin loop structure. These adenosine-induced aptamer
conformational changes induced the hydrogel shrinkage and decreased the 2DPC particle spacing.

Chapter 5 summarizes the research program and describes its future directions.
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2.0 Human Serum Phenylpyruvate Quantification Using Responsive 2D Photonic Crystal
Hydrogels via Chemoselective Oxime Ligation: Progress toward Developing Phenylalanine-

Sensing Elements

This chapter was previously published in the journal ACS Applied Materials & Interfaces
as Jang, K.; Horne, W. S.; Asher, S. A., Human Serum Phenylpyruvate Quantification Using
Responsive 2D Photonic Crystal Hydrogels via Chemoselective Oxime Ligation: Progress toward
Developing Phenylalanine-Sensing Elements. ACS Appl. Mater. Interfaces 2020, 12, 39612-
39619, and is reprinted with permission. K.J. collected and analyzed the data. This manuscript was
prepared by K.J. with the assistance of W.S.H. and S.A.A.

There is a need to develop at-home phenylalanine (Phe) test Kits, analogous to home
glucose meters, for phenylketonuria patients who must measure their blood Phe levels frequently
to adjust their diet. Unfortunately, such test Kits are not available yet because of the lack of simple
and inexpensive Phe-sensing elements. With the goal of developing a Phe-sensing element, we
fabricated two-dimensional photonic crystal (2DPC) hydrogels that quantify human serum
phenylpyruvate (PhPY), which is the product of the reaction between Phe and the enzyme
phenylalanine dehydrogenase. The PhPY-sensing hydrogels have oxyamine recognition groups
that link PhPY to the hydrogel polymer network via chemoselective oxime ligation. This structural
modification induces the hydrogel to swell, which then increases interparticle spacings within the
embedded 2DPC. The PhPY-induced particle spacing changes are measured from light diffraction
and used to quantify the PhPY concentrations. The estimated limit of detection of PhPY in human
serum for a detection time of 30 min is 19 uM, which is comparable to the minimum blood Phe
concentrations of healthy people. Besides the potential application for developing Phe-sensing
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elements, this new hydrogel sensing approach via chemoselective oxime ligation is generalizable

to the development of other chemical sensors working in complex biological environments.

2.1 Introduction

Phenylketonuria (PKU) is a rare inborn error of metabolism that is caused by the deficiency
of phenylalanine hydroxylase, which metabolizes phenylalanine (Phe) to tyrosine.! Untreated PKU
patients have abnormally high blood Phe levels that can result in severe neurological disorders as
well as symptoms including eczema, microcephaly, and seizures. Few medications, including
sapropterin, have been developed to decrease Phe levels, and these are only effective for less than
half of those with PKU.? The most common treatment for PKU is dietary, which involves the
consumption of Phe-free medical formulas and reduced intake of natural protein. The treatment
should be continued for life to maintain the blood Phe levels within 120-360 uM.* This requires
PKU patients to frequently monitor their blood Phe levels and adjust their diet because excessively
low Phe levels can also impede normal growth and development.?

To measure Phe levels, patients must take blood samples at home and mail these samples
to clinics or laboratories or alternatively visit clinics to have blood samples taken. The typical
turnaround time is 5—10 days, precluding real-time diet adjustment based on current conditions.
Thus, there is a need to develop at-home Phe test kits analogous to home glucose meters because
PKU patients would highly benefit from frequent feedback on their blood Phe levels as such data
enable real-time diet adjustment.?® Unfortunately, such test Kits are not available yet.

Currently, three main clinical methods are used to measure blood Phe levels:? the Guthrie

bacterial inhibition assay,* fluorometric analysis,>® and tandem mass spectrometry.”® Various

17



laboratory techniques have also been developed to detect blood Phe utilizing high-performance
liquid chromatography,®° colorimetric assays,'!!* electrochemistry,**> chemiluminescence, ¢
etc. None of these techniques has yet been successfully applied to develop at-home Phe test kits,
largely because of the lack of simple and inexpensive Phe-sensing elements that can function in
blood without the need for sophisticated instruments or trained personnel.

With the goal of developing a Phe-sensing element, we fabricated two-dimensional
photonic crystal (2DPC) hydrogels capable of chemoselectively detecting phenylpyruvate (PhPY),
which is the product of the reaction between Phe and the enzyme phenylalanine dehydrogenase
(PheDH). The responsive 2DPC hydrogels, made of inexpensive materials, contain oxyamine
functional groups that serve as molecular recognition agents. These hydrogel oxyamines
chemoselectively react with the ketone in PhPY and covalently link PhPY to the hydrogel. This
hydrogel structural modification gives rise to osmotic pressures, which cause hydrogel volume
increases in response to increased concentrations of PhPY. The PhPY-induced volume changes
are measured by light diffraction from the embedded 2DPCs, providing simple visible readouts
that are used to quantify PhPY concentrations. The estimated limit of detection (LoD) of PhPY in
human serum for a detection time of 30 min is 19 uM, which is comparable to the minimum blood
Phe concentrations of healthy people. This proof-of-concept study demonstrates the capability of
PhPY quantification in human serum via oxime formation which is widely used for bioconjugation
applications.8

Although requiring further studies, our hypothesis is that the PhPY-sensing materials
developed here could be applied to develop Phe-sensing elements by coupling with the enzyme
PheDH. Prior studies have shown that the enzyme converts Phe to PhPY in whole blood and the

concentrations of enzymatically produced PhPY are proportional to the Phe concentrations.!%%
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Thus, our PhPY-sensing hydrogels will be tested to quantify enzymatically produced PhPY to
determine the concentration of Phe. These enzyme-coupled Phe-sensing elements could be utilized
to develop at-home Phe test kits more inexpensively and efficiently than with existing Phe-sensing
elements. The new hydrogel sensing approach via chemoselective oxime ligation appears
generalizable and can be used to develop other chemical sensors, including those for a wide range

of biomedically relevant targets.

2.2 Experimental

2.2.1 Materials

Acrylamide (AAm), acrylic acid (AAc), 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959), N,N’-methylenebisacrylamide (MBAAm), 1-propanol,
anhydrous dimethylformamide (DMF), p-phenylenediamine (p-PDA), sodium phenylpyruvate
(NaPhPY), L-phenylalanine (Phe), L-(—)-3-phenyllactic acid (PLA), phenylpropanoic acid (PPA),
human serum (from human male AB plasma, U.S. origin, sterile-filtered), and an Amicon Ultra-
15 Centrifugal Filter Unit (UFC 900308) were purchased from Sigma-Aldrich. N-(2-
bromoethyl)phthalimide, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), anhydrous acetonitrile
(MeCN), hydrazine hydrate, and N,N-diisopropylethylamine (DIPEA) were purchased from Acros
Organics.  Hydroxybenzotriazole hydrate (HOBT), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), and N-Boc-hydroxylamine were purchased from Oakwood
Products. Ethanol (200 proof) and hydrochloric acid were purchased from Decon Labs, Inc. and

Thermo Fisher Scientific, respectively. All chemicals were used as received unless otherwise
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specified. AAc was purified by passing it through a glass pipette filled with alumina to remove the
inhibitor. Human serum was centrifuged for 60 min at 5000 g in Amicon Ultra-15 Centrifugal
Filter Units to filter out serum proteins above 3 kDa. Ultrapure water (18.2 m{2-cm) obtained from

a Milli-Q Reference A+ was used for all experiments.

2.2.2 Characterization Techniques

2.2.2.1 NMR

'H and 3C NMR spectra of the synthesized compounds (1-3) were recorded on Bruker
AVANCE 111 400 or 500 MHz spectrometers. Chemical shifts (5) were reported relative to the
residual CHCl; signal. High-resolution magic-angle spinning (HRMAS) *H NMR spectra of the
hydrogels were recorded on a Bruker AVANCE 600 MHz wide-bore NMR spectrometer, equipped
with a HRMAS accessory at a rotation rate of 4200 Hz at 300 K. For NMR spectroscopic studies,
the hydrogels were prepared without 2DPCs. These hydrogels were thoroughly washed with Milli-
Q water, freeze-dried, and placed in a 4 mm rotor. Approximately 40 pL of D20 was added to 10

mg of each dry hydrogel. Chemical shifts (8) were reported relative to the residual H20 signal.

2.2.2.2 Mass Spectrometry
The high-resolution molecular masses of the synthesized compounds (1, 3) were
determined with a Thermo QExactive Instrument utilizing the positive electrospray ionization

(ESI) technique at 70 K resolution.
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2.2.2.3 Scanning Electron Microscopy
Periodic ordering of the 2DPC was monitored using a field emission scanning electron
microscope (Zeiss Sigma 500) with an SE2 detector at an accelerating voltage of 3 kV after sputter-

coating (PELCO SC-7, auto sputter coater) the samples with gold for 75 s at 30 mA.

2.2.3 Preparation of tert-Butyl(2-Acrylamidoethoxy)-Carbamate (TAC) via a Three-Step

Sequence of Reactions

Synthesis of the TAC monomer (Scheme 2-1) proceeded as follows.

Scheme 2-1. Three-Step Sequence for the Preparation of TAC

@)
N\/\Br HO-NHBoc \/\ _NHBoc HaNNH,
o DBU, MeCN EtOH

(45%) (86%)
o)
H,N NHBoc \)LOH EDC H NHBoc
2NN A ’ - = ~ >0
O HOBT, DIEA, DMF /ﬁg O
2 (29%) 3 (TAC)
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2.2.3.1 Synthesis of 1%

N-Boc-hydroxylamine (10.10 g, 75.83 mmol, 1.0 equiv) and DBU (33.98 mL, 227.5 mmol,
3.0 equiv) were dissolved in dry MeCN (50 mL) and stirred for 10 min under N2. The solution was
cooled to 0 °C, and N-(2-bromoethyl)phthalimide (38.53 g, 151.7 mmol, 2 equiv) was added. The
mixture was stirred for 2 h at 0 °C and 70 h at room temperature. The reaction mixture was diluted
with 5% NaHSO4 (30 mL), and the organic phase was extracted with ethyl acetate (EtOAc, 3 x
100 mL). The combined organic phases were brine washed, dried over MgSQO4, and concentrated
by rotary evaporation. The crude material was purified by column chromatography (silica,
hexane/EtOAc = 7:3) to yield product 1 (10.5 g, 34.2 mmol, 45%). Rf = 0.32 (hexane/EtOAC =
7:3). 'H NMR (CDCls, 500 MHz): § 1.47 (s, 9H), 4.00 (m, 4H), 7.73 (m, 2H), 7.76 (br, 1H), 7.86
(m, 2H). 3C NMR (CDCls, 125 MHz): § 28.4, 36.1, 73.2, 81.8, 123.6, 132.2, 134.3, 156.7, 168.8.

HR-ESI-MS m/z: 307.13108 ([M + HJ*, calcd for C1sH10sN2, 307.12885).

2.2.3.2 Synthesis of 221,22

Hydrazine hydrate (4.53 mL, 93.3 mmol, 3 equiv) was added to a solution of 1 (9.54 g,
31.1 mmol, 1 equiv) and 100 mL of ethanol under N». The reaction mixture was stirred at 80 °C
for 24 h. The solvent was removed by rotary evaporation, and 50 mL of cold dichloromethane was
added to the residue. The amine product was extracted from the solid byproduct, phthalhydrazide,
by stirring the mixture. The precipitated phthalhydrazide was filtered off, and the residue was
washed with 50 mL of cold dichloromethane. Then, the combined filtrate and washings were
mixed with 20 mL of saturated K>COs solution. The product was extracted with dichloromethane,
and the organic layer was brine washed, dried over MgSQO4, and concentrated. The resulting crude
product 2 (4.73 g, 26.8 mmol, 86%) was used without further purification. *tH NMR (CDCls, 500
MHz): & 1.48 (s, 9H), 2.99 (t, 2H, J = 9.8 Hz), 3.93 (t, 2H, J = 9.9 Hz).
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2.2.3.3 Synthesis of 3 (TAC)%

HOBT (0.7758 ¢, 5.067 mmol, 1.3 equiv) and 2 (4.73 g, 26.8 mmol, 1 equiv) were
dissolved in dry DMF (50 mL) at 0 °C under Ar. After 10 min stirring, acrylic acid (2.39 mL, 34.9
mmol, 1.3 equiv) was added and the mixture was stirred for another 10 min. DIPEA (14.0 mL,
80.6 mmol, 3 equiv) was added, and the mixture was stirred for 15 min. EDC (7.72 g, 40.3 mmol,
1.5 equiv) was added, and the reaction mixture was stirred at room temperature for 20 h. The
solution was diluted with 100 mL of water and extracted using EtOAc. The organic layer was
washed with 5% NaHSOa4(aq), 5% NaHCOs(aq), water, and brine in sequence. The solution was
dried over MgSO4 and concentrated under reduced pressure. The crude product was purified using
column chromatography (silica, hexane/EtOAc = 2:8) to yield product 3 (1.70 g, 7.77 mmol, 29%).
IH NMR (CDCls, 400 MHz): & 1.49 (s, 9H), 3.58 (q, 2H, J = 5.2 Hz), 3.91 (t, 2H, J = 4.8 Hz), 5.65
(dd, 1H, J = 10.1, 1.6 Hz), 6.18 (dd, 1H, J = 17.1, 10.2 Hz), 6.31 (dd, 1H, J = 17.0, 1.6 Hz), 7.09
(br, 1H), 7.34 (s, 1H). 3C NMR (CDCI3, 125 MHz): § 28.3, 37.6, 76.0, 82.5, 126.3, 131.3, 158.0,

165.9. HR-ESI-MS m/z: 231.13476 ([M + H]*, calcd for C10H1904N2, 231.13393).

2.2.4 Preparation of 2DPC Hydrogels

First, negatively charged polystyrene (PS) spheres of a diameter of 1.23 pum were
synthesized by dispersion polymerization. The detailed procedures were reported by Zhang et al.?*
These PS spheres (3 mL, 16% w/w in water) and 1 mL of 1-propanol were mixed. Then, using our
previously reported needle-tip-flow technique (Figure 2-1a,b), a hexagonally close-packed PS
2DPC array was self-assembled on a water surface.?® The self-assembled 2DPC array was
transferred to a glass substrate (24 x 40 mm?) and air dried (Figure 2-1c,d). Polymerizable
monomer solutions were prepared following the composition listed in Table 2-1. The solutions
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were deoxygenated by injecting N2 gas with a needle for 15 min (1 or 2 bubbles per second). After
the initiator (8 uL of 33% w/v Irgacure 2959 in dimethyl sulfoxide) was added, the solutions were
mildly vortexed for 15 s at 100 rpm. A 96 uL aliquot of the polymerizable solutions was layered
on top of the preformed 2DPC array on a glass slide (Figure 2-1e). A cover slip was placed onto
the 2DPC array to uniformly spread the polymerization solution. The free radical polymerization
was then initiated by irradiating 365 nm UV light from a UVP Compact and Handheld UV Lamp
(UVGL-55) for 15 min at room temperature (Figure 2-1f). The resulting cross-linked polymer
chains incorporated the hexagonally ordered 2DPC array within the hydrogel network. Finally, the
polymerized 2DPC hydrogel was peeled from the glass substrates and thoroughly washed with a

phosphate-buffered saline solution (pH 7.2).
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Figure 2-1. Method for fabricating 2DPC hydrogels. (a—d) First, a hexagonally close-packed PS 2DPC array
was prepared on a glass substrate using the steps of our previously reported needle-tip-flow technique. (e)
Polymerizable monomer solution was layered on top of a preformed 2DPC array on a glass slide. A cover slip
sealed the solution, (f) after which a free radical polymerization was initiated by UV light. This cross-linked

polymer incorporated the ordered 2DPC within the hydrogel network (2DPC hydrogel).
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Table 2-1. Composition of monomer solutions used in the preparation of hydrogel samples

component | % (w/w) | mass (mg)
AAmM 8 32
TAC 10 40
AAc 2 8
MBAAmM 0.5 2
PG 45 180
H20 345 138
total 100 400
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2.2.5 Hydrogel Boc Deprotection

After preparation of 2DPC hydrogels as described above, the Boc protecting groups in the
polymer networks were removed by treatment with HCI. The as-prepared hydrogel was immersed
in 12 mL of 1 M HCI and allowed to stand for 10 min. The HCI concentration was increased and
decreased in increments to minimize osmotic shock to the hydrogel samples. The sequence of
reagents added to the reaction were as follows: (1) 3 mL of 12 M HCI (final concentration 3 M
HCI), (2) 5 mL of 12 M HCI (final concentration 5 M HCI), (3) 16 mL of water (final concentration
3 M HCI), and (4) 72 mL of water (final concentration 1 M HCI). The reaction was allowed to
stand for 10 min after each addition. After the above sequence of steps, Boc-deprotected hydrogels
were soaked in 100 mM acetate buffer (pH 5.5) overnight, cut into 5 x 5 mm? pieces with a razor
blade, and stored in 100 mM acetate buffer (pH 5.5). The thickness of PhPY sense-ready hydrogels

was estimated to be 145 pm.

