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ABSTRACT

A longstanding interest in reactive oxygen species (ROS) stems from their role
in many environmental, biological, clinical, and industrial processes. Molecular
spectroscopic methods have largely dominated the field of ROS detection due to its
many advantages for real-time, localized, in sifu analysis, with comparatively modest
equipment cost and expertise requirements. This has led to a focus on spectral detection
of ROS, and many advances in ROS sensor technologies for spectrophotometric
(colorimetric) and luminescence measurements. Although many advances in ROS
sensor technologies for spectrophotometric and luminescence measurements have been
made to enhance selectivity and time response in ROS detection, there has been less
attention given to the impact of sample complexity on sensor measurements. ROS are
typically generated and evolve in complex settings, making their detection and
quantification challenging. Often, detecting a change in a system’s redox status is
generally attainable, but accurate quantification is not, and poor selectivity of many
classic and novel ROS sensors increases the incidence of overinterpretation of results
by the scientific community.

The objective for the research contained in this dissertation is to demonstrate the
efficiency, or lack thereof, of select commercially available colorimetric ROS sensors
for their use in environmentally and biologically relevant samples, as well as investigate
potential improvements to the analysis of optical data resulting from sensor
measurements using a vigorous series of control measurements and numerical analysis

strategies. In this dissertation sensor stability was evaluated using two types of assay

xvii



control measurements: broadband molar absorptivity, and photostability under
broadband simulated sunlight. Then, an efficiency comparison of the imidazole plus
RNO method for singlet oxygen detection in biorelevant solvents was compared to
reference solvents using Rose Bengal photosensitization to produce 'O> and time-
resolved, broadband UV—Vis absorbance measurements to simultaneously monitor
sensor and sensitizer response profiles. In the final chapter, the impact of combining the
results of systematically varied assays and controls on the analysis of colorimetric data
collected using the Imd plus RNO method was investigated using a combination of

numerical analysis strategies.
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Chapter 1

INTRODUCTION

1.1 Motivation

Reactive oxygen species (ROS) are reactive, energetic short-lived molecules,
radicals, or ions containing oxygen atoms. Singlet oxygen ('O2), superoxide (O2"),
hydroxyl radical (OH™), and hydrogen peroxide (H202) are most commonly listed as
leading factors in ROS processes. A longstanding interest in ROS is a result of their
central role in many environmental, biological, clinical, and industrial processes.! In
environmental settings, ROS are typically generated by photolysis or
photosensitization; the photo—sensitive molecules that lead to ROS production are
called photosensitizers, and are a focus of this research. In biological systems, ROS can
be generated endogenously during photosynthesis or respiration, or exogenously in
response to xenobiotic exposure. ROS have also been connected to signaling pathways
in cells, central to biological responses to pathogens, pollutants, and radiation;?
reflecting a dual nature as both defense and signaling molecules.®> The reactive and
destructive nature of ROS has been exploited in many clinical and industrial
applications. ROS have been used for wastewater remediation,* photodynamic therapy,’
blood sterilization, and insecticides and herbicides.® Their broad range of application
and complex phenomena motivates ROS as important analytical targets.

Many linear and nonlinear optical transitions have been used or suggested for
ROS detection focused on exploiting interaction between the analyte of interest (the

ROS) and electromagnetic radiation. Linear transitions include: single—photon



absorption, fluorescence, phosphorescence, chemiluminescence, and resonance Raman
transitions. Nonlinear transitions include: two—photon absorption and fluorescence,
second harmonic generation, sum—frequency generation, coherent anti—Stokes Raman
scattering, and simulated Raman scattering. While electrochemical, mass spectrometric,
and separation methods have also been used to detect ROS, molecular spectroscopic
methods have many advantages for real-time, localized, in sifu analysis, with
comparatively modest equipment cost and expertise required.” This has led to a focus
on spectral detection of ROS, and many advances in ROS sensor technologies for
spectrophotometric (colorimetric) and luminescence measurements.!'? In the last
decade, ROS sensor development has continued at an increasing rate, with less focus on
spectrophotometric measurements and sustained emphasis on luminescence detection.!?
As can be expected, recent sensor advances are aimed at reducing detection limits,
increasing selectivity, and reducing response times during analysis.

Countless approaches to increasing the selectivity of spectral measurements
while lowering or maintaining detection limits have been used in novel and classic ROS
studies. Two major lines of advances have emerged: physically or chemically isolating
the analyte, or isolating the analyte signal in multicomponent response signal(s).
Chromatography and electrophoresis are commonly used as physical separation tactics,
while chemical reagents or sensor molecules can also be used to isolate the analyte on
the basis of chemical reaction or molecular recognition; the goal in either case being to
make the analyte the only sample component producing the signal at the detector. On
the other hand, response signals have been isolated optically, electronically, and
computationally. For example, ratiometric (dual-wavelength) spectral measurements,

time-resolved spectral measurements, and “hyphenated” methods (combining two, or



more, measurement domains—i.e. paring broadband, multichannel spectral detection
with time or electrical potential) have all been used to improve analyte detection.
Though these methods often require multicomponent chemometric analysis for signal
isolation.