2.2.6 2DPC Particle Spacing Measurements

PhPY-induced hydrogel volume changes were monitored by measuring the 2DPC particle
spacing, d, from the Debye diffraction ring diameters (Figure 2-2).2% Hexagonally ordered 2DPCs
diffract light according to the Bragg diffraction condition of eq 2-1, where m is the diffraction
order, A is the wavelength of the incident light, d is the spacing between each particle of the 2DPC,

«a is the incident angle of the light, and S is the diffracted angle of the light.
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Figure 2-2. Debye ring diffraction measurement. A 5 x 5 mm? piece of the 2DPC hydrogels was placed
parallel to a white screen below. (a) Experimental setup and (b) schematic diagram depicting the diffraction

of the 2DPC hydrogel illuminated by 532 nm light from a laser pointer at normal incidence.

28



mA = ?d(sina + sinf) (2-1)
When 2DPCs or 2DPC hydrogels are irradiated using a 532 nm green laser pointer along

the array normal (a = 0°), eq 2-1 reduces to

2(532 nm)

d = \/3sin g

(2-2)

For a perfectly ordered 2DPC, the light is strongly forward-diffracted at an angle g, producing six
bright diffraction spots.?” In our case where the sample is microcrystalline, consisting of numerous
small rotationally disordered crystals, the diffraction formed a Debye ring on the screen below
(Figure 2-2a). Equation 2-3 relates D, h, and 8, where D is the diameter of the Debye ring and h

is the distance between the 2DPC plane and the bottom white paper (Figure 2-2b).
p = tan™ ' — (2-3)

Combining eqgs 2-2 and 2-3 gives eq 2-4.

2(532 nm)
- . D
-1
V3 sin (tan 2h)

(2-4)
h is typically fixed at 15 cm. Thus, the particle spacing d was calculated by measuring only
D. To determine d of each sample, we measured nine different D’s from three different positions

within the same hydrogel sample and averaged them.
2.2.7 PhPY-Sensing in Buffer Solutions

For each reaction, a5 x 5 mm? hydrogel was placed in a 10 mL solution of 100 mM acetate
buffer (pH 5.5) containing 100 mM p-PDA. The hydrogel was equilibrated in the solution for 10
min, and the initial particle spacing was measured. A small aliquot of 100 mM of NaPhPY solution

was added to initiate the PhPY-sensing reaction. For the first set of samples, the 2DPC particle
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spacings were measured every 5 min for 1 h. For the second set of samples, the reaction vials were
mounted in a vortex mixer and agitated at 500 rpm. After the PhPY reaction proceeded for 30 min,

the 2DPC particle spacings were measured again.

2.2.8 PhPY Sensing in Human Serum

The hydrogels (5 x 5 mm? pieces) were washed with 10 mM of acetate buffer solutions
(pH 5.7) overnight. After the particle spacings were measured, each hydrogel was transferred to
10 mL of protein-removed human serum containing 500 mM p-PDA (pH 5.2, HCI was added to
adjust the pH). A small aliquot of 100 mM of NaPhPY solution was added to each serum solution.
The reaction vials were mounted in a vortex mixer and agitated at 500 rpm. After the PhPY reaction
proceeded for 30 min, the hydrogels were thoroughly washed with 10 mM acetate buffer (pH 5.7)
for 30 min, replacing the washing buffer every 10 min. Then, the 2DPC particle spacings were

measured again.

2.3 Results and Discussion

2.3.1 PhPY-Sensing Motif Using Responsive Hydrogels Containing 2DPC and Oxyamine

Recognition Groups

Scheme 2-2 shows the hydrogel network and its PhPY-sensing chemistry. The copolymer
structures shown are simplified representations of cross-linked networks. During polymerization,

the newly synthesized monomer TAC was Boc-protected to mask the oxyamine nucleophilicity
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that could cause unwanted side reactions. Post-polymerization deprotection removed the Boc
groups and released the free oxyamine groups, serving as PhPY recognition agents. Additionally,
AAc and AAm monomers were copolymerized with TAC to increase the hydrophilicity of the

resulting hydrogels.

Scheme 2-2. Hydrogel PhPY-Sensing Chemistry
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Our design of the sensor was based on the hypothesis that the formation of oxime bonds
between the PhPY carbonyl groups and the hydrogel oxyamine groups would serve as the basis
for PhPY sensing. We employed the catalyst p-PDA to increase the oxime reaction rate in order to
reduce the PhPY detection time. While oxime ligation is slow between pH 5 and 7 without a
catalyst,?®?° p-PDA increases the reaction rates 50- to 120-fold.3*32

The covalent attachment of PhPY changes the hydrogel composition, which causes the
hydrogel volume to swell (Figure 2-3). The addition of PhPY carboxylates makes the hydrogel
more hydrophilic and also localizes counterions. These characteristics generate a reaction-induced
osmotic pressure, I1, in the hydrogel. The resulting change in IT causes the hydrogel volume to
increase until the system reaches an equilibrium, where the osmotic pressure is uniform in both
the hydrogel and the surrounding solution reservoir.3334 Furthermore, the hydrogel swelling
increases the embedded 2DPC particle spacing, which is directly proportional to the PhPY

concentration.
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Figure 2-3. Schematic diagram of the PhPY-sensing hydrogel. The covalent attachment of PhPY changes the
hydrogel composition, which causes the hydrogel to swell. The swelling increases the embedded 2DPC

particle spacing in proportion to the PhPY concentration.

33



2.3.2 Characterizations of PhPY-Sensing Hydrogels

Figure 2-4a shows a scanning electron microscopy (SEM) image of the hexagonally close-
packed PS 2DPC, which diffracts light according to the Bragg diffraction condition. The
subsequent polymerization incorporated the 2DPC into the newly formed cross-linked polymer
network. As the hydrogel swelled, the spacing of the embedded particles increased
homogeneously, and the PS particles formed a non-close-packed 2DPC (Figure 2-4b). The
hexagonal ordering of the embedded array was retained, which enabled the sensitive monitoring
of the hydrogel volume change by measuring the 2DPC light diffraction. To prevent the non-close-
packed particles from collapsing during the drying process, swollen 2DPC hydrogels were

sandwiched between two glass substrates and dried in a desiccator before being sputter-coated.
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Figure 2-4. (a) SEM image of the hexagonally close-packed 2DPC consisting of PS particles of a diameter of
1.23 pm. (b) SEM image of the non-close-packed 2DPC embedded in the swollen hydrogel. As the hydrogel

swelled, the array particle spacing homogeneously increased, maintaining the hexagonal ordering.
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NMR spectroscopy was used to characterize the PhPY-sensing hydrogels. Because of the
reduced mobility of the individual backbone chains in the cross-linked polymer network, solution
NMR spectra of most hydrogels show significant line broadening.®>3 To improve the spectral
resolution, a smaller amount (0.1% w/w) of the cross-linker (MBAAM) was used to prepare the
hydrogels, and the magic-angle spinning (MAS) technique was employed.3’:%

Figure 2-5a shows the water-suppressed *H NMR spectrum of the hydrogel before
treatment with PhPY. The two sets of signals around 6 = 1.56 and 2.11 ppm correspond to the
polymer backbone CH and CH groups, respectively. The other two sets of signals around & = 3.34
and 3.73 ppm correspond to the side-chain CH2 groups of TAC monomers. Before sensing PhPY,
no proton peaks were observed at & > 4 ppm (except the residual water signal). However, after
sensing PhPY, new peaks were observed at 6 = 7.2—7.3 ppm (Figure 2-5b), which correspond to
the phenyl ring groups of the attached PhPY. The integrated areas of the phenyl protons at 6 = 7.2
ppm and the polymer backbone protons at 6 = 1.54 and 2.12 ppm roughly correspond to the
hydrogel monomer composition. The NMR data obtained clearly demonstrate the covalent

attachment of PhPY to the hydrogels.
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Figure 2-5. HRMAS 1H NMR spectra of hydrogels (a) before and (b) after sensing PhPY. The new phenyl
ring protons at = 7.2—7.3 demonstrate the attachment of PhPY to the hydrogel. The residual water signal at

0 =4.7 was suppressed by presaturation.
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2.3.3 PhPY Recognitions in Buffer Solutions

The PhPY-induced hydrogel swelling was monitored by measuring the embedded 2DPC
particle spacings. First, each 5 x 5 mm? piece of the hydrogel was placed in a solution of acetate
buffer (pH 5.5) containing 100 mM of p-PDA, and the initial particle spacing was measured. The
average was 1740 nm (Figure 2-6a where time = 0 min), which is a 45% increase over the
individual PS sphere diameter of 1.23 um. This means that the hydrogel volumes were already
swollen even before detecting PhPY, which is attributed to the presence of hydrophilic monomers.
These PhPY -sensing hydrogels were mechanically robust and easy to handle.

Next, a different aliquot of 100 mM of NaPhPY solution was added to each hydrogel
sample to initiate the PhPY-sensing reaction, and the particle spacing was measured every 5 min
(Figure 2-6a). The hydrogels underwent larger particle spacing increases (or volume swellings)
with faster reaction rates at higher PhPY concentrations. For example, 5 mM PhPY increased the
particle spacing by 260 nm in 30 min, while 1 mM PhPY increased the particle spacing by only
110 nm in 1 h. The reason for this difference is that the magnitude of the swelling is proportional
to the analyte concentration because the higher the PhPY concentration, the more PhPY molecules
are attached to the hydrogels, generating a higher II. In addition, the PhPY molecules are more
likely to diffuse into the hydrogel network at higher PhPY concentrations, resulting in faster
reaction rates. If no PhPY was present (0 mM), the particle spacings remained constant, showing

that the hydrogel volume swellings were induced by the PhPY reactions.
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Figure 2-6. (a) Monitoring of the 2DPC particle spacing during PhPY-sensing reactions. p-PDA (100 mM)
was employed in each reaction. (b) RPS was calculated and plotted to normalize the variance in the initial
2DPC particle spacings across the different hydrogel samples. Error bars represent standard deviations (n =

3).
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Although the relative standard deviation is only 2%, the initial particle spacings varied
across the different hydrogel samples, which makes it more difficult to analyze the data. To
circumvent this issue, the individual particle spacing curve was scaled, and the relative particle
spacing (RPS) curves were plotted instead (Figure 2-6b). For instance, all of the particle spacing
data points in the 5 mM PhPY curve of Figure 2-6a were divided by the curve initial particle
spacing, 1741 nm. The relative standard deviation of each data point was also calculated following
the propagation of uncertainty. Then, the initial RPS value, where time = 0 min, always becomes
1, and the remaining data points show their relative changes compared with the initial point. The
other particle spacing curves were calculated in the same way. As a result, all of the RPS curves
have the same initial value, which enables the different curves from various samples to be
compared without bias. Thus, only RPS curves, calculated from the raw particle spacing curves,
are discussed in the following results.

Figure 2-7 shows data supporting the chemoselectivity of the PhPY-sensing reaction.
While PhPY induced a significant RPS increase, changes were negligible when testing close
structural analogues: Phe, PLA, and PPA. This shows that the ketone group is vital and supports
the hypothesis that the formation of an oxime with the hydrogel gives rise to the observed swelling.
As an additional control, hydrogels lacking oxyamine groups were prepared by replacing TAC
monomers with AAm. The RPS of these nonfunctional hydrogels did not increase after the
incubation in PhPY. Thus, only when the hydrogels had oxyamine groups and PhPY was present,

the RPS increased.
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Figure 2-7. RPS curves demonstrating chemoselectivity of PhPY sensing. Only when the hydrogels had
oxyamine groups and PhPY was present, the RPS increased. Error bars represent standard deviations (n =

3).
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Figure 2-8 shows the concentration-dependent response of the sensor to PhPY at a fixed
detection time of 30 min. To decrease the PhPY detection time, the reaction vials were agitated at
500 rpm using a vortex mixer. This agitation accelerated the diffusion rate of PhPY so that more
PhPY molecules reached the oxyamines located inside the hydrogels, leading to larger and faster
RPS increases in a shorter time. The effect of agitation can be clearly seen by comparing Figure
2-6b with Figure 2-8 at T =30 minand [PhPY] =1 mM. The RPS was only 1.030 when no agitation
was employed (Figure 2-6b), but the RPS increased significantly to 1.125 when accompanied by
agitation (Figure 2-8). Under these detection conditions, the LoD, estimated from the linear fit,

was 93 uM (3*SD of y-intercept/slope).
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Figure 2-8. Quantification of PhPY for a detection time of 30 min. To decrease the detection time, the reaction
vials were agitated at 500 rpm using a vortex mixer. The RPS at 0.7 mM PhPY had a much larger standard
deviation compared to the other data points. The large standard deviation is potentially attributed to the
relatively poorly ordered 2DPCs embedded into the corresponding hydrogel samples. The red line shows a

linear fit (adjusted R-squared = 0.9968). Error bars represent standard deviations (n = 3).
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2.3.4 PhPY Recognitions in Human Serum

The PhPY-sensing hydrogels were also tested in more complex biological milieu, human
serum. Based on the preliminary results, we removed serum proteins to minimize interference. As
in the previous experiments, we initially used a 100 mM concentration of p-PDA. However,
because p-PDA showed a substantially lower solubility at physiological pH, it was necessary to
add a relatively large amount of HCI to lower the pH and completely dissolve p-PDA. As a result,
serum solutions containing 100 mM of p-PDA had much higher ionic strength than acetate buffer
solutions containing the same concentration of p-PDA. This increased ionic strength of the serum
solution screened the negative charges, which were attached to the hydrogels after detecting PhPY,
thus minimizing IT and the hydrogel volume increase.

To avoid the ionic strength issue and increase the sensor responsivity, the hydrogels were
washed with acetate buffer solutions with a low ionic strength of 10 mM before and after detecting
PhPY. In this case, the ionic strength of the serum solution did not affect the particle spacing
measurements, and the hydrogels showed larger volume changes after detecting PhPY. Further,
500 mM of p-PDA, much higher than 100 mM, was employed for PhPY sensing to maximize the
oxime reaction rate.

Figure 2-9 shows the RPS data as a result of detecting various PhPY concentrations in
protein-removed human serum (detection time = 30 min). The degree of increase in RPS was
greater in the serum solutions than in the buffer solutions. This is because, as aforementioned, the
p-PDA concentration was increased during the PhPY detection, and the hydrogels were washed
with low-ionic-strength solutions after the reaction. For instance, where [PhPY] = 0.5 mM, the
RPS in the buffer solutions was 1.067 (Figure 2-8); however, the RPS in the serum solutions was

noticeably higher at 1.158 (Figure 2-9).
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Figure 2-9. Quantification of PhPY in protein-removed human serum (detection time = 30 min). p-PDA (500
mM) was employed in each reaction. The red line shows a linear fit (adjusted R-squared = 0.9958). Error

bars represent standard deviations (n = 3).
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The red line shows a linear fit where [PhPY] < 0.5 mM, and the LoD was estimated to be
19 uM (3*SD of y-intercept/slope). The change in the RPS began to level off when [PhPY] > 0.5
mM because the PhPY reaction gradually reached equilibrium. The results demonstrate that the
2DPC hydrogel sensor could be used to precisely determine the analyte concentrations in
biological samples.

When [PhPY] = 0 mM in protein-removed human serum, the RPS was not 1 but slightly
increased to 1.022. We hypothesize that this is due to the presence of other ketones or aldehydes
that are normally present in blood at low levels. We do not anticipate that this would pose a
problem in the potential future application of the reported material in the development of a blood
Phe sensor by coupling the enzymatic conversion of Phe to PhPY with the PhPY-sensing
hydrogels. The background RPS of untreated blood will be measured first without the enzymatic
conversion and subtracted from the RPS determined after the enzymatic conversion.

The long-term stability of PhPY-sensing hydrogels was tested. After being stored in 100
mM acetate buffer solutions (pH 5.5) for 4 months at 4 °C, the hydrogel samples reacted with 0.5
mM of PhPY in protein-removed human serum as described above (n = 3). The aged samples
showed a negligible difference in the RPS values compared with the data shown in Figure 2-9.

This demonstrates that the hydrogels can be stored for a long time without losing their responsivity.

2.4 Conclusions

We have described here responsive 2DPC hydrogels for the chemoselective detection of
PhPY, the reaction product of Phe with the enzyme PheDH. The PhPY-sensing hydrogels

chemoselectively react with PhPY, leading to a change in hydrogel volume that is quantified by
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light diffraction from the embedded 2DPC. This covalent structural modification enables the
hydrogels to be vigorously washed with a buffer solution of low ionic strength after PhPY
reactions, resulting in greatly improved sensor responsivity. The estimated LoD of PhPY in
protein-removed human serum for a detection time of 30 min is 19 pM, which is comparable to
the minimum blood Phe concentrations of healthy people.

In future work, we plan to test our hypothesis that it is possible to couple the enzymatic
conversion of Phe to PhPY with the newly reported PhPY-sensing hydrogels to develop a blood
Phe sensor. The recognition of enzymatically produced PhPY would be able to quantify the Phe
concentration because Phe produces a stoichiometric amount of PhPY from the reaction. Our
ultimate goal is to incorporate this Phe sensor into an at-home test kit for PKU patients. Although
these plans present technical challenges that must be addressed, with sufficient optimization, we
propose that the sensor material presented here can be applied more inexpensively and efficiently
than with existing Phe-sensing elements. This new hydrogel sensing approach via covalent oxime
ligation, widely used in bioconjugation applications, can be generalized to develop other chemical

Sensors.
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3.0 DNA-Crosslinked 2D Photonic Crystal Hydrogels for Detection of Adenosine Actuated

by an Adenosine-Binding Aptamer

This chapter was previously published in the journal ACS Sensors as Jang, K.; Westbay, J.
H.; Asher, S. A., DNA-Crosslinked 2D Photonic Crystal Hydrogels for Detection of Adenosine
Actuated by an Adenosine-Binding Aptamer. ACS Sens. 2022, 7, 1648-1656, and is reprinted with
permission. K.J. and J.H.W. contributed equally. This manuscript was prepared by K.J. and J.H.W.
with the assistance of S.A.A.

There is a need to develop versatile sensing motifs that can be used to detect a variety of
chemical targets in resource-limited settings, for example, at the point of care. While numerous
sensing technologies have been developed toward this effort, these technologies can be overly
complex and require a skilled technician, extensive sample preparation, or sophisticated
instrumentation to use, limiting their generalizability and application in resource-limited settings.
Here, we report a novel sensing motif that utilizes DNA-crosslinked two-dimensional photonic
crystal (2DPC) hydrogels. These hydrogel sensors contain a DNA aptamer recognition group that
binds a target analyte. As proof of concept, we fabricated 2DPC hydrogels using a well-studied
adenosine-binding aptamer. This adenosine aptamer is duplexed with a partially complementary
strand and forms responsive crosslinks in the hydrogel polymer network. When adenosine is
introduced, aptamer—adenosine binding occurs, breaking the DNA crosslinks and causing the
hydrogel to swell. This in turn increases the particle spacing of an embedded 2DPC array, shifting
the 2DPC Bragg diffraction. Thus, adenosine concentration can be monitored through 2DPC Bragg
diffraction measurements. A linear range of 20 uM to 2 mM was observed. The detection limits
were calculated to be 13.9 uM in adenosine-binding buffer and 26.7 uM in fetal bovine serum.
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This reported sensing motif has a readout that is simple and rapid and requires minimal equipment.
We hypothesize that this sensing motif is generalizable and that other sensors can be easily

fabricated by simply exchanging the aptamer that serves as a molecular recognition group.

3.1 Introduction

There is a need to develop sensing motifs that are generalizable and can be used in resource-
limited settings, especially at the point of care.! Developing accessible point-of-care sensors that
operate outside of a laboratory without the need for skilled technicians would save time, improve
patient compliance, and reduce health care costs.?® For example, easy-to-use glucose monitoring
devices have significantly improved outcomes for patients with insulin-dependent diabetes
mellitus.*

Recently, various sensing methods have been reported utilizing aptamers. Aptamers are
short, single-stranded RNA or DNA that are selected using the systemic evolution of ligands via
the exponential enrichment (SELEX) process to specifically bind chemical targets.>® Aptamers
have specificities and binding affinities analogous to antibodies but are generally more stable,
easier to engineer, and less expensive to produce; thus, they have been widely used in recent sensor
development.”® For example, aptasensors have been developed utilizing technologies such as
fluorescence resonance energy transfer,>1® fluorescence,**2 surface plasmon resonance
spectroscopy,'>** and electrochemistry.'>® While these sensing methods offer high specificity and
sensitivity, they can require a skilled technician, extensive sample preparation, and/or

sophisticated instrumentation, limiting their application in resource-limited environments.
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Low-cost photonic crystal (PC) hydrogel sensors are a simple sensing platform that have
been fabricated for a variety of chemical targets including pH,*"® ions,'*2° small molecules,*"?1 26
and proteins.?’?® PC hydrogels consist of a periodic PC array embedded in a stimuli-responsive
hydrogel. The stimuli-responsive hydrogel contains molecular recognition groups that actuate
specific volume phase transitions (VPT) in the presence of target analytes. The target-induced VPT
are monitored by shifts in the PC Bragg diffraction and used to quantify analyte concentrations.?%%
These PC sensors require minimal or no sample preparation and have simple, colorimetric
readouts, ideally positioning the PC hydrogels for use in resource-limited settings.

Recently, the Gu group utilized PC hydrogels with aptamers to develop sensors for metal
ions.'®3! They covalently attached Pb?*-, Hg?*-, and Ag*-binding aptamers to PC hydrogels. Upon
binding the target metal ion, each aptamer underwent a specific hairpin-like conformational change
that shrank the hydrogel, blue-shifting the PC array diffraction. This specific sensing motif is
limited in versatility because not all aptamers undergo these hairpin-like conformational changes
that trigger hydrogel VPT and PC diffraction shifts on binding target molecules.

Here, we report the development of novel DNA-crosslinked two-dimensional PC (2DPC)
hydrogels. This sensing motif utilizes duplexed DNA crosslinks that do not rely on a specific
conformational change and thus are generalizable to any aptamer-target interaction.323 As proof
of concept, we fabricated hydrogel sensors using a well-studied adenosine-binding aptamer.3%
Adenosine is an endogenous, regulatory molecule that frequently serves as a model small molecule
in aptamer studies.*>3 We fabricated an adenosine-binding PC hydrogel by attaching a 2DPC
array to a DNA-crosslinked hydrogel containing the adenosine-binding aptamer. In the presence
of adenosine, competitive aptamer—adenosine binding occurs and breaks the DNA crosslinks. This

generates an osmotic pressure in the system that actuates hydrogel swelling. The hydrogel swelling
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in turn increases the particle spacing of the embedded 2DPC array and shifts the 2DPC Bragg
diffraction. These adenosine-induced particle spacing changes were monitored through 2DPC
diffraction measurements and used to quantify the concentration of adenosine. The limits of
detection (LoDs) are calculated to be 13.9 uM in adenosine-binding buffer and 26.7 uM in 50%
protein-removed fetal bovine serum (FBS) (detection time = 30 min).

The reported DNA-crosslinked 2DPC hydrogels require minimal equipment and sample
preparation to use, ideally positioning them for application in resource-limited settings. We
hypothesize that this sensing motif is generalizable, and sensors for other targets can be fabricated
by simply exchanging the aptamer molecular recognition group. Aptamers for a wide variety of
targets including ions,**3! small molecules,***? proteins,*#® and whole cells*"*® with sub-
micromolar dissociation constants have been reported, enabling the development of versatile

sensors with ultralow LoDs.

3.2 Experimental

3.2.1 Materials

Acrydite-modified DNA strands (DNA 1: 5’-acrydite-AGA GAA CCT GGG GGA GTA
TTG CGG AGG AAG GT-3', DNA 2: 5-acrydite-CCC AGG TTC TCT-3’, and DNA 3: 5'-
acrydite-AGA GAA CCT GGG GGA GTA ATG CGG AGC AAG GT-3', purified using high-
performance liquid chromatography) were purchased from Integrated DNA Technologies. Stock
solutions of DNA 1, 2, and 3 were prepared separately at a 2 mM concentration in TE buffer [10

mM Tris, pH 8.0, and 0.1 mM ethylenediaminetetraacetic acid (EDTA)] and stored at —20 °C. Tris
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base (>99.9%), magnesium chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (99%), sodium hydroxide pellets (>97%), sodium styrene sulfonate (NaSS) (>90%),
2,2’-azobisisobutyronitrile  (98%),  styrene  (99%), acrylamide  (>99%), N,N’-
methylenebisacrylamide (MBAAmM) (99%), ammonium persulfate (98%),
tetramethylethylenediamine (TEMED) (99%), adenosine (=99%), cytidine (99%), uridine (>99%),
and guanosine (98%) were purchased from Sigma-Aldrich. EDTA (99.5%) was purchased from
J.T. Baker. Sodium chloride was purchased from EMD Millipore. Hydrochloric acid (36.5-38%
w/w), potassium acetate (99%), methanol (99.8%), and 2-propanol (>99.5%) were purchased from
Thermo Fisher Scientific. Ethanol (200 proof) was purchased from Decon Labs, Inc. A QuantiT
PicoGreen double-stranded DNA (dsDNA) assay kit was purchased from Invitrogen. The cover
glass (thickness 1, 24 x 60 mm?) and FBS were purchased from Corning. To remove serum
proteins, FBS was filtered using 10 kDa centrifugal filters. Microscope premium frosted glass
slides (25 x 75 x 1 mm?®) were purchased from Fisher Scientific. All chemicals were used as
received unless otherwise specified. Ultrapure water (18.2 mQ-cm) obtained from a Milli-Q

Reference A+ was used for all experiments.

3.2.2 Annealing DNA Strands

A DNA annealing solution was prepared by adding 20 pL each of stock DNA 1 and DNA
2 solutions (a 2 mM concentration prepared in TE buffer) to a 160 pL solution of 1.25x duplex
buffer. The DNA annealing solution contained the following components: 200 uM of DNA 1 and
DNA 2; 1x duplex buffer (30 mM HEPES, pH 7.5, and 100 mM potassium acetate); and 0.2x TE
buffer. To ensure thorough mixing, the solution was pipetted up and down 20 times and then
centrifuged at 1000 RCF for 30 s. The solution was then heated to 95 °C on a Corning LSE Digital
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dry bath heater for 5 min and cooled at room temperature for 30 min. For the fluorescence assay,
the annealed DNA solution was used as is. For 2DPC hydrogel fabrication, the annealed DNA

solution was dried on a Labconco CentriVap Concentrator (78100-00 A) for 6 h.

3.2.3 PicoGreen Fluorescence Assay

A PicoGreen fluorescence assay was used for the optimization of aptamer-adenosine
binding buffer. The assay procedure was modified from that of Lv et al.*® A solution of annealed
DNA was diluted using the following three different buffer solutions to a final concentration of 2
uM DNA: (i) duplex buffer (30 mM HEPES, pH 7.5; 100 mM potassium acetate), (ii) TNM (5
mM MgCl2) (20 mM Tris, pH 7.5; 300 mM NaCl; and 5 mM MgCl.), and (iii) TNM (10 mM
MgCl2) (20 mM Tris, pH 7.5; 300 mM NaCl; and 10 mM MgCl.). For samples containing only
DNA, a 300 pL solution of 40 nM DNA was prepared in each of the three buffers by diluting an
aliquot of the 2 uM DNA solution. For samples containing DNA and adenosine, a 300 pL solution
of 40 nM DNA and 400 uM adenosine was prepared in each of the three buffers. After mixing the
DNA and adenosine solutions, the mixture was stored on a laboratory bench at room temperature
under aluminum foil for 30 min to allow time for aptamer—adenosine binding. A 300 pL solution
of 200x diluted PicoGreen, prepared in the same buffer as that of each DNA sample, was added to
300 uL of each DNA sample. This final solution was pipetted up and down 15 times and then
transferred to a quartz cuvette after 3 min. Fluorescence spectra were measured in triplicate for
each sample using a HORIBA Jobin Yvon Fluoromax-3 spectrofluorometer with 480 nm
excitation, 525 nm emission, and slit widths of 2 nm for excitation and emission. Blank PicoGreen
fluorescence in the three different buffers was measured separately. The background signal in the
corresponding buffer was subtracted from each DNA measurement.
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3.2.4 2DPC Hydrogel Fabrication

Negatively charged polystyrene (PS) particles with a diameter of 1.21 pm were synthesized
via dispersion polymerization using methods described by Zhang et al.>® These PS particles (12%
(w/w) in water) were mixed in a 3:1 ratio with 2-propanol. Using our previously reported needle
tip flow method,>>*2 this dispersion was injected at the air—water interface of a crystallization dish
(Figure 3-1a). Then, the PS particles were self-assembled into a hexagonally close-packed 2DPC
array monolayer (Figure 3-1b). A glass substrate (24 x 60 mm?, cover glass, Corning) was used to
pick up the 2DPC array (Figure 3-1c), and the 2DPC array was dried at room temperature for 24
h (Figure 3-1d). Tape was applied in two layers onto the 2DPC array glass substrate to section off
a 2.4 x 1 cm? strip of the 2DPC array (Figure 3-1e). Polymerizable monomer solutions were
prepared using the compositions described in Table 3-1. The monomer solutions were degassed in
a vacuum desiccator for 15 min. After adding initiators [0.7 pL of 5% (v/v) TEMED in water and
0.7 uL of 10% (w/v) ammonium persulfate in water], the mixtures were stirred for 5 s using a
micropipette tip and then were deposited onto the preformed 2DPC array glass substrate (2.4 x 1
cm?) (Figure 3-1e). A glass slide cover (25 x 75 x 1 mm?, microscope premium frosted glass slides,
Fisher Scientific) was placed over the solution. Then, polymerization was allowed to occur under
vacuum in a desiccator for 30 min. The resulting crosslinked polymer embedded the 2DPC array
into the hydrogel network (Figure 3-1f). After polymerization, the sandwiched glass substrates
containing the 2DPC hydrogel were placed in buffer (20 mM Tris, pH 7.5; 10 mM MgCl_; and
300 mM NacCl) for 10 min. The glass substrates were separated using a razor blade, and the 2DPC
hydrogel was peeled off of the substrate. The 2DPC hydrogel was washed in buffer for 3 min and
cut into 0.4 x 0.5 cm? pieces. Each piece was stored in a refrigerated, sealed Petri dish without

buffer.
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Figure 3-1. Method for fabricating 2DPC hydrogels. (a—e) A polymerizable monomer solution was layered on
the top of a preformed 2DPC array on a glass slide. A cover glass sealed the solution, after which
polymerization was allowed to proceed for 30 min at room temperature. (f) The resulting crosslinked polymer

embedded the ordered 2DPC array monolayer within the hydrogel network (2DPC hydrogel).

Table 3-1. Composition of monomer solutions used in preparation of hydrogel samples

component concentration
acrylamide 25% (wiv)
MBAAM 0.02% (w/v)

hybridized (annealed) DNA strands | 0.8 mM

total volume 50 uL
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3.2.5 Scanning Electron Microscopy Characterization

Periodic orderings of the close-packed 2DPC monolayer (Figure 3-2a) and the non-close-
packed 2DPC monolayer embedded in swollen hydrogels (Figure 3-2b) were monitored using a
field emission scanning electron microscope (Zeiss Sigma 500 VP) with an SE2 detector at an
accelerating voltage of 3 kV (2DPC) or 5 kV (2DPC hydrogel). For scanning electron microscopy
(SEM) characterization, swollen 2DPC hydrogels were sandwiched between glass slides and dried.
Before taking SEM images, the samples were sputter-coated with gold for 75 s at 30 mA using an

auto sputter coater (PELCO SC-7).

60



Figure 3-2. SEM images of (a) close-packed 2DPC monolayer and (b) non-close-packed 2DPC monolayer

embedded in a hydrogel.
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3.2.6 2DPC Particle Spacing Measurements

Adenosine-induced hydrogel swelling was monitored through 2DPC particle spacing
measurements using described methods.* Briefly, eq 3-1 gives the condition for Bragg diffraction
of a hexagonally close-packed 2DPC array where m is the order of diffraction, A is the wavelength
of light, d is the 2DPC array nearest neighbor particle spacing, and a and g are the angles of

incidence and diffraction, respectively.
mi= Ld(sina + sinp) (3-1)
As shown in Figure 3-3, 2DPC hydrogels were excited along their normal using a 532 nm
laser pointer, eliminating dependence on the angle of incidence (a = 0). A perfectly ordered 2DPC
array shows six spots diffracted at angle .>* 2DPC arrays with a small rotational disorder diffract

a Debye ring pattern.?#53 Equation 3-2 relates the Debye ring diameter to 8, where D is the Debye

ring diameter and h is the distance between the 2DPC array and the Debye ring plane.
_ -1.D -
B = tan (Zh) (3-2)

Equations 3-1 and 3-2 combine to give eq 3-3.

_ 21
~ V3sin(tan~1(37))

(3-3)

h was fixed at 15 cm, and A of the light source was known (532 nm). Thus, particle spacing
was monitored by measuring D. To calculate d, we measured and averaged different D values

from five different positions within each 2DPC hydrogel sample.
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Figure 3-3. 2DPC hydrogel particle spacing measurement. A 2DPC hydrogel piece was placed on a stand
above a white screen. (a) Experimental setup and (b) schematic diagram showing the Debye ring illuminated

by a 532 nm laser.
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3.2.7 Adenosine Sensing in Buffer Solutions

2DPC hydrogel pieces were brought to room temperature on a lab bench, and each was
incubated in 10 mL of adenosine-binding buffer solution (20 mM Tris, pH 7.5; 10 mM MqgCly;
and 300 mM NaCl). After 10 min, the initial particle spacing of the 2DPC hydrogels was measured.
The hydrogel pieces were then each submerged in 20 mL of adenosine-binding buffer solution
containing 0 (blank) to 2 mM adenosine. Particle spacing measurements were obtained at time
intervals of 5, 15, 30, and 60 min. For control measurements, 2DPC hydrogel pieces were each
submerged in 20 mL of adenosine-binding buffer solution containing a 1 mM concentration of
either adenosine, cytidine, guanosine, or uridine. The particle spacing was measured after 30 min

of incubation. Each measurement was repeated three times using a different gel piece.

3.2.8 Adenosine Sensing in FBS

Protein-removed FBS was diluted to 50% with a serum diluting buffer (40 mM Tris, pH
7.5; 19 mM MgCly; and 450 mM NaCl). The final salt concentration of the 50% protein-removed
FBS was the same as that of the pure adenosine-binding buffer (20 mM Tris, pH 7.5; 10 mM
MgCly; and 300 mM NacCl).