Although there is increasing appreciation for the need for enhanced selectivity
and time response in ROS detection, there has been less attention given to the
complexity of most samples that present substantial challenges to accurate in situ,
multicomponent ROS measurements. ROS are typically generated and evolve in
complex settings and in multiples (multiple ROS), making their detection and
quantification challenging. Winterbourn'* described in 2014 that complete
characterization of complex ROS processes requires detection, identification,
localization, monitoring, and quantification; she concluded that these steps are
increasingly difficult, particularly in vivo. Often, detecting a change in a system’s redox
status is generally attainable, but accurate quantification of individual ROS is not. Poor
selectivity of many classic and novel ROS sensors increases the incidence of
overinterpretation of results by the scientific community. Recognizing these limitations

12,13,15-17 5

in ROS detection and quantification, as a few recent reports have done, 1s

crucial as the field of ROS detection continues forward.

1.2 Objectives & Project Outline

The objective for the research contained in this dissertation is to demonstrate the
efficiency, or lack thereof, of select commercially available colorimetric ROS sensors
for their use in environmentally and biologically relevant samples, as well as investigate
potential improvements to the analysis of optical data resulting from sensor

measurements using a vigorous series of control measurements and numerical analysis



strategies. Fundamental methodology for the instrumentation—including broadband
UV-Vis spectrophotometry and solar simulation—and data analysis—including
singular value decomposition and non—negative matrix factorization—used for the
research contained in this dissertation are described in Chapter 2.

The first study, presented in Chapter 3, is a compilation of the stability controls
used to initially assess the use of selected common ROS sensors in environmentally or
biologically relevant samples. Sensor stability was evaluated using two types of assay
control measurements: broadband molar absorptivity, and photostability under
broadband simulated sunlight. The stability of three singlet oxygen sensors—1,3-
diphenylisobenzofuran (DPBF), 9,10-anthracenedipropionic acid (ADPA), and p-
nitrosodimethylaniline (RNO) plus imidazole (Imd)—in addition to three superoxide
sensors—7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI), 1,4-benzoquinone (BQ),
and 3-(4,5-dimethyl-2-thiazol)-2,5-di-phenyl-2H-tetrazolium bromide (MTT)—were
evaluated. Out of the six sensors, two were determined acceptable for use in the
proposed environmentally and biologically relevant conditions the Imd plus RNO
method for 'O, detection, and the MTT sensor for O," detection. Due to the instability
observed in the reaming sensors, caution and attention to control measurements are
suggested when using these, and potentially other, ROS chemical sensors in the
environmentally and biologically relevant conditions of this, and similar, work.

The second study, presented in Chapter 4, is an efficiency comparison of the
imidazole plus RNO method for singlet oxygen detection in biorelevant solvents. In this
research, the efficiency of the Imd/RNO method in complex, biorelevant solvents was
compared to reference solvents using Rose Bengal photosensitization to produce 'O>

monitored using time-resolved, broadband UV—Vis absorbance measurements. Rates of



sensor bleaching and sensitizer photodegradation were simultaneously monitored in
each solvent to investigate correlations between the disappearance rates of sensor and
sensitizer. To illustrate the efficiency of the method across the solvents, the quantum
yields of 'O, production in each solvent were calculated using a relative actinometric
method. The dependence of sensor bleaching and sensitizer degradation on acceptor
concentration and solvent polarity, and the results of assay controls indicate differences
in mechanisms underlying the reactions comprising the Ind/RNO method. These results
demonstrate the need for caution and controls when using the method in complex
samples including those containing cells, tissues or nanoscale particles. Much of the
contents of this chapter have been published previously.'®

The last study of this dissertation, presented in Chapter 5, is an attempt to
increase the accuracy of colorimetric data analysis using numerical analysis strategies
to isolate or reject overlapping concomitant signals. In this work, singular value
decomposition!® and non—negative matrix factorization?® were used to resolve isolated
chromophore spectral and response profiles from colorimetric data resulting from the
use of the Imd plus RNO method. Spectral isolation was improved through
concatenation of a series of control and ROS assay measurements—including molar
absorptivities, photodegradation controls, and assay data with varied initial reagent
concentration. The resulting resolved response profiles for assay reagents of the Imd
plus RNO method were then subjected to kinetic profiling, to compare resolved reaction
rate constants to those determined by the traditional single-wavelength analysis

approach.



Chapter 2

METHODOLOGY

2.1 Abstract

This chapter describes the methods used to monitor oxygen photosensitization
reactions of photosensitizers and reactive oxygen species (ROS) sensors using time
resolved UV-Vis spectroscopy and a Xe arc lamp solar simulator paired with
traditional, single-wavelength kinetic analysis, and broadband numerical analysis

strategies.

2.2 Materials

2.2.1 Model Photosensitizer
Rose Bengal was selected as the model photosensitizer for this work, as a
reliable source of '0,. RB is a commonly and widely used photosensitizer due to its

intense absorption band, and high 'O, quantum yields (¢,).