2DPC hydrogel pieces were brought to room temperature on a lab bench, and each was
incubated in 10 mL of adenosine-binding buffer solution (20 mM Tris, pH 7.5; 10 mM MgCly;
and 300 mM NacCl). After 10 min, the initial particle spacing of the 2DPC hydrogels was measured.
The 2DPC hydrogel pieces were then each submerged in 10 mL of 50% protein-removed FBS
containing 0 (blank) to 2 mM adenosine. The particle spacing was measured after 30 min of

incubation. Each measurement was repeated three times using a different gel piece.
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3.3 Results and Discussion

3.3.1 Adenosine Sensing Motif Using DNA-Crosslinked 2DPC Hydrogels That Contain the

Adenosine-Binding Aptamer

Figure 3-4 shows a simplified representation of our DNA-crosslinked 2DPC hydrogel and
its adenosine sensing mechanism. As described in Section 2.4, the hydrogels were copolymerized
with acrylamide, MBAAm, and the DNA strands onto pre-formed 2DPCs. The polyacrylamide
backbone chains and the additional covalent MBAAmM crosslinks ensured that the hydrogels were
mechanically robust enough to embed the 2DPC array. To find the optimal 2DPC hydrogel
fabrication conditions, we systematically varied the concentrations of acrylamide and MBAAmM
(see the Supporting Information). The DNA strands were modified with acrydite, an acrylic
phosphoramidite group with a similar activity to that of the acrylamide monomer.>® This

modification enabled covalent incorporation of the DNA into the hydrogel polymer network.
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(a) adenosine aptamer

/\/"\/ DNAstrand 1: 5‘-acwdite-?({illﬂ\?%(f(lﬁl(?(l}(?GGAGTATTGCGGAGGAAGG+-3’
\./ DNAstrand 2: 3-TCTCTTGGACCC-acrydite-5'

(b) Adenosine-bound broken DNA-crosslinks
— swelled hydrogel

DNA-crosslinked — increased particle spacing
2DPC hydrogel OO0 OO

adenosine Mj_/

polyacrylar!nide chains

Figure 3-4. (a) Sequences of DNA strands that form adenosineresponsive crosslinks in the hydrogel. (b)

Schematic diagram of the adenosine-sensing mechanism using a DNA-crosslinked 2DPC hydrogel.
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For this proof-of-concept study, we utilized a 32-mer DNA strand 1 and a 12-mer DNA
strand 2 (Figure 3-4a) based on Yang et al.’s work that demonstrated the fabrication of DNA-
crosslinked hydrogels.®> DNA strand 1 contains an adenosine-binding aptamer segment in its
sequence. Without adenosine, DNA strand 1 hybridizes with DNA strand 2 and forms 12 base
pairs that are stable enough to serve as DNA crosslinks in the hydrogels. Upon the addition of
adenosine, the adenosine aptamer segment in DNA strand 1 competitively binds adenosine with
high affinity, resulting in an aptamer conformational change (Figure 3-4b). This conformational
change breaks the preformed DNA base pairs (or DNA crosslinks), which in turn decreases the
elasticity of the hydrogel network and generates an osmotic pressure.>®® As a result, the hydrogel
swells by absorbing water to relieve this pressure as the system reaches a new equilibrium where
the net osmotic pressure evolves to zero.°®® This adenosine-induced hydrogel swelling
homogeneously increases the particle spacing of the embedded 2DPC array, maintaining the
hexagonal ordering. This shifts the Bragg diffraction angle in proportion to the amount of
adenosine present. Based on preliminary data, the 2DPC hydrogels were fabricated with the chosen

DNA concentration that showed large enough particle spacing changes in response to adenosine.

3.3.2 Optimizing Adenosine-Binding Buffer Conditions via Fluorometric Quantitation of

dsDNA Using PicoGreen

Buffer conditions can affect the binding affinity and stability of DNA aptamers.>®>° For
the adenosine-binding aptamer used as a recognition agent, several different salt concentrations
were previously examined.32343%4% |n particular, it has been reported that Mg?* may play an

important role in assisting the adenosine-binding aptamer because the salt stabilizes the structure
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of the aptamer—adenosine complex.?>®* However, different sources suggest different amounts of
Mg?* for optimal aptamer—adenosine binding.

Thus, to optimize buffer conditions in our 2DPC hydrogel system, we utilized a PicoGreen
assay. PicoGreen is an intercalating dye that becomes more fluorescent upon binding to dsDNA,
compared to single-stranded DNA (ssDNA) or RNA.®28% Since our adenosine sensing motif
involves a DNA conformational change from dsDNA to ssDNA upon adenosine binding,
PicoGreen can be used to monitor the extent of adenosine binding by measuring fluorescence
signal changes.

Figure 3-5 shows the PicoGreen assay data for optimization of aptamer—adenosine binding
buffer. We compared the PicoGreen fluorescence in samples of hybridized DNA before and after
incubation with adenosine under different buffer conditions. When the hybridized DNA aptamer
binds adenosine, its competitive binding breaks DNA hybridization and converts dsDNA to
ssDNA. As a result, the fluorescence emission decreases because PicoGreen fluorescence is more
enhanced in the presence of dsDNA than in ssDNA. Thus, the largest decrease in relative

fluorescence indicates maximal aptamer—adenosine binding.*
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Figure 3-5. Quantification of aptamer—adenosine binding using the PicoGreen assay in different buffer
solutions. TNM buffer contains Tris, NaCl, and MgClz. PicoGreen fluorescence is enhanced more upon
binding to dsDNA (hybridized DNA) than to ssDNA. Aptamer—adenosine binding actuates the DNA
conformational change from dsDNA to ssDNA. Thus, a decrease in the fluorescence emission upon the
addition of adenosine indicates that more aptamer—adenosine binding has occurred. Error bars indicate

standard deviations (n = 3).
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We first examined PicoGreen fluorescence in duplex buffer (30 mM HEPES, pH 7.5, and
100 mM potassium acetate) that was used to anneal the DNA strands and notably did not contain
Mg?*. We observed a negligible change in fluorescence when adenosine was added (Figure 3-5),
indicating that the aptamer did not bind adenosine in this buffer. We then tested TNM (5 mM
MgClz) and TNM (10 mM MgCl.) buffers, containing 20 mM Tris (pH 7.5) and 300 mM NaCl
with different concentrations of Mg?*. In both TNM buffers, the fluorescence decreased after the
addition of adenosine (Figure 3-5). This signal decrease indicates that the aptamer bound
adenosine and the structure of DNA strands changed from dsDNA to ssDNA. These results from
various buffers support that Mg?* must be present for the aptamer to bind adenosine. We observed
that further increases in Mg?* concentration did not induce larger fluorescence quenching (data not
shown). Therefore, the TNM (10 mM MgCl;) buffer, which showed the largest decrease in
fluorescence, was adopted as the adenosine-binding buffer for future 2DPC hydrogel

measurements.

3.3.3 Adenosine Sensing in Buffer Solutions

The adenosine sensing response of our DNA-crosslinked 2DPC hydrogels was monitored
by measuring the 2DPC particle spacing. Each 0.4 x 0.5 cm? piece of the 2DPC hydrogel was first
immersed in a blank adenosine-binding buffer, TNM (10 mM MgCl,), that did not contain
adenosine for 10 min. After measuring the particle spacing, each hydrogel sample was then
immersed in a buffer solution additionally containing adenosine ranging in concentration from 0
to 2 mM.

Figure 3-6 shows the changes in the particle spacing of 2DPC hydrogels over time at
different concentrations of adenosine. The particle spacing change was calculated by subtracting
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the initial particle spacing (at time = 0) from each sample. At larger concentrations of adenosine,
the 2DPC hydrogel particle spacing increased more rapidly and to a greater extent than at smaller
concentrations of adenosine. For example, at 2 mM adenosine, the particle spacing increased by
more than 90 nm in 5 min, while at 20 uM adenosine, the particle spacing increased by only 30
nm after 60 min. Regardless of adenosine concentration, the adenosine-induced particle spacing
changes began to level off as the aptamer—adenosine binding reaction gradually reached

equilibrium over time.
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Figure 3-6. Time dependence of 2DPC hydrogel particle spacing on the concentration of adenosine. Error

bars indicate standard deviations (n = 3).
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The particle spacing change depends on the adenosine concentration because, as
aforementioned in Section 3.1, aptamer—adenosine binding induces particle spacing increases. AS
the concentration of adenosine increases, the amount of aptamer—adenosine binding increases. The
increased amount of aptamer—adenosine binding breaks a greater amount of hydrogel DNA
crosslinks, generating a larger osmotic pressure that causes the hydrogel to increasingly swell. As
the hydrogel swells more, the particle spacing of the embedded 2DPC array increases. This
adenosine concentration-dependent response enables the use of these 2DPC hydrogels as
adenosine sensors.

Since the particle spacing change depends on the amount of aptamer—adenosine binding,
the dissociation constant (Kp) of the adenosine-binding aptamer in our 2DPC hydrogel can be
estimated from the particle spacing data shown in Figure 3-6 (see the Supporting Information for
detailed calculation). The Kp was estimated to be ~68 uM, which is slightly larger than the
reported Kp for the adenosine-binding aptamer in solution (~10 uM).343® We hypothesize that this
decrease in binding affinity is caused by competitive binding of the aptamer with its
complementary DNA and spatial restrictions that result from the aptamer’s covalent attachment to
the hydrogel network. Our estimated Kp is smaller than that reported for the duplexed adenosine-
binding aptamer in solution (~600 pM),%* suggesting that the duplexed aptamer’s binding affinity
for adenosine has been largely preserved despite polymerization into the hydrogel network.

The concentration of adenosine can be determined from the particle spacing change at a
short fixed detection time of 30 min. The particle spacing change data at T = 30 min were taken
from Figure 3-6 and are replotted in Figure 3-7 as a function of adenosine concentration. Figure

3-7 shows that the particle spacing change was proportional to the logarithm of adenosine

72



concentration (20 uM to 2 mM adenosine). The linear fit line can be used as a calibration curve

for adenosine detection. The LoD was calculated to be 13.9 uM (S/N = 3).
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Figure 3-7. Particle spacing changes’ dependence on adenosine concentration in buffer solutions (detection
time = 30 min). The X-axis is in a logarithmic scale. The red line shows a linear fit (adjusted R-squared =

0.9874). Error bars indicate standard deviations (n = 3).
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3.3.4 Selectivity of Adenosine-Sensing 2DPC Hydrogels

Figure 3-8 shows data supporting the selectivity of the adenosine-sensing 2DPC hydrogels.
To verify that adenosine actuated the 2DPC hydrogel response, we first measured the 2DPC
particle spacing in a blank solution containing no adenosine. Compared to samples containing
adenosine, which showed a large increase in particle spacing, samples containing no adenosine

showed negligible changes.
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Figure 3-8. Selectivity of adenosine-sensing 2DPC hydrogels. The 2DPC hydrogel particle spacing was
measured in a blank sample containing no nucleosides and in samples containing a 1 mM concentration of
adenosine, cytidine, guanosine, or uridine. Each 2DPC hydrogel contained the adenosine-binding aptamer,

except for a control containing no DNA (“hydrogel w/no DNA”) and a control containing a mutated aptamer
that did not bind adenosine (“hydrogel w/mutated aptamer”). The particle spacing change of each sample
was measured after immersion in each solution for 30 min. Error bars indicate standard deviations (n = 3).
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The adenosine aptamer used in our hydrogels has been reported to bind adenine derivatives
such as adenosine but not bind other nucleosides.?* To verify this selectivity for adenosine, we
measured the 2DPC particle spacing of samples containing 1 mM solutions of cytidine, guanosine,
or uridine, respectively (Figure 3-8). Compared to the large response in 1 mM adenosine, these
other nucleosides induced negligible particle spacing changes, similar to that in the blank
measurement. This indicates that the 2DPC hydrogel response was actuated by the selective
adenosine-binding aptamer.

We further confirmed the selectivity of the adenosine-binding aptamer in actuating sensor
response using two different controls (Figure 3-8). The first control hydrogel was fabricated with
only acrylamide and MBAAmM and without DNA. This sample showed a negligible particle spacing
change in 1 mM adenosine solution because it did not have any target recognition groups. The
other control hydrogel contained DNA crosslinks (hybridized between DNA strands 2 and 3) and
was nearly identical to the adenosine-sensing hydrogels (hybridized between DNA strands 1 and
2). However, in the control, double mutations occurred within the adenosine-binding site of DNA
strand 1, which inactivated the mutant strand (DNA strand 3) to adenosine.®* This control also
showed a negligible particle spacing change in adenosine solution, confirming that the active

adenosine-binding aptamer was required to actuate adenosine sensing.

3.3.5 Adenosine Sensing in FBS

The response of the DNA-crosslinked 2DPC hydrogels was validated in a complex matrix,
FBS. Based on preliminary data, serum proteins were removed to minimize interference. The
protein-removed FBS solutions were diluted to 50% with the serum diluting buffer (40 mM Tris,
pH 7.5; 19 mM MgCl>; and 450 mM NacCl) to maintain the optimal adenosine-binding conditions.
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As with measurements in buffer solutions, 2DPC hydrogel particle spacing changes were
monitored after 30 min in serum solutions spiked with adenosine.

Figure 3-9 shows that, as in pure buffer, the particle spacing change was proportional to
the logarithm of adenosine concentration (20 uM to 2 mM adenosine). Notably, the adenosine-
induced particle spacing changes were slightly less in FBS solutions than in pure buffer. We
hypothesize that this decrease in responsivity was caused by interferences in the serum matrix that
inhibited the aptamer—adenosine binding. The calculated LoD was 26.7 uM adenosine (S/N = 3).
While this LoD is greater than that in pure buffer (LoD = 13.9 uM), it is of the same order of
magnitude. This indicates that the hydrogel sensor responsivity has been largely preserved and that

our DNA-crosslinked 2DPC hydrogels can be used for adenosine detection in complex matrices.
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Figure 3-9. Particle spacing changes’ dependence on adenosine concentration in 50% protein-removed FBS
(detection time = 30 min). The X-axis is in a logarithmic scale. The red line shows a linear fit (adjusted R-

squared = 0.9936). Error bars indicate standard deviations (n = 3).
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3.4 Conclusions

We report the first fabrication of a DNA-crosslinked 2DPC hydrogel sensor that is actuated
by a DNA aptamer. As proof of concept, we created an adenosine sensor using an adenosine-
binding aptamer. When adenosine is introduced into the 2DPC hydrogel sensor,
aptamer—adenosine binding occurs, breaking preformed DNA crosslinks and actuating the sensor
response. As DNA crosslinks break, the hydrogel swells, increasing the particle spacing of the
embedded 2DPC array. The linear range was observed to be 20 uM to 2 mM. The calculated LoDs
are 13.9 uM in adenosine-binding buffer and 26.7 uM in 50% protein-removed FBS (detection
time = 30 min).

The reported sensing motif using DNA-crosslinked 2DPC hydrogels is simple and rapid
and requires only a laser pointer. We expect that the sample volume required for testing can be
greatly reduced by using smaller hydrogel pieces. Additionally, our group has previously
demonstrated the use of 2DPC and three-dimensional PC hydrogels for developing colorimetric
sensors that give visual readouts similar to a pH strip.?® Thus, while requiring additional studies,
the aptamer-actuated hydrogels described in this work may have potential clinical applications,
especially in resource-limited settings.

In future work, we plan to systematically investigate DNA crosslinks in the system to
further understand the sensing mechanism and optimize the sensor performance. It is possible that
the length of DNA strands, the number of hybridized base pairs, and the placement of the aptamer
sequence within the longer DNA strand will impact sensor response.t*% We will test these
properties along with the effect of DNA concentration on sensor performance.

While requiring further studies, we hypothesize that this sensing motif is generalizable and

that other sensors can be easily fabricated by simply exchanging the aptamer that serves as a
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molecular recognition group. High-affinity aptamers for a variety of analytes, ranging from small
molecules to whole cells, have been reported. New aptamers can be developed rapidly, enabling
the fabrication of sensors for a wide range of targets with ultralow LoDs. We are continuing to
investigate the versatility of this novel sensing motif and are working to develop aptamer-actuated

2DPC hydrogel sensors that can detect proteins in solution.
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4.0 Aptamer-Functionalized 2D Photonic Crystal Hydrogels for Detection of Adenosine

This chapter was previously published in the journal Microchimica Acta as Shen, P.; Jang,
K.; Cal, Z.; Zhang, Y.; Asher, S. A., Aptamer-Functionalized 2D Photonic Crystal Hydrogels for
Detection of Adenosine. Microchim. Acta 2022, 189, 418, and is reprinted with permission. P.S.
and K.J. contributed equally. This manuscript was prepared by P.S. and K.J. with the assistance of
Z.C.,Y.Z and S.AA.

Aptamer-functionalized two-dimensional photonic crystal (2DPC) hydrogels are reported
for the detection of adenosine (AD). As a molecular recognition group, an AD-binding aptamer
was covalently attached to 2DPC hydrogels. This aptamer selectively and sensitively binds AD,
changing the conformation of the aptamer from a long single-stranded structure (AD-free
conformation) to a short hairpin loop structure (AD-bound conformation). The AD binding-
induced changes of aptamer conformation reduced the volume of the 2DPC hydrogels and
decreased the interparticle spacing of the 2DPC embedded in the hydrogel network. The particle
spacing changes being dependent on AD concentration were determined by measuring 2DPC light
diffraction using a simple laser pointer. The 2DPC hydrogel sensor showed a large particle spacing
decrease of ~110 nm in response to 1 mM AD in phosphate-buffered saline (PBS). The linear
range of determination of AD was 0.1 nM to 1 mM and the limit of detection was 0.09 nM. The
hydrogel sensor response for real samples was then validated in diluted fetal bovine serum (FBS)
and human urine. The average % difference in particle spacing changes measured between diluted
FBS and pure PBS was only 3.99 %. In diluted human urine, the recoveries for the detection of
AD were 95-101% and the relative standard deviations were 4.9-7.8%. The results demonstrate
the potential applicability of the hydrogel sensor for real samples. This sensing concept, using the
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aptamer-functionalized 2DPC hydrogels, allows for a simple, sensitive, selective, and reversible
detection of AD. It may enable sensor development for a wide variety of analytes by simply

changing the aptamer recognition group.

4.1 Introduction

Adenosine (AD), a purine nucleoside, plays essential roles in many biochemical processes,
such as neuromodulation, neuroprotection, epigenetic control, cellular metabolism, and cell
viability.® Importantly, the physiological concentration of AD can be elevated by many diseases
or underlying conditions, including epilepsy,* paroxysmal supraventricular tachycardia,® and
tumors.® Therefore, developing simple and reliable AD detection methods has been of great
interest to understand specific physiological processes, diagnose and prognose certain diseases or
conditions, and adjust treatments accordingly. Many conventional analytical techniques have been
used to detect AD, including gas/liquid chromatography-mass spectrometry,’ high-performance
liquid chromatography,® and capillary electrophoresis.® These methods are sensitive and reliable;
however, their clinical or practical applications are limited especially in resource-restricted
environments because they require extensive sample preparation, complicated and expensive
instruments, and well-trained personnel.

The development of simpler AD-sensing techniques has been explored using AD-binding
aptamers. Aptamers, short single-stranded DNA or RNA oligonucleotides, have recently been
utilized in the development of various sensors due to their high binding affinities to specific targets,
ease of fabrication and modification, and low cost compared to antibodies.*®! Importantly, the

AD-binding DNA aptamer has been extensively used as a model aptamer for the development of
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aptasensors that employ numerous techniques and materials.'?> For example, various AD
aptasensors were developed utilizing (1) colorimetric analysis with gold nanoparticles®® or
nanorods,** (2) fluorometric measurement with carbon quantum dots,'® and (3) electrochemical
techniques with ZnNi MOF microspheres.'® Unfortunately, many of the current AD aptasensors
can still be expensive and too complex to use.

Recently, stimuli-responsive photonic crystal (PC) hydrogels have been used to fabricate
simple chemical and biological sensors for pH,!” small molecules,®?! proteins,?2%
microorganisms,?*? etc. In particular, hydrogel sensors using two-dimensional (2D) PC have
attracted wide interest because they are more affordable, easier to fabricate, and require minimal
sample preparation and instrumentation, compared to three-dimensional PC hydrogels.?”? The PC
hydrogels were functionalized with different recognition agents that specifically interacted with
their target analytes. The target recognition caused hydrogel volume phase transitions that altered
the particle spacing of the PC embedded in each hydrogel.?”2° The target-specific particle spacing
changes then shifted the light diffraction, which was monitored to determine the analyte
concentrations. Ye et al. were the first to report the development of three-dimensional PC
hydrogels using aptamers as molecular recognition groups.2®3! They utilized aptamers for the
detection of heavy metal ions, Hg?* and Pb?*. Recently, Chen et al. demonstrated the use of 2DPC
DNA hydrogels containing double-network structures for the detection of Ag* and cysteine.®? Jang
et al. fabricated DNA strands crosslinked 2DPC hydrogels that responded to AD.*3 The response
of the sensor was not reversible and the limit of detection (LoD) was of 26.7 uM, which was too
high to be used for determining physiologically relevant AD concentrations in human blood (10

nM to 30 uM).3
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Here, we report new 2DPC hydrogels that utilize the AD-binding aptamers for the
sensitive, selective, and reversible detection of AD in real samples. As molecular recognition
groups, the AD aptamers were covalently linked to the 2DPC hydrogels via post-polymerization
functionalization reactions. Upon AD binding, the hydrogel volume was reduced because the
conformation of the aptamer changed from a long single-stranded structure (AD-free
conformation) to a short hairpin loop structure (AD-bound conformation). The reduction in
hydrogel volume, which was induced by AD, in turn decreased the particle spacing of the 2DPC
embedded in hydrogels. The particle spacing changes that depend on AD concentration were
determined by measuring 2DPC light diffraction using a laser pointer without the need of any
sophisticated instrumentation. The AD-sensing 2DPC hydrogels were first tested and optimized in
phosphate-buffered saline (PBS) solutions. The linear range was observed to be 0.1 nM to 1 mM
and the LoD was calculated to be 0.09 nM. It was also demonstrated that the 2DPC hydrogels can
determine AD in real complex biological samples containing fetal bovine serum (FBS) and human
urine. This shows that the hydrogel sensor could be used clinically for AD detection, especially in
resource-constrained environments. In addition, these new aptamer-functionalized 2DPC
hydrogels may provide a versatile strategy for developing various aptasensors by simply changing

the aptamer recognition groups.
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4.2 Experimental

4.2.1 Materials and Characterization

AD and adenosine deaminase (ADA, Type X, =130 units/mg) from bovine spleen were

purchased from Sigma-Aldrich. Acrylamide (AAm), acrylic acid (AAc), N,N'-
methylenebisacrylamide (Bis), 2-hydroxy-4 ~ -(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure  2959), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
thymidine, guanosine, cytidine, and uridine were acquired from Aladdin. N-hydroxysuccinimide
(NHS) was purchased from Beijing J&K Scientific. The AD-binding DNA aptamer (5'-NH.-
(CH2)s-AGA GAA CCT GGG GGA GTA TTG CGG AGG AAG GT-(CH2)s-NH2-3) and a
mutant DNA (5'-NH2-(CH2)s-AGA GAA CCT GGG GGA GTA ATG CGG AGC AAG GT-
(CH2)6-NH2-3") were purchased from Sangon Biotech. FBS was purchased from Boehringer-
Ingelheim. Human urine from a lung cancer patient was provided by the Yan'an University
Affiliated Hospital. The human urine was centrifuged at 3000 g for 10 min and filtered through a

nylon filter (0.45 pum). The filtered urine was diluted 15-fold with PBS and stored at -20 C until

use.® AAc was purified by distillation. All other chemicals were used as received. Monodisperse
polystyrene (PS) particles of ~960 nm diameter were synthesized by dispersion polymerization.*
The nanopure water (18.2 mQ-cm) obtained from a Duro Pro 12FV water purification system was
used for all experiments. PBS solutions (10 mM, pH = 7.4) were used for sample preparations.
The ordering of PS 2DPC was characterized using a scanning electron microscope (SEM)
(JSM-7610F, JEOL) at an accelerating voltage of 15 kV after sputter-coating the samples with

gold for 50 s at 10 mA (JEC-3000FC, JEOL).
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4.2.2 Preparation of AD-Sensing 2DPC Hydrogels

First, 2DPC hydrogels (1 x 1 cm? pieces) were fabricated as previously reported.?>3” The
detailed procedures are described in the Electronic Supplementary Material. After the fabrication,
the 2DPC hydrogels were functionalized with the AD-binding aptamers. Each 2DPC hydrogel was
placed in 1 mL of PBS solution containing 15 mg of EDC and 3 mg of NHS for 1 h.3%%® The
hydrogels were washed with PBS for 6 min (the solution was changed every 2 min). Then, a 20
uL of AD-binding aptamer solution (10, 50, 100, or 150 uM aptamer in PBS) was pipetted onto
each piece of the hydrogel. The hydrogels were stored at room temperature for 1 h and then at 4

‘C overnight. Finally, the resulting aptamer-functionalized 2DPC hydrogels were washed with

PBS for 6 h (the solution was changed every 1 h). The hydrogels were stored in PBS solution at

room temperature prior to use.

4.2.3 2DPC Particle Spacing Measurement

AD-induced hydrogel volume changes were monitored by measuring the nearest neighbor

particle spacing, d of the 2DPC hydrogels (Figure 4-1).%’
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(a) Alaser - 532 nm

Screen Debye ring

Figure 4-1. (a) Schematic illustration of experimental setup and (b) a photograph of Debye ring. When the
2DPC (hydrogel) is irradiated by a monochromatic light (laser pointer) along the array normal, the
diffraction produces a Debye ring on the bottom screen. The 2DPC particle spacing can be calculated by

measuring the Debye ring diameter.
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According to the Bragg diffraction condition, when the hexagonally ordered 2DPC array
is irradiated by light along the array normal, the array diffracts light at an angle « that depends on
d and the incident light wavelength A (eq 4-1).

sina = 212/(+/3d) (4-1)

If the incident light is monochromatic, the diffraction produces a Debye ring on the screen
because the 2DPC consists of numerous small rotationally disordered crystals.®® Then, d can be
calculated by measuring D the Debye ring diameter, and h the distance between the 2DPC array

plane and the bottom screen (eq 4-2).4°

d = 47\1/(D\//§2;2 + h? (4-2)

In this study, A and h were fixed at 532 nm and 116 mm, respectively. For each particle
spacing determination, 3 pieces of the 2DPC hydrogels were used, and 3 different d values were
measured from each hydrogel. From the total 9 measurements, the averaged d and the standard

deviation were calculated.
4.2.4 AD-Sensing in PBS

All solutions were freshly prepared in PBS and used immediately. Before taking each
2DPC particle spacing measurement, the hydrogels were washed with PBS solution for 1 h. (1) To
optimize the hydrogel sensor composition, 2DPC hydrogels fabricated from different candidate
polymerizable monomer solutions (listed in Table C-1 in Electronic Supplementary Material) were
immersed in 2 mL solutions of 10 mM AD for 1 h. Then, the composition-optimized 2DPC
hydrogels were used for subsequent experiments. (2) To test the AD-sensing kinetics, pieces of

the 2DPC hydrogels were placed in 2 mL solutions of 10 nM, 1 pM, and 1 mM AD, respectively.
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The particle spacing was measured at 10-min intervals. (3) To further test the particle spacing
changes’ dependence on AD, pieces of the 2DPC hydrogels were placed in 2 mL solutions
containing various concentrations of AD (0.1 nM, 1 nM, 10 nM, 100 nM, 1 uM, 10 uM, 100 pM,
1mM, and 10 mM). After a fixed reaction time of 1 h, each particle spacing was measured. (4) To
test the detection selectivity, pieces of the 2DPC hydrogels were placed separately in 2 mL
solutions of 1 mM thymidine, guanosine, cytidine, or uridine To further test the anti-interference
ability, 2DPC hydrogels were also placed in 2 mL solutions containing 1 mM each of AD,
thymidine, guanosine, cytidine, and uridine together. After a reaction time of 1 h, each particle
spacing was measured. (5) To show the reversibility of the AD-sensing, pieces of the 2DPC
hydrogels were placed in 2 mL solutions of 100 uM AD for 1 h. Then, the 2DPC hydrogels were
placed in 2 mL of ADA solutions (1.67 units/mL of ADA in PBS) for 4 h. The ADA-treated
hydrogels were washed with PBS solution for 6 h (the solution was changed every 1 h). The same

2DPC hydrogels were further reacted with AD and ADA alternately over multiple cycles.

4.2.5 AD-Sensing in FBS and Human Urine

The response of the AD-sensing 2DPC hydrogels was validated in FBS and human urine.
The FBS was diluted tenfold with PBS solution. The frozen human urine was thawed at room
temperature and then further diluted to 450-fold with PBS solution.® Pieces of the 2DPC hydrogels
were placed in 2 mL solutions of diluted FBS or human urine containing different concentrations

of AD for 40 min. Then, the particle spacing change was monitored.
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4.3 Results and Discussion

4.3.1 Preparation and Characterizations of AD-Sensing 2DPC Hydrogels

Scheme 4-1 summarizes the reactions used to prepare AD-sensing 2DPC hydrogels. As
described above, 2DPC hydrogels were first prepared by co-polymerizing AAm, Bis (crosslinker),
and AAc, and thus contained carboxyl groups. The carboxyl groups in the hydrogel were then
activated by the reaction with EDC and NHS. Lastly, amide bonds were formed between the
activated carboxyl groups in the hydrogels and the terminal amino groups in the aptamers. The

resulting aptamer-functionalized 2DPC hydrogels were used for AD-sensing.

Scheme 4-1. Reactions used to prepare aptamer functionalized AD-sensing hydrogels
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-

Polymerization

NANon
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1. EDC, NHS
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2. AD-binding aptamer
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To confirm the aptamer attachment to the hydrogels, Fourier transform infrared (FTIR)
spectra were measured. For FTIR characterization, the hydrogels without 2DPC were prepared and
thoroughly washed with nanopure water to avoid any unwanted interference. Figure C-2
(Electronic Supporting Material) shows the FTIR spectra of hydrogels before and after the aptamer
functionalization reaction. The appearance of a new absorption peak at 1232 cm™, which derives
from the P = O vibration of the DNA phosphate backbone,*: clearly demonstrates that the aptamer
was covalently attached to the hydrogel polymer network.

We used SEM to show the hexagonal ordering of 2DPC array. Figure 4-2a shows the hcp
structure of the 2DPC array prepared on a glass slide. The 2DPC array was embedded within the
crosslinked 2DPC hydrogel network. Figure 4-2b shows that the hcp structure was maintained.
After the 2DPC hydrogel was washed and equilibrated in PBS, the hydrogel swelled
homogeneously. As a result, the 2DPC became non-close-packed by increasing the spacing
between particles (Figure 4-2c). When illuminated by a white flashlight, the 2DPC array and 2DPC
hydrogels diffracted the light at different angles depending on the wavelength, producing vivid

iridescent colors (Figure 4-2 insets).
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Figure 4-2. SEM images of (a) the hcp 2DPC on a glass slide, (b) the hcp 2DPC embedded in non-swollen
hydrogel, and (c) the non-close-packed 2DPC embedded in swollen hydrogel. Insets: photographs of the

corresponding samples showing iridescent colors when they are illuminated by a white flashlight.
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4.3.2 Reversible AD-Sensing Mechanism Using Aptamer-Functionalized 2DPC Hydrogels

Figure 4-3 shows a schematic diagram of the AD-sensing mechanism that uses the aptamer-
functionalized 2DPC hydrogels. When AD is introduced, the AD aptamer specifically binds AD
and undergoes a conformational change from a long single-stranded structure (AD-free
conformation) to a short hairpin loop structure (AD-bound conformation). Because AD aptamer
strands are covalently attached to the hydrogel polymer network, the AD binding-induced aptamer
conformation changes reduce the volume of the hydrogel. These changes also decrease the
interparticle spacing of the 2DPC embedded in the hydrogel network. The particle spacing changes

that are dependent on the AD concentration are monitored by measuring 2DPC light diffraction.

2DPC hydljogel PS particle decreased particle spacing

©0O0O0GOoO
©00O0O0O
©000O0O

long single-strénded aptamer short hairpin !Ioop aptamer
(AD-free conformation) (AD-bound conformation)

Figure 4-3. Reversible AD-sensing mechanism using aptamer functionalized 2DPC hydrogels. Upon binding
AD, the AD aptamer undergoes a conformational change, which decreases the interparticle spacing of the
2DPC embedded in the hydrogel network. The AD-bound 2DPC hydrogels can be recycled by removing the

bound AD with the enzyme ADA.
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The 2DPC hydrogels can be reused by removing the bound AD with the enzyme ADA.
When ADA is added to the system, the enzyme converts the bound AD to inosine.*> The ADA
enzymatic product, inosine, is no longer the target of the AD-binding aptamer. Thus, it can be
removed from the 2DPC hydrogels by a subsequent PBS wash. Without the AD-binding, the
conformation of the AD aptamer reverts to the long single-stranded structure (AD-free
conformation). As a result, the AD-free 2DPC hydrogels swell back to the original state and can

then be reused to detect AD.

4.3.3 AD-sensing in PBS

We optimized the 2DPC hydrogel sensor composition by testing various 2DPC hydrogels,
prepared with different concentrations of AAc (Caac), Bis (Cgis), and AD-binding aptamer
(Captamer), against the same concentration of AD. Figure C-3 shows the particle spacing changes
of various 2DPC hydrogels in response to 10 mM AD in PBS for 1 h. As described, the AD-sensing
2DPC hydrogels showed particle spacing decreases upon AD binding. Importantly, a hydrogel
with larger particle spacing decreases for the same concentration of AD indicates that the
corresponding hydrogel is more sensitive to AD. Thus, the experimentally determined optimal
Caac, Cagis, and Captamer (3 Wt%, 0.4 wt%, and 100 puM, respectively) were used for subsequent
experiments (see the Electronic Supplementary Material for more detailed discussion).