Cl

Figure 2.1: Structures of A) ground state Rose Bengal (RB%), and its B) reduced
(RB™*) and C) oxidized (RB"™) forms.?!



Rose Bengal (2,4,5,7-tetraiodo-3’,4°,5’,6’—tetrachlorofluorescein, RBZ'),
originally synthesized by Gnehm?? as a fabric dye, has a strong absorption band near
550 nm. The intersystem crossing of the singlet excited dianion (RB?") into the fairly
long-lived (t;/, = 0.1-0.3 ms)* triplet excited state (RB?) is very efficient, with a
triplet quantum yield (¢7) greater than 0.90 in both water and methanol?!. The
photochemistry of RB has been characterized previously?'?> and Scheme 2.1
summarizes the photochemistry steps following RB** excitation. After transformation
into RBS™ (Scheme 2.1a), there are a number of pathways by which the excited triplet
can decay: RB3™ can decay to the ground state (ky, Scheme 2.1b), undergo bimolecular
self-quenching (kgq, Scheme 2.1¢), exchange an electron with a ground state RB to
give the reduced (Scheme 2.1b) and oxidized (Scheme 2.1¢) RB forms (K,,q0x1>
Scheme 2.1d), undergo triplet—triplet annihilation to give the ground state and singlet
RB states (kyr, Scheme 2.1e), or disproportionate with another triplet to give the
ground state redox pair (K,..4,,2, Scheme 2.1f). Eventually, any formed redox pairs of
RB undergo back electron transfer to form ground state RB (k_,;, Scheme 2.1g).

In addition to the many pathways outlined above, RB’s relatively long—lived
triplet excited state (RB?) is highly effective at transferring energy to ground state
molecular oxygen (*02) with a ¢p, 0f 0.75 in water and 0.86 in methanol.?*?’ The process
of RB producing 'O; is described in Scheme 2.1h, which occurs when a triplet excited
RB molecule reacts with a ground state oxygen molecule, undergoing an energy
transfer, also known as type II photosensitization.

RB (Aldrich Chem. Co., 95%) was purchased and used as received, without
further purification. Stocks of RB were prepared by solvation in ethanol, then wrapped

in tin foil (due to light sensitivity), refrigerated, and monitored by UV—Vis absorption



spectroscopy for signs of decay or contamination, and discarded if the absorption profile

visually changed, or the peak absorption decreased by more than 5%.

1. hv 2. ISC
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k
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g
k
h)  RBZ+30, - RB*+10,
3

Scheme 2.1: Photophysical & photochemical reaction characteristics of Rose Bengal’s
photodegradation.?!-?6

2.2.2 Biorelevant Media

The aim of this work is comparing the performance of reactive oxygen species
sensors in typical aqueous and isotropic solvents, like phosphate buffer (PB), methanol
(MeOH) and ethanol (EtOH), to their performance in more complex
microheterogeneous solvents, like sodium dodecyl sulfate (SDS), octanol (OctOH), and
phosphate buffer saturated octanol (PBOctOH). SDS, OctOH, and PBOctOH were
selected for their biomimetic and geomimetic properties. For example, octanol-water
partition coefficients are commonly used to predict the pharmacokinetic characteristics
of drug compounds and the toxicity and transport of pollutants in soil and groundwater
27,28

systems.?’” Octanol was also selected for its structural microheterogeneity, its



capacity to self-assemble into predominantly hydrophilic and hydrophobic regions, like
the aqueous micellar solution, sodium dodecyl sulfate, to some extent. The impact of
this feature on the method was investigated using phosphate buffer saturated octanol
(PBOctOH), which is approximately 26% aqueous buffer.?3

Sodium lauryl (dodecyl) sulfate (Fisher Scientific), OctOH (99% pure, Acros
Organics), MeOH (HPLC grade, Fisher Chemical), EtOH (Decon Laboratories, Inc.),
and HPLC-grade lab water (HOH, Fisher Chemical) were purchased and used as
received. PB was prepared by combining 1.0 M sodium phosphate dibasic (Na;HPO4,
Fisher Scientific) and 1.0 M sodium phosphate monobasic (NaH2POs, Fisher Scientific)
in a 7.74:2.26 volume ratio, then diluted with HOH; resulting in a buffer salt
concentration of 0.01 M, and pH of approximately 7.4 (as measured by glass electrode).
SDS 5% micellar solution was prepared by dissolving 25 grams of sodium lauryl
(dodecyl) sulfate into 500 mL HOH. PBOctOH was prepared by combining an equal
volume ratio of PB and OctOH, vigorously stirring on an electronic stir box for
approximately 4—6 hours, and then allowing the mixture to rest for at least 72 hours

before removing the organic phase for use.