Control experiments confirmed that the particle spacing changes of the 2DPC hydrogels
were specifically induced by the aptamer-AD binding (Figure 4-4). First, 2DPC hydrogels were
fabricated with the optimized amounts of monomers, but no aptamer was attached to the hydrogels.
Without any aptamers attached, this control hydrogel showed a negligible particle spacing change
of 2.8 £ 1.8 nm in response to 10 mM AD in PBS for 1 h. However, when the AD-binding aptamers
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were attached, the 2DPC hydrogels showed a significant particle spacing change, -110.2 £ 2.3 nm,
in response to the same concentration of AD. As an additional control, the aptamer-functionalized
2DPC hydrogels were immersed in a blank PBS solution for 1 h. After the immersion without AD,
a negligible particle spacing change of -4.3 £ 2.7 nm was observed. Lastly, another control sample
was prepared by attaching a mutant DNA to 2DPC hydrogels. The sequence of the mutant DNA
was almost identical to that of the AD-binding aptamer; however, the inclusion of a double
mutation in the AD-binding site caused the loss of the AD-binding ability.*® In response to 10 mM
AD, this control sample prepared with the mutant DNA showed a nearly negligible particle spacing
change, -9.25 + 2.6 nm. Therefore, these control experiments collectively confirmed that the

aptamer-AD binding indeed induced the significant particle spacing changes.
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Figure 4-4. Particle spacing changes of different 2DPC hydrogels upon exposure to PBS solutions with and

without AD. The mutant DNA does not bind AD. Error bars represent the mean + standard deviation (n = 3).
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The composition-optimized 2DPC hydrogels were used to investigate the AD-induced
particle spacing changes in PBS solutions. First, pieces of the 2DPC hydrogels were placed in 2
mL solutions of 10 nM, 1 uM, and 1 mM AD, respectively. To test the AD-sensing kinetics, the
particle spacing was measured at 10-min intervals. Figure 4-5a shows that significant particle
spacing changes were observed during the first 20 min regardless of AD concentration (Cap). The
initial particle spacing changes were presumably driven by the diffusion of AD into the hydrogel
network. As the aptamer-AD binding reaction gradually reached equilibrium after 20 min, the
particle spacing changes began to level off. Notably, larger particle spacing changes were observed
with higher Cap. This is because the higher the Cap, the more AD molecules were bound to the

aptamer, resulting in a greater hydrogel volume shrinkage.
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Figure 4-5. (a) Monitoring of the 2DPC particle spacing change in response to different concentrations of AD.
(b) Particle spacing changes’ dependence on Cap. The Cap were varied from 0.1 nM to 1 mM. After a fixed
AD reaction time of 1 h, each particle spacing change was measured. The inset shows the particle spacing

change vs. logCab. The red line shows a linear fit. Error bars represent the mean * standard deviation (n = 3).
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To further examine the particle spacing changes’ dependence on Cap, pieces of the 2DPC
hydrogels were placed in solutions containing various Cap. After a fixed reaction time of 1 h, each
particle spacing change was measured. Figure 4-5b shows that the magnitude of the particle
spacing change increased over the Cap range from 0.1 nM to 1 mM. In addition, the magnitude of
the particle spacing change showed a linear correlation with the logarithm of Cap (Figure 4-5b
inset). Again, as the Cap increased, the more AD molecules were bound to the aptamer, resulting
in greater particle spacing changes. Further increase in Cap did not lead to a significantly larger
particle spacing change, probably because the aptamer-AD binding reaction was saturated when
the Cap exceeded 1 mM. The LoD was calculated to be 0.09 nM AD (S/N = 3).

Compared with other AD aptasensors listed in Table C-2 (Electronic Supplementary
Material), our 2DPC hydrogels have the advantages of both high sensitivity and wide detection
range. Most importantly, the particle spacing changes that depend on AD concentration were
measured using a simple laser pointer without the need of any sophisticated instrumentation, which
is ideal for resource-limited settings. Furthermore, this new sensing strategy may be generalizable
by simply changing the aptamer recognition groups for the development of other chemical and
biological sensors.

We examined the selectivity of the 2DPC hydrogel sensor by placing pieces of hydrogels
into four other chemically related nucleosides individually (1 mM of thymidine, guanosine,
cytidine, and uridine). After a fixed reaction time of 1 h, the particle spacing change was measured.
Figure 4-6a clearly shows that only AD induced a significant particle spacing change of -110.2 £
3.3 nm. On the other hand, thymidine, guanosine, cytidine, and uridine all showed negligible or
very small particle spacing changes, as the blank PBS solution did. This is because the AD aptamer

specifically bound AD, not other nucleosides. Only when the specific binding occurred, significant
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particle spacing changes were observed. The very small particle spacing changes by the other
nucleosides were probably due to the very minor non-specific interactions between the AD
aptamer and these nucleosides. The 2DPC hydrogels were also tested with a mixture containing
all nucleosides (1 mM each of AD, thymidine, guanosine, cytidine, and uridine together). After
the same reaction time of 1 h, a particle spacing change of -109.6 + 3.1 nm was observed, which
is very similar to that in 1 mM AD, -110.2 + 3.3 nm. The results demonstrate that the AD detection
does not significantly change even in the presence of other chemically relevant species, proving
the excellent anti-interference ability of our aptamer-functionalized 2DPC hydrogels.

Figure 4-6b demonstrates that the AD-induced particle spacing changes are reversible, as
described in the AD-sensing mechanism section. The initial particle spacing of fresh 2DPC
hydrogels was measured at 1452.5 + 3.6 nm. The particle spacing decreased to 1368.1 + 2.8 nm
after the reaction with 100 uM AD. Then, the same AD-reacted 2DPC hydrogels were placed in 2
mL of ADA solutions (1.67 units/mL of ADA in PBS). After 4 h of ADA treatment and 6 h of
subsequent PBS wash, the particle spacing of the 2DPC hydrogels increased to 1446.8 + 4.5 nm,
similar to the initial state. The same 2DPC hydrogels were further reacted with AD and ADA
alternately over multiple cycles, showing consistent particle spacing changes after each reaction.
The results clearly indicate that the AD-induced particle spacing changes are reversible and the
2DPC hydrogels are reusable after the ADA enzymatic treatment.

Lastly, we tested the sensor stability using 2DPC hydrogels stored in PBS solutions at 4 °C

for 1 to 2 months. The aged hydrogels were reacted with AD and then showed particle spacing
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changes very similar to those of freshly prepared 2DPC hydrogels. This demonstrates that the AD-

sensing 2DPC hydrogels are stable for a long time.
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Figure 4-6. (a) Selectivity and anti-interference ability of the AD-sensing 2DPC hydrogels. 2DPC hydrogels
were reacted with other chemically relevant nucleosides individually (thymidine, guanosine, cytidine, and
uridine). The mixture contained AD, thymidine, guanosine, cytidine, and uridine together. After a reaction
time of 1 h, each particle spacing change was monitored. (b) Reversible detection of AD. Fresh 2DPC
hydrogels were alternately reacted with AD (100 pM) and ADA (1.67 units/mL). After each reaction, the

particle spacing was monitored. Error bars represent the mean + standard deviation (n = 3).
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4.3.4 AD-Sensing in FBS and Human Urine

The response of the AD-sensing 2DPC hydrogels was validated in more complex
biological environments. In order to minimize unexpected interference, the real samples were
diluted in PBS solutions and the AD concentrations were determined. The circulating
concentrations of AD are in the range from 10 nM to 30 uM, although there are differences in the
reported concentrations.®* Based on this range, we chose the spiked concentrations of AD (1 nM,
10 nM, 100 nM, 1 pM, and 10 uM) in tenfold diluted FBS. Considering the dilution factor, we
detected AD concentrations in FBS from 10 nM to 100 uM, which includes the reported range.
First, the baseline concentration of AD in the unspiked FBS was observed to be below the LoD
(0.09 nM AD) of our method. Then, pieces of the 2DPC hydrogels were placed in 2 mL of tenfold
diluted FBS solutions containing different concentrations of AD. Figure 4-7 shows the particle
spacing changes measured in diluted FBS. As a comparison, the particle spacing change curve
measured in pure PBS was plotted together (data taken from Figure 4-5b). As in the PBS solution,
larger particle spacing changes were observed with higher Cap. The average % difference in
particle spacing changes measured between diluted FBS and pure PBS was only 3.99% (see the
Electronic Supplementary Material for detailed calculation). This indicates that the AD
concentration in unknown serum samples can be determined using the linear correlation acquired

in PBS.
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Next, the 2DPC hydrogel sensor response was tested in human urine. Urinary AD
concentrations in healthy human are typically in the UM range. It is reported that the concentration
of urinary AD can be elevated by many diseases or underlying conditions. For example, the urinary
AD concentration can be tenfold or much higher in cancer patients[49]. Thus, we chose the spiked
concentrations of AD (90, 490, and 990 nM) in 450-fold diluted human urine. First, the baseline
AD concentration in the diluted urine was determined at 10 nM using the particle spacing
measurements and the calibration curve in Figure 4-5b inset. Then, the urine samples were spiked
with known concentrations of AD (90, 490, and 990 nM AD, respectively). Likewise, the Cap in
the spiked urine samples were determined using the particle spacing measurements and the same
calibration curve. The % recoveries for the detection of AD were 95-101% and the relative
standard deviations (RSD) were 4.9-7.8%, showing adequate accuracy and precision (Table 4-1).
Considering the dilution factor and the baseline AD concentration in the unspiked sample, we
detected AD concentrations in human urine from 4.5 to 450 uM, which are relevant to the both
normal and abnormal physiological levels. Combining the results above, it was demonstrated that

the reported 2DPC hydrogels can be used to detect AD in more complex matrices.

Table 4-1. Determination of AD in diluted human urine (n = 3)

Added Found Recovery RSD (%)
(nM) (nM) (%) (n=3)
0 10 - 0.94
90 101 101 7.8
490 476 95.2 4.9
990 971 97.1 5.8
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4.4 Conclusions

We developed aptamer-functionalized 2DPC hydrogels for the selective, sensitive, and
reversible detection of AD. The hydrogel sensor utilized the AD-binding aptamer as a recognition
group, which induced particle spacing changes upon AD binding. The AD-induced particle
spacing changes were monitored by simple 2DPC light diffraction measurements. The AD-sensing
methodology was first tested in PBS and showed a calculated LoD of 0.09 nM. The hydrogel
sensor response for real samples was then validated in diluted FBS and human urine. This new
2DPC hydrogel aptasensor for AD was fabricated from inexpensive materials. It provides a simple
readout with minimal sample preparation or instrumentation. Although further work is needed,
these 2DPC hydrogels may have important clinical applications, especially in resource-limited
settings. More importantly, this new sensing strategy may be generalizable by simply changing

the aptamer recognition groups for the development of other chemical and biological sensors.
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5.0 Summary and Future Work

5.1 Summary

This dissertation demonstrates the development of novel 2DPC hydrogel sensors for
biomolecular detection. Chapter 1 introduced background theory on the stimuli-responsive
hydrogels and 2DPC, which constitute 2DPC hydrogel sensors.

Chapter 2 showed the development of PhPY-sensing 2DPC hydrogels. The hydrogels are
functionalized with oxyamine recognition groups that chemoselectively link PhPY to the hydrogel
via oxime ligation. The covalent attachment of hydrophilic PhPY causes the hydrogel volume to
increase, which in turn increases the particle spacing of the embedded 2DPC array in proportion
to the PhPY concentration.

Chapter 3 demonstrated the use of new 2DPC hydrogel sensing motif that utilizes duplexed
DNA crosslinks. One strand of the duplexed DNA contains an adenosine-binding aptamer
sequence. Upon the introduction of adenosine, the aptamer segment binds adenosine with high
affinity, resulting in the breakage of the preformed DNA crosslinks. This change decreases the
hydrogel elasticity, which homogeneously increases the 2DPC particle spacing in proportion to
the adenosine concentration.

Chapter 4 showed another type of 2DPC hydrogel sensing motif utilizing DNA aptamer
recognition groups. Unlike the DNA aptamers in Chapter 3, both ends of the DNA aptamers are
covalently attached to the hydrogel network. Upon binding adenosine, the DNA aptamer changes
its conformation from a long single-stranded structure to a short hairpin loop structure. The

adenosine-binding induced aptamer conformational changes reduce the hydrogel volume, resulting
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in decreased particle spacing of the embedded 2DPC array in proportion to the analyte

concentration.

5.2 Future Work

5.2.1 Development of L-Phe- and L-Lactate-Sensing Elements Utilizing Enzymes and the

Oxyamine-Functionalized 2DPC Hydrogels

In Chapter 2, we fabricated the 2DPC hydrogels capable of chemoselectively detecting
PhPY in human serum. Our hypothesis is that the oxyamine-functionalized 2DPC hydrogels could
be applied to develop L-Phe-sensing elements with the enzyme L-phenylalanine dehydrogenase
(L-PheDH), which converts L-Phe to PhPY (Figure 5-1a).1? The concentrations of enzymatically
produced PhPY are proportional to the L-Phe concentrations. Thus, the oxyamine-functionalized
hydrogels will be tested to detect enzymatically produced PhPY in order to determine the
concentration of L-Phe. The L-Phe-sensing hydrogels will be further utilized to develop point-of-

care L-Phe sensors for PKU patients.
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Figure 5-1. Proposed mechanisms for (a) L-Phe and (b) L-lactate detection.

We also hypothesize that an L-lactate sensor could be developed by utilizing the oxyamine-
functionalized 2DPC hydrogels with the enzyme L-lactate dehydrogenase (L-LacDH). L-lactate is
one of the biomarkers used to evaluate the development of sepsis.>* L-LacDH converts L-lactate

to pyruvate (Figure 5-1b),>® which has a carbonyl functional group that can be linked to the
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oxyamines in the hydrogels via oxime ligation. The concentrations of enzymatically produced
pyruvate are proportional to the L-lactate concentrations. Thus, our oxyamine-functionalized
2DPC hydrogels will be tested to quantify enzymatically produced pyruvate in order to determine

the concentration of L-lactate.

5.2.2 Future Work in the Aptamer-Functionalized 2DPC Hydrogel Materials

The sensor performance using the aptamer-functionalized 2DPC hydrogels reported in
Chapters 3 and 4 can be further optimized and characterized. First, the detection sensitivity can be
improved by testing hydrogels prepared with various pre-gel solutions containing different
concentrations of monomers and DNA strands. In particular, in the DNA-crosslinked hydrogel
fabrication, (1) the length of each DNA strand, (2) the number of bases that form the DNA-
crosslinks, and (3) the placement of the aptamer sequence in the longer DNA strand can be
systematically altered. The results will advance the understanding of the properties of DNA
crosslinks that can be used to further optimize the hydrogel sensor responsivity.

Furthermore, thrombin-sensing 2DPC hydrogels can be developed by changing the
aptamer recognition group, demonstrating that the aptamer-functionalized sensing motifs are
generalizable to develop protein sensors. We propose four different mechanisms for the thrombin
detection using two different thrombin-binding aptamers (TBASs). One TBA is a 15-mer and the
other TBA is a 29-mer, targeting different exosites of thrombin.”® Here, the first three mechanisms
are shown using the 15-mer 2TBA; however, the same mechanisms can also be tested with the 29-
mer TBA.

Figure 5-2 shows the mechanism utilizing the sensing-motif that we reported in Chapter 3.
The only change is that the thrombin-binding aptamer (TBA), not the adenosine-binding aptamer,
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is now incorporated into the hydrogel network. When thrombin is introduced to the hydrogels, the
TBA sequence in the longer DNA strand competitively binds thrombin, breaking the DNA-
crosslinks. As a result, this will increase the 2DPC particle spacing in proportion to the thrombin

concentration.

(a) TBA
/\./\/ DNAstrand 1: 5’-acrydite—ﬁl\(i‘,'ll'cl‘-;'ll'Gl'lG'll'T?lG'll'GTGGTTGé-S’
\_/ DNAstrand 2: 3'-TGACACCAACCA-acrydite-5’
(b) Thrombin-bound broken DNA-crosslinks
— hydrogel swells
DNA-crosslinked — particle spacing increases

2DPC hydrogel

N
thrombin

polyacrylar!nide chains

Figure 5-2. Proposed thrombin detection mechanism 1.
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Figure 5-3 shows the second mechanism for the thrombin detection using only the DNA
strand containing TBA. As thrombin is a large and charged molecule, it is possible that the TBA-
thrombin binding induces a large change in the free energy of mixing and the ionic free energy of
the hydrogels. As a result, the 2DPC particle spacing will change in proportion to the thrombin

concentration.

(a) TBA
/' N/ \/ DNAstrand 1: 5’-acrydite-ACTGTéGTTGGTGTGGTTGé-3’

b
( ) Thrombin-bound hydrogel = swells (or shrinks)
DNA-functionalized —» particle spacing increases (or decreases)
2DPC hydrogel
Seee
seeee e

r

polyacrylar!nide chains

Figure 5-3. Proposed thrombin detection mechanism 2.
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The third thrombin detection mechanism uses the sensing motif developed in Chapter 4 in
conjunction with the TBA (Figure 5-4). Upon binding thrombin, the TBA will change its
conformation to a shorter hairpin loop structure, which reduces the 2DPC particle spacing and

reports the thrombin concentration.

2DPC hydrogel PS particle decreased particle spacing

©00OOO
©00O0OO
©00O0O0O O

-
e
-

long single—strénded aptamer short hairpin !Ioop aptamer
(Thrombin-free conformation) (thrombin-bound conformation)

Figure 5-4. Proposed thrombin detection mechanism 3.
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Figure 5-5 shows the last thrombin detection mechanism using the 2DPC hydrogels
functionalized with two different TBAs. When thrombin is introduced to the hydrogels, the 15-
mer and the 29-mer TBASs bind different exosites within the same thrombin, forming an additional
crosslink. Therefore, the elastic restoring force of the hydrogel network will increase in proportion

to the amount of thrombin, reducing the 2DPC particle spacing.

2DPC hydrogel

Additional crosslinks formed

oo oo —hydrogel shrinks
OO OO OO —particle spacing decreases
QCOOCOOOO
coococoo @7
w thrombin
~ — o /—'—

29-mer TBA

Exosite |

15-mer TBA

pé)lyacrylamide chains

Figure 5-5. Proposed thrombin detection mechanism 4.