2.3 Instrumentation

2.3.1 Broadband UV-Vis Absorbance

For this work, UV—Vis spectroscopy was used to monitor reaction progress.
UV-Vis spectroscopy has been used widely for ROS detection in aqueous
environments, despite its higher detection limit, principally due to its convenience, low
cost, and portability. All spectral data was collected on a diode array spectrophotometer

(HP, 8452A) calibrated with an air or solvent blank. Samples were contained in either



a 10 mm path length, opened top UV quartz cuvette (FireflySci, type 21), or a 10 mm
path length, capped UV quartz cuvette, fitted with a SEPTA screw cap (FireflySci,
type 41). For reaction progress monitoring, time-resolved spectra were obtained by
manually moving the sample cuvette from in front of the solar simulator, to the sample
compartment of the spectrophotometer, and manually collecting a sample spectrum.
To convert absorbance spectra into concentration vectors, molar absorptivities
for each chemical reagent were obtained using solutions that have exponentially
increasing concentrations. Starting with 1.8-2.0 mL of solvent in a 3.50 mL cuvette,
microliter additions of stock solution were added to the cuvette, and spectra collected
on the diode array spectrophotometer. The concentration sets (with 15-25 total
measurements) were chosen to have a minimum absorbance of 0.1 and maximum
absorbance of 3.0, as estimated from reference molar absorptivities in ethanol. Molar
absorptivities were completed in quadruplicates; two trails where the spectrophotometer
was calibrated with an air blank (empty cuvette), and two with a solvent blank (cuvette
with solvent only). Absorption spectra were then used to construct a Beer’s Law plot of
absorbance versus concentration, and the molar absorptivity computed across the
spectrum (190-820 nm) from the slope of the linear line of best fit at each wavelength.
In some cases, sample solutions needed to be purged of oxygen (degassed) to
investigate the impact of an oxygen—free solution. To do so, the solution was contained
in the capped UV quartz cuvette, and two HPLC—type needles (Hamilton) with beveled,
curved non—coring points were pierced through the SEPTA of the screw cap. The first
needle was 25—gauge and used as a pressure release for the purge gas, and was kept in
the cuvette headspace above the solution. The second needle was 20—gauge and fitted

to a 5 mm diameter hose connected to a nitrogen tank valve. This needle was pushed

10



through the septum and submerged in the solution, and left to aerate the solution for 30—
60 minutes, depending on the solvent. A stir bar and stir plate was also used to mix the
solution throughout the degassing process. When a solution like 5% sodium dodecyl
sulfate (SDS) was degassed, in which bubbles formed during the degassing process, a
third needle, of 20—gauge, was fitted to a second 5 mm diameter hose connected to the
same nitrogen tank using a T—shaped connector. This needle was pushed through the
septum and kept in the cuvette headspace to suppress any foam that forms at the surface
of the solution. Due to the increase in pressure from two gas needles, the 25—gauge

pressure release needle was replaced with a 20—gauge needle.

2.3.2 Solar Simulation

An important aspect to monitoring oxygen photosensitization reactions is the
light source used to excite the sensitizer. In this work, environmentally significant light
conditions are achieved by using a solar simulator, engineered to mimic natural sunlight.
The irradiance of the sun on the outer atmosphere is approximately 1367 Wm (known
as the solar constant, I5-); out of convenience, simulated solar irradiance is typically
described in units of “suns”, where one “sun” is equivalent to one solar constant.?
Before reaching the ground, solar radiation passes through the atmosphere, becoming
modified by absorption and scattering. Most radiation below 190 nm is blocked by
atomic and molecular oxygen and nitrogen; which then leads to the production of ozone,
and more absorption between 200-300 nm. As shown in Figure 2.2, water vapor, carbon
dioxide, and molecular oxygen selectively absorb bands in the visible and near—IR

regions. During a typical cloudless summer day, at zero zenith angle, the 1367 Wm

reaching the outer atmosphere is reduced to approximately 1050 Wm™ (0.77 suns)
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direct beam radiation, and approximately 1120 Wm™ (0.82 suns) global radiation on a

horizontal surface at ground level.?’
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Figure 2.2: Reference solar spectra for extraterrestrial (orange), global (purple), and
direct (yellow) at sea level on a clear day. Absorption bands resulting from atmospheric
water vapor and carbon dioxide are indicated by labels. Spectral data acquired
from ASTM Standard G173-03, 2004.

The amount and profile of radiation experienced on the ground depends on many
factors; such as, seasonal variations and trends in the ozone layer, aerosol content, cloud
density, and most significantly, the distance the sun’s radiation must travel through the
atmosphere (affected by elevation, time of year, and day).>* To account for differences
in radiation path length, the distance the radiation travels through the atmosphere at an
angle is normalized to the distance directly above (zenith). The direct irradiance is
considered the “Air Mass 1” (AM 1); while the irradiance at a zenith angle (6,) of 48.2°

is considered the “Air Mass 1.5” (AM 1.5), signifying a 50% increase in the distance
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the radiation traveled through the atmosphere.?’ Air mass determinations can be made
using Equation 2.1.
AM =~ P/P, = secH, 2.1

Solar simulator quality is currently graded on 1) spatial uniformity across a
defined illumination area, 2) temporal stability through the experiment, and 3) spectral
match to the sun as defined by reference spectra put forth by internationally recognized
standards bodies—The International Electrotechnical Commission (IEC), Japanese
Industrial Standardization (JIS), and The American Society for Testing and Materials
(ASTM).?® Spatial uniformity is an account of the consistency of light over a selected
region; for a class A rating, there needs to be less than a = 2% variation over the test
region. Temporal stability is the ability for the instrument to maintain its sun output over
long and short—term use; for a class A rating, the simulator must vary by no more than
0.5% over long—term use, and 2% over short term use. Spectral match is a measure of
how well a solar simulator mimics the suns output spectrum. There are three established
spectra standards used to evaluate a simulators spectral match: AM 0, AM 1.5D, and
AM 1.5G, illustrated in Figure 2.2 above. AM 0 is the irradiance outside of the Earth’s
atmosphere (zero atmosphere), AM 1.5D is the direct component of the irradiance that
strikes the Earth’s surface, and AM 1.5G (global) accounts for both the direct and
diffuse radiation striking the Earth’s surface.®® The AM 1.5G reference is the most
commonly used profile when evaluated the spectral match of solar simulators.

The commercial technology for solar simulation has been largely dominated by
the xenon arc lamp for the past 15-20 years. While xenon bulbs experience a loss in
intensity and a shift from blue to red in irradiance spectrum as the lamp ages, it is very

close to an ideal point source of light with a relatively continuous and uniform spectrum
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across the visible region.?' Typically, filters are used to adjust the UV and IR ranges to
more closely match the complete solar spectrum. Other popular lamp and filament
choices include tungsten, mercury, and metal halide; though these sources fall much
shorter in quality of spectral match to the sun.?” More recently, advancements have been
made in LED technology where a combination of unique LEDs can be used to match
solar standards.** LED are becoming more popular due to their added spectral control
(by tuning the individual LEDs), longer lifetime, reduced heat, and lower power
consumption.

In this work, a 300 W xenon arc lamp powered by an ILC Technology PS300—
1 power supply, housed in an ILC Technology R400 lamphouse, with built-in heat sink
and fan, was used to simulate solar light. To improve spectral matching (to the sun), and
reduce the amount of IR light reaching the sample (to lessen sample heating), source
light from the lamp was passed through an in—house fabricated, 18 cm long, water filled
glass cylinder equipped with a collimating quartz lens at the light entrance, and quartz
window at the exit (Figure 2.3). The effects of the water filter on the source light are
illustrated in Figure 2.4. The resulting simulated solar profile in comparison to the
ASTM AM 1.5G standard is illustrated in Figure 2.5, and shows that the solar simulator
used in this work is relatively successful in simulating the visible region of the standard
spectrum, with a unit normalized dot product between the reference and simulated solar
profiles of 0.82. The simulated solar profile does produce significantly more UV
radiation than that found in the reference; this limitation could be alleviated by using
long—pass filters (LPF), like a 295 nm LPF to remove more of the deep UV irradiation.
Moreover, for the context of this work, the simulator successfully produces a relatively

constant irradiance across the visible region, with an average irradiance of
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0.0570 + 0.075 mW/nm between 380—700 nm, as determined by chemical actinometer

(described below).

i i
- - Quartz
Tempe‘;,'a;::F(i:l?;tl’Oned Cuvette

Figure 2.3: Diagram of Xenon solar simulator with a temperature—controlled water
filter, and quartz sample cuvette.
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Figure 2.4: Xenon spectral profile before (gray) and after (blue) passing through the
18 cm water filter. The transmittance profile of the 18 cm water filter is included.
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2.4 Chemical Actinometry

A common, low cost method to quantifying the output of an illumination source
is chemical actinometry. A chemical actinometer must meet one main criterion, the
chemical must be involved in a well-characterized photo—activated reaction whose
quantum yield is well-defined and relatively constant as a function of wavelength. With
this, the rate of the chemical reaction can be mathematically related to the number of
photons incident on the reaction sample. Potassium ferrioxalate (FeOx) is a widely used,
stable and sensitive, zero—order chemical actinometer introduced by Hatchard and
Parker® in the 1950’s, that has since been extensively characterized.>* function of the
actinometer is based on the strong UV and partial visible (~250-500 nm)?> absorption
of the FeOx complex, which leads to the reduction of Fe(III) to Fe(I). The total process
of the actinometric photolysis is represented in Reaction 2.1.3* After its reduction, the
iron is no longer complexed by the oxalate and can then be detected colorimetrically by

complexing with a developing agent, like 1,10—phenanthroline.