In the future, the aptamer-functionalized 2DPC hydrogel sensing motifs can be further
utilized to develop sensors for other small molecules, proteins, microorganisms, and viruses by

altering the aptamer recognition groups.
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Appendix A Supporting Information for Chapter 2

Appendix A.1 High-Resolution Mass Spectrometry (HRMS) Spectra of Synthesized

Compounds
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Appendix Figure A-2. HRMS spectrum of compound 3.
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Appendix A.2 'H and 3C NMR Spectra of Synthesized Compounds
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Appendix Figure A-3. 'H NMR spectrum of compound 1.
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Appendix Figure A-4. 3C NMR spectrum of compound 1.
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Appendix Figure A-5. 'H NMR spectrum of compound 2.
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Appendix Figure A-6. *H NMR spectrum of compound 3.
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Appendix B Supporting Information for Chapter 3

Appendix B.1 Calculating Dissociation Constant of the Adenosine-Binding Aptamer

The fraction of bound aptamer, f},,una, IS defined as:

[aptamer - adenosine]

foouna = [free aptamer] + [aptamer - adenosine]

Where [aptamer - adenosine] is the concentration of adenosine-bound aptamer and
[free aptamer] is the concentration of aptamer that has not bound adenosine. Dividing the

numerator and denominator by [aptamer - adenosine] gives:

1

[free aptamer]
[aptamer - adenosine]

frouna =

The dissociation constant, K, of the adenosine-binding aptamer is:

[free aptamer][free adenosine]

D =

[aptamer - adenosine]
Where [free adenosine] is the concentration of adenosine that the aptamer has not bound. Thus,

frouna Can be written as:

1
f bound = K,

[free adenosine]
Multiplying the numerator and denominator by [free adenosine] gives:

[free adenosine]
frouna =
Kp+ [

free adenosine]
If K, = [free adenosine] , then f,ouna =%. Assuming the particle spacing change is

proportional to f},.nq, and the concentration of adenosine added is equal to [free adenosine],
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K}, can be estimated as the concentration of adenosine when the particle spacing change is at half-
maximum.

Using measured particle spacing changes at t = 60 min, we constructed a calibration curve
relating log([adenosine]) to particle spacing change and generated a linear fit using the software
OriginLab (Figure B-1). We observed a maximum particle spacing change of 97.746 nm at an
adenosine concentration of 2000 uM. The half-maximum particle spacing was thus 48.873 nm.
The linear fit was then used to calculate an adenosine concentration of 74.36 uM, which was taken

as the estimated K, of the adenosine-binding aptamer.
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Appendix Figure B-1. Log ([adenosine]) vs. particle spacing change. A weighted-least square method in

OriginLab was used to generate a linear fit of y = 30.65366x — 8.49099 (adjusted R-Squared = 0.9746).
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Appendix B.2 Optimizing Acrylamide (AAm) Monomer and MBAAmM Crosslinker

Concentrations in 2DPC Hydrogel Fabrication

To find the optimal 2DPC hydrogel fabrication conditions for this proof-of-concept study,
we systematically varied the concentrations of AAm monomer and MBAAmM crosslinker. 2DPC
hydrogels are expected to be more sensitive to adenosine if a lower amount of crosslinker is used,
as the sensor response is induced by altering the crosslinking density of the hydrogel. However,
hydrogels cannot embed a 2DPC array into the network if they do not have sufficient mechanical
robustness. It is important that the 2DPC array fully embeds into the hydrogel because it affects
the quality of light diffraction that is used to monitor particle spacing changes in 2DPC hydrogels.
Thus, the main goal was to minimize the amount of MBAAmM, while ensuring appropriate
mechanical robustness of the 2DPC hydrogels. After fabricating 2DPC hydrogels with different
recipes, we visually evaluated how much of the 2DPC array was successfully embedded into the
hydrogel. A recipe was deemed successful if over 90% of the 2DPC array was embedded in the
corresponding hydrogel.

As summarized in Table B-1 below, 2DPC hydrogels with 25% (w/v) AAm and 0.02%
(w/v) MBAAmM successfully embedded a 2DPC array with the lowest amount of MBAAM
crosslinker. Thus, this composition was adopted to fabricate DNA-crosslinked 2DPC hydrogels.
We will continue to investigate hydrogel formulations in future studies by systematically altering

DNA concentration in addition to AAm and MBAAmM.
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Appendix Table B-1. Concentrations of AAm and MBAAmM used in preparation of 2DPC hydrogels

AAmM concentration MBAAm concentration Was >90% of 2DPC array
(%, wiv) (%, wiv) embedded in the 2DPC
hydrogel?
20 0.03 v
20 0.02 x
25 0.03 v
25 0.02 v
25 0.01 x

*For this test, no DNA was added.
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Appendix C Supporting Information for Chapter 4

Appendix C.1 Fabrication of two-dimensional photonic crystal (2DPC) hydrogels

First, the polystyrene (PS) 2DPC array was prepared on a water surface by using the needle-
tip-flow method (Figure C-1a).! The suspension of PS particles (~20 wt% in water) was mixed
with 1-propanol at a volume ratio of 3:1. The mixture was vortexed for 2 min and injected onto a
water surface. With a steady injection flow, the negatively-charged PS particles spread outward
and self-assembled into a hexagonal-close-packed (hcp) 2DPC array (Figure C-1b). The 2DPC
array on water was then transferred onto a glass slide (2.4 x 7.6 cm?) and air-dried (Figure C-1c).
120 uL of each candidate polymerizable monomer solution (Table C-1) was dripped on a 2DPC
array (Figure C-1d) and a coverslip was placed on top of the sample (Figure C-1e). Then, the free
radical polymerization reaction was allowed to proceed at room temperature for 30 min by
irradiating the sample with 365 nm UV light. This embedded the 2DPC into the crosslinked
hydrogel network (2DPC hydrogel) (Figure C-1f).

The 2DPC hydrogel was peeled from the glass substrates and thoroughly washed with
nanopure water to remove unreacted monomers for at least 6 h (the water was changed every 2 h).
Subsequently, the 2DPC hydrogels were washed with phosphate-buffered saline (PBS) solution
for 6 h (the solution was changed every 2 h). The hydrogels were then left in fresh PBS solution

for 24 h. The equilibrated 2DPC hydrogels were cut into 1 x 1 cm? pieces.
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Appendix Figure C-1. Schematic illustration of 2DPC hydrogel fabrication.

Appendix Table C-1. Compositions of polymerizable monomer solutions used to prepare various 2DPC

hydrogels

Sample# AAm*(g) AAc*(g) Bis*(g) H20(g) Total**(g)

1 0.8 0.1 0.050 9.050 10
2 0.8 0.2 0.050 8.950 10
3 0.8 0.3 0.050 8.850 10
4 0.8 0.4 0.050 8.750 10
5 0.8 0.3 0.045 8.855 10
6 0.8 0.3 0.040 8.860 10
7 0.8 0.3 0.035 8.865 10
8 0.8 0.3 0.030 8.870 10

*AAm, AAc, and Bis are the abbreviations of acrylamide, acrylic acid, and N,N'-
methylenebisacrylamide, respectively. **20 pL of 33% (w/v) Irgacure 2959 in DMSO was added

to each 1 g of polymerizable monomer solution.
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Appendix C.2 Fourier transform infrared (FTIR) characterization

For FTIR characterization, the hydrogels without 2DPC were prepared and thoroughly
washed with nanopure water to avoid any unwanted interference. Then, the hydrogels were
completely dried and ground with dry KBr. The resulting powder was then pressed to form a pellet.
The FTIR spectra were acquired using the Themo Scientific Nicolet iS5 FTIR Spectrometer at

room temperature.
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Appendix Figure C-2. FTIR spectra of hydrogels before and after the aptamer functionalization reaction. The
appearance of a new absorption peak at 1232 cm, which derives from the P=0 vibration of the DNA
phosphate backbone,? demonstrates that the aptamer was covalently attached to the hydrogel polymer

network.
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Appendix C.3 Optimization of hydrogel sensor composition

First, to optimize the concentration of AAc (Caac) for adenosine (AD)-sensing, 2DPC
hydrogels were fabricated with different Caac, while the concentrations of AAm (Caam), Bis (Cais),
and AD-binding aptamer (Captamer) Were fixed at 8 wt%, 0.5 wt%, and 100 puM, respectively
(samples 1 to 4 in Table C-1). All 2DPC hydrogels showed particle spacing decreases in response
to 10 mM AD in PBS for 1 h (Figure C-3a). Most importantly, a hydrogel with larger particle
spacing decreases for the same concentration of AD indicates that the corresponding hydrogel is
more sensitive to AD. Thus, for the next optimization experiments, the 2DPC hydrogels were
prepared using 3 wt% AAc, which showed the largest particle spacing decrease, -90.9 + 3.8 nm.

Next, various Cgis were used to prepare the 2DPC hydrogels. While changing the Cgis, we
kept the Caac and Captamer at 3 Wt% and 100 UM, respectively (samples 3 and 5 to 8 in Table C-1).
Figure C-3b shows the particle spacing changes of these hydrogels in response to 10 mM AD in
PBS for 1 h. Again, the particle spacings of all samples decreased upon sensing AD, indicating
that the target recognition induced the hydrogel volume decrease. The largest particle spacing
change, -111.5 + 3.2 nm, was observed from the 2DPC hydrogel fabricated with 0.4 wt% Bis. This

Cais was then used to prepare further samples for additional experiments.
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Appendix Figure C-3. Particle spacing changes of various 2DPC hydrogels in response to 10 mM AD in PBS

for 1 h. The 2DPC hydrogels were prepared with different (a) Caac, (b) Csis, and (c) Captamer.
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Lastly, various Captamer (10, 50, 100, and 150 pM) were tested for the aptamer attachment
reaction to further optimize the hydrogel sensor responsivity. (The Caac and Cgis were fixed at 3
wt% and 0.4 wt%, respectively.) Figure C-3c shows the particle spacing changes of these
hydrogels in response to 10 mM AD in PBS for 1 h. The magnitude of the particle spacing change
increased from -30.5 £ 2.9 nm to -110.5 + 3.2 nm, as the Captamer increased from 10 to 100 pM.
This is because the higher the Captamer, the greater the number of aptamers were linked to the
hydrogel, making the hydrogel more sensitive to AD. Further increases in the Captamer t0 150 pM
showed a negligible further decrease on the particle spacing. We hypothesize that this is because
the covalent linkage formation reaction between the aptamer and the hydrogel carboxyl group
reached saturation when the Captamer €xceeded 100 pM. Thus, these experimentally determined
optimal Caac, Cgis, and Captamer (3 Wt%, 0.4 wt%, and 100 puM, respectively) were used for

subsequent experiments.
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Appendix C.4 An overview on recently reported aptamer-based AD sensors

Appendix Table C-2. Comparison of the performance of our 2DPC hydrogels with other aptasensors for AD

detection
Detection method Materials Linear range LoD Ref.
Debye ring measurement 2DPC hydrogels 0.lnM—-1mM | 0.09nM VT/S:sk
Debye ring measurement DNA-crosslinked hydrogels 20 uM -2 mM 26.7 uM 3
Electrochemistry ZnNi MOF microspheres 100fM -1 nM 76 fM 4
Electrochemistry Reduced graphene oxide and gold 0.1nM-1mM 0.1 nM 5
nanoclusters
UV-Vis absorption Creatinine-Ag+/AuNPs 1.0 -5.0 uM 45nM 6
Chemiluminescence DNA hydr_ogel with AU@HKUST-1 0.4 - 150 pM 0.104 pM 7
encapsulation
Chemiluminescence DNA °F°SS"'“"GO‘ hydrggel-capped . 0.1nM-1uM 0.14 nM 8
magnetic mesoporous silica nanoparticles
Fluorometry Carbon dots 10 — 500 nM 4.2nM 9
Fluorometry T7 exonuclease S5uM —=0.7mM | 0.98 uM 10
Fluorometry Carbon q_uantum dots and silver 50 - 200 nM 13 1M 1
nanoparticles
Fluorometry Gold film - 42 uM 12
Fluorometry Polymerase/nicking template 0.5-20 uM 84 nM 13
Fluorometry CdTe quantum dots 0.333 -167nM | 0.217 nM 14
Colorimetry Silver nanoparticles 60 — 280 nM 21 nM 15
Colorimetry Gold nanorods 10 pM -5nM 3.3pM 16
Colorimetry Gold nanoparticles 10 nM - 1 mM 5.6 nM 17
Colorimetry Gold nanoparticles 0.1-100 uM 18 nM 18
Surface plasmon Gold nanoparticles 0.5 - 50 pM 0.21 pM 19
resonance
Surface plasmon Streptavidin-coated Au-NPs 0.005 0.5 pM, 4fM 20
resonance 1-20pM
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Appendix C.5 Calculating the average % difference in particle spacing changes measured

between diluted FBS and pure PBS

Figure 4-7 shows the AD-induced particle spacing changes measured in diluted FBS and
pure PBS. The % difference in particle spacing changes measured between diluted FBS and pure
PBS at each AD concentration (1 nM, 10 nM, 100 nM, 1 uM, and 10 uM) was calculated using

the equation below.

la—b|

% difference = T

%X 100 (%), where a is the particle spacing change in diluted FBS

and b is the particle spacing change in pure PBS. The calculated % differences were 10.4, 4.51,
3.53, 1.23, and 0.256%. From the five % differences, the average % difference was calculated to

be 3.99%.

Appendix C.6 Calculating the % recoveries for the detection of AD in human urine

The % recoveries were calculated using the equation below, where Cround is the
concentration of AD found in the spiked sample, Cgaseline iS the baseline concentration of AD in the
unspiked sample, and Cadded is the known concentration of AD added to the sample.

Recovery % = (Cround — Caaseline)/Caddea*100

140



Appendix C.7 References

(1) Zhang, J.-T.; Wang, L.; Lamont, D. N.; Velankar, S. S.; Asher, S. A., Fabrication of Large-
Area Two-Dimensional Colloidal Crystals. Angew. Chem. Int. Ed. 2012, 51, 6117-6120.

(2) Thomas, L. C.; Chittenden, R. A., Characteristic Infrared Absorption Frequencies of
Organophosphorus Compounds — 1. The Phosphoryl (P=0) Group. Spectrochim. Acta
1964, 20, 467-487.

(3) Jang, K.; Westbay, J. H.; Asher, S. A., DNA-Crosslinked 2D Photonic Crystal Hydrogels for
Detection of Adenosine Actuated by an Adenosine-Binding Aptamer. ACS Sensors 2022,
7, 1648-1656.

(4) Tian, K.; Ma, Y.; Liu, Y.; Wang, M.; Guo, C.; He, L.; Song, Y.; Zhang, Z.; Du, M.,
Hierarchically Structured Hollow Bimetallic ZnNi MOF Microspheres as a Sensing
Platform for Adenosine Detection. Sens. Actuators B Chem. 2020, 303, 127199.

(5) Zhang, D.; Ma, J.; Meng, X.; Xu, Z.; Zhang, J.; Fang, Y.; Guo, Y., Electrochemical Aptamer-
Based Microsensor for Real-Time Monitoring of Adenosine in vivo. Anal. Chim. Acta
2019, 1076, 55-63.

(6) Du, J.; Ge, H.; Long, S.; Sun, W.; Fan, J.; Peng, X., Gold Nanoparticle-Based Plasmonic Probe
for Selective Recognition of Adenosine. Sens. Actuators B Chem. 2019, 296, 126591.

(7) Lin, Y.; Wang, X.; Sun, Y.; Dai, Y.; Sun, W.; Zhu, X.; Liu, H.; Han, R.; Gao, D.; Luo, C., A
Chemiluminescent Biosensor for Ultrasensitive Detection of Adenosine Based on Target-
Responsive DNA Hydrogel with Au@HKUST-1 Encapsulation. Sens. Actuators B Chem.
2019, 289, 56-64.

(8) Hou, Y.; Han, R.; Sun, Y.; Luo, C.; Wang, X., Chemiluminescence Sensing of Adenosine
Using DNA Cross-Linked Hydrogel-Capped Magnetic Mesoporous Silica Nanoparticles.
Anal. Chim. Acta 2022, 1195, 339386.

(9) Shen, X.; Xu, L.; Zhu, W.; Li, B.; Hong, J.; Zhou, X., A Turn-on Fluorescence Aptasensor
Based on Carbon Dots for Sensitive Detection of Adenosine. New J. Chem. 2017, 41, 9230-
9235.

(10) Wang, G.; Wang, L.; Li, X.; Xu, X.; Jiang, W., T7 Exonuclease-Assisted and Target-
Triggered Cascade Dual Recycling Signal Amplification Strategy for the Sensitive and
Specific Detection of Adenosine. Talanta 2019, 197, 234-238.

(11) Yousefi, S.; Saraji, M., Developing a Fluorometric Aptasensor Based on Carbon Quantum

Dots and Silver Nanoparticles for the Detection of Adenosine. Microchem. J. 2019, 148,
169-176.

141



(12) Sergelen, K.; Liedberg, B.; Knoll, W.; Dostalek, J., A Surface Plasmon Field-Enhanced
Fluorescence Reversible Split Aptamer Biosensor. Analyst 2017, 142, 2995-3001.

(13) Xu, X.; Weli, H.; Jiang, W., A Target Triggered Proximity Combination-Based Fluorescence
Sensing Strategy for Adenosine Detection. Analyst 2017, 142, 2247-2252.