Fe(C,0,);> +hv — Fe?' +2C,0,% + +C,0, 2.1

To achieve zero—order conditions that are independent of FeOx concentration,

in which all light within the FeOx absorption band is absorbed, sufficiently high
concentrations of FeOx (0.02 M) must be used. In addition, the reported quantum yield
(1.25 mol einstein™) of Fe(II) formation in Reaction 2.1 is independent of wavelength
and concentration within the range of 270-365 nm.*¢ Therefore, a broadband colored
glass filter (UG—1, Schott Glass Tech., INC.), was used in this work to restrict the
irradiance to between ~290-405 nm. Figure 2.6 shows the transmittance spectrum of
the UG—1 filter, and its effect on the absorption of the predicted solar simulator’s

irradiance within the FeOx absorption range (~250-500 nm).
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Figure 2.6: Radiant flux profile of solar simulator (blue) area in comparison to the
predicted flux profile (orange area) following the UG—1 colored—glass filter (orange
dashed line) used during actinometer measurements.

In this work, 3.0 mL of actinometer assay solution comprised of 0.020 M FeOx
in 0.05 M H>SO4 were irradiated in a 3.5 mL quartz cuvette for 1 minute intervals, for
a total of 10 minutes. Stock solutions of ~0.2 M FeOx in 1 M sulfuric acid was prepared
by dissolving solid potassium trioxalatoferrate(Ill) trihydrate (Alfa Aesar) into 1.00 M
sulfuric acid made from concentrated sulfuric acid (Fisher Chemical) and HPLC grade
water (Fisher Chemical). Following each irradiation cycle, 10.00 uL of assay solution
was transferred into 2.00 mL of colorimetric developer. The colorimetric developer
solution was a 50:50 by volume mixture of 0.25 M acetate buffer and 0.2% 1,10—
phenanthroline. After allowing the mixtures to develop for approximately 45 minutes in
the dark, the broadband absorbance of each solution was collected by a diode array

spectrophotometer (HP, 8452A) calibrated with an air blank. All reagents were prepared
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fresh on each day of measurement and stored in the dark until use. Actinometric assays
were compared to a control (no arc lamp irradiance) to account for iron reduction by
ambient light.

The moles of Fe(Il) produced during actinometric measurements was calculated
from the linear regression of Fe(Il) concentration (M) vs time (s) (Figure 2.7); in which
Fe(II) concentration was determined by dividing each absorbance value at 510 nm by
the Fe(Il)—1,10-phenanthroline complex molar absorptivity (10610 M~1cm™1) at
512 nm. Since the FeOx actinometer functions under zero order, the slope of the linear
regression of Fe(Il) concentration over time will be equivalent to the reaction rate
constant, k, (M/s). The rate constant was corrected by subtracting the rate of Fe(Il)
formation in the control (no arc lamp) to account for any ambient light pollution on the
sample. From the corrected rate constant, the rate of Fe(II) moles produced per second
can be found by accounting for the dilutions made during measurements, and then
accounting for the total volume of solution used in the assay cuvette; as shown in
Equation 2.2, where V; is the volume of the assay cuvette (3.00 mL), V, is the volume
of assay solution transferred (10.00 pL) into the final volume of the colorimetric

developer solution (V3, 2.00 mL developer + 10.00 puL assay solution).

V.
Fe(Il)motes/s = ko X V—3 X V, 2.2
2

Since the FeOx is used in high concentration, the optically concentrated nature
of the FeOx make it a probe of the photo flux incident on the surface of the solution.
Therefore, the measured photon flux (E} peoxs einstein/cm?s) was calculated
Equation 2.3, in which SA is the surface area of the cuvette being illuminated, and ®
is the quantum yield of the FeOx actinometer (1.25 mol/einstein).>® The SA in this work

is 3 cm?, since the assay takes place in a cuvette thatisa 1 cm x 1 ¢m x 4 ¢cm rectangular
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prism, filled with 3.00 mL of solution. The photon flux for this work was determined as

3.59E+15 photons/cm?s.

’ Fe(”)moles/s 23
preox = " shx '

To determine the apparent total photon flux (Ej, reoy) for the solar simulator used
in this work, the measured photon flux (E}, rco,) had to be scaled out to the full spectral
profile of the simulator (shown above in Figure 2.6); which accounts for the use of the
broadband colored—glass filter used during actinometric measurements. To do this, the
trapezoidal integration method was used to obtain the integral for both the Xe arc lamp

spectral profile (Zss) and the actinometer measurement profile (Z). Equation 2.4 was

used to determine Ej, geoy Of the solar simulator as 1.119E+17 photons/cm®s.

Epreox = Zss X Ep peox/Zss 24
Then, Ep, peox Was converted into a vector of photons/cm?s at each wavelength
(Ep/nm)» by using the ratio between the total integral of the Xe arc lamp spectral profile
(Zss) to that at each individual wavelength (1}, /) to scale the Ej, peox value. Ep/pm
was used to determine the total energy of photons at each wavelength (Ey, /nm) by
multiplying Ey, ;m, by the energy of a photon at each wavelength (E o0, = he/A). The

total photon flux at the surface of the assay solution was determined to be

41.17 mW/cm?* (411.7 W/m?, 0.30 suns) from the trapezoidal integration of Ey /nyy,.

Eypmm = Epreox X Ipjnm/Zss 2.5

20



A) 03

...............
ot
R
......
.................

.........
ae e,
...............
........
.....
: . s,
d o e,
............

Absorbance

0.05

o
&
&
&
&
o
A
3

_O .05 | | | |
400 420 440 460 480 500 520 540 560 580 600

Wavelength (nm)

B) 03

025

e
\S)
T

e Collected Data (10 meas.)
y = 0.00040943x + 0.060532

R%=0.99785

Absorbance (au)
o
o

0.1

0.05 : : :
0 100 200 300 400 500 600

Time (s)

Figure 2.7: Fe(Il) production during actinometer measurements. A) spectra of the
Fe(II)—1,10—phenanthroline complex formation over time (1 min intervals). B) linear
regression of Fe(II)—1,10—phenanthroline complex formation followed at 510 nm over

1 minute intervals.
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2.5 Oxygen Photosensitization Reaction Progress Monitoring

Reaction progress was monitored using time resolved absorbance spectra
obtained by the previously described diode array spectrophotometer (HP, 8452A)
calibrated with an air blank. Stock solutions of model sensitizers and sensor reagents,
were prepared in ethanol or the applicable assay solvent, then stored in the dark at room
temperature until use. For long term storage, solutions were stored in a refrigerator at
approximately 5 °C; chilled solutions were equilibrated to room temperature before use.
Assay solutions containing sensitizer and/or sensor reagents were prepared ina 5.00 mL
volumetric flask, then 3.00 mL of the solution was transferred into a 3.50 mL UV quartz
cuvette (FireflySci).

A 300 W xenon arc lamp (ILC Technologies, R300-3) was placed in front of
samples to stimulate photo—induced reactions, as shown in Figure 2.3. Following the
lamp, an in—house fabricated, 18 cm long, water filled glass cylinder equipped with a
collimating quartz lens at the light entrance, and quartz window at the exit was used to
collimate the incident light and filter out the majority of IR irradiation. The 3.50 mL
UV quartz cuvette was placed on a magnetic stir plate and irradiated with 41.5 mW/cm?
of power, as measured by the FeOX chemical actinometer (as described above). Spectra
were collected every 3 to 60 seconds, depending on the rate of chromophore bleaching,
for fifteen consecutive measurements by shielding the sample with a metal plate,
moving the sample cuvette to the UV—Vis sample chamber for measurement, then
returning the sample to the stir plate and removing the shield to continue irradiation. To
avoid the accumulation and potential interference from secondary products, the
chromophore bleaching was capped to no more than a 15% reduction in the initial peak
absorbance. Assay trials were completed in triplicate, while control and calibration trials

were completed in duplicate.
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2.6 Chromophore Kinetic Analysis

In this work two approaches are used to resolve and interpret the kinetic profiles
of the sensors and sensitizers during ROS assay and control measurements. The first is
a more traditional approach in which the chromophore concentration is determined from
the absorbance value at its wavelength of maximum absorbance (using the
chromophores absorption coefficient) in baseline corrected spectra. While this method
is widely applied to ROS detection, results might be misinterpreted when multiple
chromophores absorb at the wavelength of concentration determinations. This can be
corrected using absorption fractions relative to two, or more, known chromophores and
a system of linear equations;*” however, the interpretation is not so easily managed when
unknown concomitants, like photoproducts, appear in spectra. In those cases, numerical
analysis strategies like singular value decomposition paired with non—negative matrix
factorization (as described below),?® can isolate the spectral and response profile of
chromophores. The isolated profiles may then be used to determine kinetic profiles with
spectral overlap between chromophores—even unknown concomitants—removed;
though very strong spectral overlap can undermine the recovery of accurate kinetic

profiles.

2.6.1 Traditional Single-Wavelength Kinetic Analysis

The time-resolved, UV—Vis diode array absorbance data were subjected to
traditional kinetic analysis, at single wavelengths, to gain insight into the efficiency and
efficacy of various reactive oxygen species (ROS) sensor mechanisms. To begin, a
concentration profile over time was obtained for all known chemical reagents in each
data set. This was achieved by using previously obtained molar absorptivity data, to

convert each chromophores absorbance profile at its lambda max into a concentration
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profile. Then plots of concentration, natural log of concentration, and inverse
concentration all vs. time were constructed to obtain zero, first, and second order rate
law equations, respectively. From these plots, reagents in each reaction condition were
profiled as following zero, first, or second order, based on the best suited linear rate law
fit. In this work, most reaction reagents, in most reaction conditions, followed zero order

rate laws.

2.6.2 Numerical Analysis Strategies

As was described in previous work,3® the data sets collected within this work
consist of a series of absorbance spectra monitored with respect to time or concentration.
Series of spectra collected in each solvent as sensor assays, controls and calibrations
were arranged into a concatenated matrix format; each forming a single matrix that
captures the range of responses throughout the various measurement types. Figure 2.8
depicts an example data matrix constructed by concatenating spectra collected in
phosphate buffer for the Imd plus RNO method (RBRNOPB, described later in Chapter
4). Each concatenated data matrix, A, has dimensions equal to I columns by J rows,
where I is the number of pixels (wavelengths) in each spectrum and J is the total number
of measurements (acquisition times or concentrations) in each reaction or calibration

progress profile.
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Figure 2.8: Matrix-formatted Rose Bengal in phosphate buffer data sets constructed by
concatenating absorbance spectra collected during sensor assays, controls and
calibrations.