(14) Song, Y.; Tang, T.; Wang, X.; Xu, G.; Wei, F.; Wu, Y.; Song, Q.; Ma, Y.; Ma, Y.; Cen, Y.;
Hu, Q., Highly Selective and Sensitive Detection of Adenosine Utilizing Signal
Amplification Based on Silver lons-Assisted Cation Exchange Reaction with CdTe
Quantum Dots. Sens. Actuators B Chem. 2017, 247, 305-311.

(15) Yousefi, S.; Saraji, M., Optical Aptasensor Based on Silver Nanoparticles for the Colorimetric
Detection of Adenosine. Spectrochim. Acta A 2019, 213, 1-5.

(16) Zhang, X.; Kong, C.; Liu, Q.; Zuo, X.; Li, K.; Chen, Z., Colorimetric Adenosine Assay Based
on the Self-Assembly of Aptamer-Functionalized Gold Nanorods. Microchim. Acta 2019,
186, 587.

(17) Ma, L.; Ma, L.; Su, M.; Wang, Z., Exonuclease Il Assisted Aptasensor for Adenosine
Detection with Gold Nanoparticle Probes. Anal. Methods 2014, 6, 4366-4372.

(18) Zhu, R.; Song, J.; Zhou, Y.; Lei, P.; Li, Z.; Li, H.-W.; Shuang, S.; Dong, C., Dual Sensing
Reporter System of Assembled Gold Nanoparticles toward the Sequential Colorimetric
Detection of Adenosine and Cr(l1l1). Talanta 2019, 204, 294-303.

(19) Yao, G.-H.; Liang, R.-P.; Huang, C.-F.; Zhang, L.; Qiu, J.-D., Enzyme-Free Surface Plasmon
Resonance Aptasensor for Amplified Detection of Adenosine via Target-Triggering Strand
Displacement Cycle and Au Nanoparticles. Anal. Chim. Acta 2015, 871, 28-34.

(20) Yao, G.-H.; Liang, R.-P.; Yu, X.-D.; Huang, C.-F.; Zhang, L.; Qiu, J.-D., Target-Triggering

Multiple-Cycle Amplification Strategy for Ultrasensitive Detection of Adenosine Based
on Surface Plasma Resonance Techniques. Anal. Chem. 2015, 87, 929-936.

142



	Title Page
	Committee Membership Page
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	List of Schemes
	Preface
	1.0 Introduction
	1.1 Two-Dimensional Photonic Crystal Hydrogel Sensors
	1.1.1 Stimuli-Responsive Hydrogels and Their Volume Phase Transition Mechanisms
	1.1.1.1 VPTs of non-ionic hydrogels
	1.1.1.2 VPTs of ionic hydrogels

	1.1.2 Photonic crystal hydrogel sensing motif
	Figure 1-1. Schematic representation of photonic crystals. The periodicity of photonic crystals ranges from one- to three-dimensional.31
	Figure 1-2. CCA with a body-centered cubic structure. Highly charged colloidal particles are self-assembled into the lattice structure due to the electrostatic repulsion.34
	Figure 1-3. The PCCA sensing motif. The CCA diffraction measurement allows for the sensitive monitoring of the shits in the diffracted wavelength, which is used to report the analyte concentration.34
	Figure 1-4. Preparation of 2DPC on a glass substrate. (a-b) Inject a solution containing polystyrene particles on water surface to fabricate a hexagonally-closed-packed 2DPC array. (c-d) The 2DPC on water is transferred to a glass substrate and air-dr...
	Figure 1-5. (a) Schematic diagram and (b) the experimental setup showing the 2DPC light diffraction. When irradiated by a monochromatic light along the array normal, 2DPC diffracts light at an angle depending on the particle spacing, producing a Debye...
	Figure 1-6. Example particle spacing curve reporting the analyte concentration. The 2DPC hydrogel sensor contains biotin recognition groups that form additional crosslinks with avidin via avidin-biotin binding. As the avidin concentration increases, t...


	1.2 Overview of Research Program
	1.3 References

	2.0 Human Serum Phenylpyruvate Quantification Using Responsive 2D Photonic Crystal Hydrogels via Chemoselective Oxime Ligation: Progress toward Developing Phenylalanine-Sensing Elements
	2.1 Introduction
	2.2 Experimental
	2.2.1 Materials
	2.2.2 Characterization Techniques
	2.2.2.1 NMR
	2.2.2.2 Mass Spectrometry
	2.2.2.3 Scanning Electron Microscopy

	2.2.3 Preparation of tert-Butyl(2-Acrylamidoethoxy)-Carbamate (TAC) via a Three-Step Sequence of Reactions
	Scheme 2-1. Three-Step Sequence for the Preparation of TAC
	2.2.3.1 Synthesis of 121
	2.2.3.2 Synthesis of 221,22
	2.2.3.3 Synthesis of 3 (TAC)23

	2.2.4 Preparation of 2DPC Hydrogels
	Figure 2-1. Method for fabricating 2DPC hydrogels. (a−d) First, a hexagonally close-packed PS 2DPC array was prepared on a glass substrate using the steps of our previously reported needle-tip-flow technique. (e) Polymerizable monomer solution was lay...
	Table 2-1. Composition of monomer solutions used in the preparation of hydrogel samples

	2.2.5 Hydrogel Boc Deprotection
	2.2.6 2DPC Particle Spacing Measurements
	Figure 2-2. Debye ring diffraction measurement. A 5 × 5 mm2 piece of the 2DPC hydrogels was placed parallel to a white screen below. (a) Experimental setup and (b) schematic diagram depicting the diffraction of the 2DPC hydrogel illuminated by 532 nm ...

	2.2.7 PhPY-Sensing in Buffer Solutions
	2.2.8 PhPY Sensing in Human Serum

	2.3 Results and Discussion
	2.3.1 PhPY-Sensing Motif Using Responsive Hydrogels Containing 2DPC and Oxyamine Recognition Groups
	Scheme 2-2. Hydrogel PhPY-Sensing Chemistry
	Figure 2-3. Schematic diagram of the PhPY-sensing hydrogel. The covalent attachment of PhPY changes the hydrogel composition, which causes the hydrogel to swell. The swelling increases the embedded 2DPC particle spacing in proportion to the PhPY conce...

	2.3.2 Characterizations of PhPY-Sensing Hydrogels
	Figure 2-4. (a) SEM image of the hexagonally close-packed 2DPC consisting of PS particles of a diameter of 1.23 μm. (b) SEM image of the non-close-packed 2DPC embedded in the swollen hydrogel. As the hydrogel swelled, the array particle spacing homoge...
	Figure 2-5. HRMAS 1H NMR spectra of hydrogels (a) before and (b) after sensing PhPY. The new phenyl ring protons at δ = 7.2−7.3 demonstrate the attachment of PhPY to the hydrogel. The residual water signal at δ = 4.7 was suppressed by presaturation.

	2.3.3 PhPY Recognitions in Buffer Solutions
	Figure 2-6. (a) Monitoring of the 2DPC particle spacing during PhPY-sensing reactions. p-PDA (100 mM) was employed in each reaction. (b) RPS was calculated and plotted to normalize the variance in the initial 2DPC particle spacings across the differen...
	Figure 2-7. RPS curves demonstrating chemoselectivity of PhPY sensing. Only when the hydrogels had oxyamine groups and PhPY was present, the RPS increased. Error bars represent standard deviations (n = 3).
	Figure 2-8. Quantification of PhPY for a detection time of 30 min. To decrease the detection time, the reaction vials were agitated at 500 rpm using a vortex mixer. The RPS at 0.7 mM PhPY had a much larger standard deviation compared to the other data...

	2.3.4 PhPY Recognitions in Human Serum
	Figure 2-9. Quantification of PhPY in protein-removed human serum (detection time = 30 min). p-PDA (500 mM) was employed in each reaction. The red line shows a linear fit (adjusted R-squared = 0.9958). Error bars represent standard deviations (n = 3).


	2.4 Conclusions
	2.4.1 Acknowledgements

	2.5 References

	3.0 DNA-Crosslinked 2D Photonic Crystal Hydrogels for Detection of Adenosine Actuated by an Adenosine-Binding Aptamer
	3.1 Introduction
	3.2 Experimental
	3.2.1 Materials
	3.2.2 Annealing DNA Strands
	3.2.3 PicoGreen Fluorescence Assay
	3.2.4 2DPC Hydrogel Fabrication
	Figure 3-1. Method for fabricating 2DPC hydrogels. (a−e) A polymerizable monomer solution was layered on the top of a preformed 2DPC array on a glass slide. A cover glass sealed the solution, after which polymerization was allowed to proceed for 30 mi...
	Table 3-1. Composition of monomer solutions used in preparation of hydrogel samples

	3.2.5 Scanning Electron Microscopy Characterization
	Figure 3-2. SEM images of (a) close-packed 2DPC monolayer and (b) non-close-packed 2DPC monolayer embedded in a hydrogel.

	3.2.6 2DPC Particle Spacing Measurements
	Figure 3-3. 2DPC hydrogel particle spacing measurement. A 2DPC hydrogel piece was placed on a stand above a white screen. (a) Experimental setup and (b) schematic diagram showing the Debye ring illuminated by a 532 nm laser.

	3.2.7 Adenosine Sensing in Buffer Solutions
	3.2.8 Adenosine Sensing in FBS

	3.3 Results and Discussion
	3.3.1 Adenosine Sensing Motif Using DNA-Crosslinked 2DPC Hydrogels That Contain the Adenosine-Binding Aptamer
	Figure 3-4. (a) Sequences of DNA strands that form adenosineresponsive crosslinks in the hydrogel. (b) Schematic diagram of the adenosine-sensing mechanism using a DNA-crosslinked 2DPC hydrogel.

	3.3.2 Optimizing Adenosine-Binding Buffer Conditions via Fluorometric Quantitation of dsDNA Using PicoGreen
	Figure 3-5. Quantification of aptamer−adenosine binding using the PicoGreen assay in different buffer solutions. TNM buffer contains Tris, NaCl, and MgCl2. PicoGreen fluorescence is enhanced more upon binding to dsDNA (hybridized DNA) than to ssDNA. A...

	3.3.3 Adenosine Sensing in Buffer Solutions
	Figure 3-6. Time dependence of 2DPC hydrogel particle spacing on the concentration of adenosine. Error bars indicate standard deviations (n = 3).
	Figure 3-7. Particle spacing changes’ dependence on adenosine concentration in buffer solutions (detection time = 30 min). The X-axis is in a logarithmic scale. The red line shows a linear fit (adjusted R-squared = 0.9874). Error bars indicate standar...

	3.3.4 Selectivity of Adenosine-Sensing 2DPC Hydrogels
	Figure 3-8. Selectivity of adenosine-sensing 2DPC hydrogels. The 2DPC hydrogel particle spacing was measured in a blank sample containing no nucleosides and in samples containing a 1 mM concentration of adenosine, cytidine, guanosine, or uridine. Each...

	3.3.5 Adenosine Sensing in FBS
	Figure 3-9. Particle spacing changes’ dependence on adenosine concentration in 50% protein-removed FBS (detection time = 30 min). The X-axis is in a logarithmic scale. The red line shows a linear fit (adjusted R-squared = 0.9936). Error bars indicate ...


	3.4 Conclusions
	3.4.1 Acknowledgements

	3.5 References

	4.0 Aptamer-Functionalized 2D Photonic Crystal Hydrogels for Detection of Adenosine
	4.1 Introduction
	4.2 Experimental
	4.2.1 Materials and Characterization
	4.2.2 Preparation of AD-Sensing 2DPC Hydrogels
	4.2.3 2DPC Particle Spacing Measurement
	Figure 4-1. (a) Schematic illustration of experimental setup and (b) a photograph of Debye ring. When the 2DPC (hydrogel) is irradiated by a monochromatic light (laser pointer) along the array normal, the diffraction produces a Debye ring on the botto...

	4.2.4 AD-Sensing in PBS
	4.2.5 AD-Sensing in FBS and Human Urine

	4.3 Results and Discussion
	4.3.1 Preparation and Characterizations of AD-Sensing 2DPC Hydrogels
	Scheme 4-1. Reactions used to prepare aptamer functionalized AD-sensing hydrogels
	Figure 4-2. SEM images of (a) the hcp 2DPC on a glass slide, (b) the hcp 2DPC embedded in non-swollen hydrogel, and (c) the non-close-packed 2DPC embedded in swollen hydrogel. Insets: photographs of the corresponding samples showing iridescent colors ...

	4.3.2 Reversible AD-Sensing Mechanism Using Aptamer-Functionalized 2DPC Hydrogels
	Figure 4-3. Reversible AD-sensing mechanism using aptamer functionalized 2DPC hydrogels. Upon binding AD, the AD aptamer undergoes a conformational change, which decreases the interparticle spacing of the 2DPC embedded in the hydrogel network. The AD-...

	4.3.3 AD-sensing in PBS
	Figure 4-4. Particle spacing changes of different 2DPC hydrogels upon exposure to PBS solutions with and without AD. The mutant DNA does not bind AD. Error bars represent the mean ± standard deviation (n = 3).
	Figure 4-5. (a) Monitoring of the 2DPC particle spacing change in response to different concentrations of AD. (b) Particle spacing changes’ dependence on CAD. The CAD were varied from 0.1 nM to 1 mM. After a fixed AD reaction time of 1 h, each particl...
	Figure 4-6. (a) Selectivity and anti-interference ability of the AD-sensing 2DPC hydrogels. 2DPC hydrogels were reacted with other chemically relevant nucleosides individually (thymidine, guanosine, cytidine, and uridine). The mixture contained AD, th...

	4.3.4 AD-Sensing in FBS and Human Urine
	Figure 4-7. Particle spacing changes’ dependence on CAD, measured in tenfold diluted FBS. The X-axis has a logarithmic scale. Error bars represent the mean ± standard deviation (n = 3).
	Table 4-1. Determination of AD in diluted human urine (n = 3)


	4.4 Conclusions
	4.4.1 Acknowledgements

	4.5 References

	5.0 Summary and Future Work
	5.1 Summary
	5.2 Future Work
	5.2.1 Development of L-Phe- and L-Lactate-Sensing Elements Utilizing Enzymes and the Oxyamine-Functionalized 2DPC Hydrogels
	Figure 5-1. Proposed mechanisms for (a) L-Phe and (b) L-lactate detection.

	5.2.2 Future Work in the Aptamer-Functionalized 2DPC Hydrogel Materials
	Figure 5-2. Proposed thrombin detection mechanism 1.
	Figure 5-3. Proposed thrombin detection mechanism 2.
	Figure 5-4. Proposed thrombin detection mechanism 3.
	Figure 5-5. Proposed thrombin detection mechanism 4.


	5.3 References

	Appendix A Supporting Information for Chapter 2
	Appendix A.1 High-Resolution Mass Spectrometry (HRMS) Spectra of Synthesized Compounds
	Appendix Figure A-1. HRMS spectrum of compound 1.
	Appendix Figure A-2. HRMS spectrum of compound 3.

	Appendix A.2 1H and 13C NMR Spectra of Synthesized Compounds
	Appendix Figure A-3. 1H NMR spectrum of compound 1.
	Appendix Figure A-4. 13C NMR spectrum of compound 1.
	Appendix Figure A-5. 1H NMR spectrum of compound 2.
	Appendix Figure A-6. 1H NMR spectrum of compound 3.
	Appendix Figure A-7. 13C NMR spectrum of compound 3.


	Appendix B Supporting Information for Chapter 3
	Appendix B.1 Calculating Dissociation Constant of the Adenosine-Binding Aptamer
	Appendix Figure B-1. Log ([adenosine]) vs. particle spacing change. A weighted-least square method in OriginLab was used to generate a linear fit of 𝒚=𝟑𝟎.𝟔𝟓𝟑𝟔𝟔𝒙−𝟖.𝟒𝟗𝟎𝟗𝟗 (adjusted R-Squared = 0.9746).

	Appendix B.2 Optimizing Acrylamide (AAm) Monomer and MBAAm Crosslinker Concentrations in 2DPC Hydrogel Fabrication
	Appendix Table B-1. Concentrations of AAm and MBAAm used in preparation of 2DPC hydrogels


	Appendix C Supporting Information for Chapter 4
	Appendix C.1 Fabrication of two-dimensional photonic crystal (2DPC) hydrogels
	Appendix Figure C-1. Schematic illustration of 2DPC hydrogel fabrication.
	Appendix Table C-1. Compositions of polymerizable monomer solutions used to prepare various 2DPC hydrogels

	Appendix C.2 Fourier transform infrared (FTIR) characterization
	Appendix Figure C-2. FTIR spectra of hydrogels before and after the aptamer functionalization reaction. The appearance of a new absorption peak at 1232 cm-1, which derives from the P=O vibration of the DNA phosphate backbone,2 demonstrates that the ap...

	Appendix C.3 Optimization of hydrogel sensor composition
	Appendix Figure C-3. Particle spacing changes of various 2DPC hydrogels in response to 10 mM AD in PBS for 1 h. The 2DPC hydrogels were prepared with different (a) CAAc, (b) CBis, and (c) CAptamer.

	Appendix C.4 An overview on recently reported aptamer-based AD sensors
	Appendix Table C-2. Comparison of the performance of our 2DPC hydrogels with other aptasensors for AD detection

	Appendix C.5 Calculating the average % difference in particle spacing changes measured between diluted FBS and pure PBS
	Appendix C.6 Calculating the % recoveries for the detection of AD in human urine
	Appendix C.7 References