As is shown in Equation 2.6, this matrix is described by Beer’s Law and can be
partitioned into matrices comprised of relative component absorptivities and
concentrations as will be described below. The matrix also can be analyzed to determine
the number of distinct species that contribute to the spectral and kinetic changes
observed during the course of a process, reaction or sequence of measurements. The
singular value decomposition (SVD)!? partitions A into orthonormal row and column
factor matrices, i.e., basis sets:

A=UxVT 2.6
where U is a matrix of column singular vectors, V is a matrix of row singular vectors,
and X is a diagonal matrix whose elements, gy, are the square roots of the variance
product of the k™ columns of U and V, u, v}, that contribute to A. U and V have the
same number of columns as the smaller dimension of 4, R = min(l,]J). The SVD

summarizes the variance of 4 in the smallest possible number of orthogonal factors for
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the columns and rows. Consequently, in most cases, fewer than R singular vectors are
required to estimate the matrix values within experimental error.

When the number of spectral components, N, which is called the pseudo—rank,
is not known prior to the analysis, it can be estimated using statistical and signal
processing methods.**#? Figure 2.9 illustrates methods used in this work applied to the
concatenated RBRNOPB data sets. Subplot D illustrates the first ten column singular
vectors of the data sets. Subplot A depicts the matrix singular values (square root of
each eigenvalue) and the reduced eigenvalues, scaled.** Subplot B shows the F-tests
carried out using the reduced eigenvalues.* Subplot C shows plots of column (spectral)
singular vector autocorrelations and column (spectral) singular vector high-frequency
content. 4042

When data quality is high, the rank can be determined by inspection of singular
value and eigenvalue plots because of the large difference in the scale of spectral and
noise components. As the number of components increases and the signal-to-noise ratio
drops, and more rigorous methods are needed. The noise content of spectral singular
vectors is reflected in the proximity of their autocorrelation coefficients to zero and
proximity of the fraction of Fourier components at frequencies above 20% of the
Nyquist frequency to unity. The results depicted in Figure 2.9 were used to set the
pseudo—rank estimate of the RBRNOPB set to ten components. The remaining R:N
columns of U and V describe noise and were removed from U and V prior to additional
analysis. The bar symbol, i.e., U, Z, and V is used to specify the truncated (N-
component) versions of the SVD factors. Figure 2.10 shows the reconstructed
RBRNOPB data sets, as well as the residuals when the concatenated matrix was

reconstructed using the truncated SVD factors.
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Figure 2.9: Pseudorank estimation of concatenated RBRNOPB data sets. A) Log of
singular values and reduced eigenvalues. B) F—test of reduced eigenvalues and critical
frequency. C) Column (spectral) singular vector autocorrelations (blue A’s) and high—
frequency content (orange O’s) for the first nineteen components. D) The first ten
column (wavelength) singular vectors; determined as significant. E) The remaining
column singular vectors (R:N); determined as insignificant.
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Figure 2.10: A) Mesh plot of RBRNOPB data sets reconstructed using the first ten SVD
components. B) Mesh plot of the SVD reconstruction residuals set to the same scale as
the measurements. C) Mesh plot of the SVD reconstruction residuals set to the scale of
residuals.

Since the columns of U are linear combinations of the columns of A, they are
also combinations of the sample component spectra. Consequently, after pseudo-rank
analysis, absorbance matrices can be factored into matrices comprised of the
(normalized) sample component spectra and their corresponding concentration profiles,
respectively, using various curve resolution algorithms.*#7 Often, these algorithms
involve transforming the orthonormal factors, U and VX, to estimates of the spectra and

concentrations, E and C, respectively, using optimization routines to find the values of
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the transformation matrices that implement the conversion, while avoiding physically

untenable properties in the new factors, such as negative intensities and concentrations.

8 45,49

Positive matrix factorization,*® alternating least squares and non-negative matrix
factorization?® are the most widely cited approaches. In the work reported here, non-
negative matrix factorization (NMF) of Lee & Seung,?’ as described by Mirzal,>® was
used. This algorithm uses a multiplicative update of the estimates of the non-negative
factors, E and C, that minimize the loss function, i.c., the difference between the data

matrix, A, and factor product, ECT:

min L(E,C) =1tr ((4-EC")"(a - EC7)) 2.7

E=0,C20
where L is the square root of the sum of the squares of the residuals when the product
EC"is subtracted from the data matrix, A. Factors that satisfy this minimization can be
determined by refining arbitrary initial guesses using update factors constructed from
the derivatives of L with respect to the factor being updated until they are transformed
to matrices that bring the derivatives of the loss function to a minimum. Once
satisfactory factors are determined, the resulting spectra, E, and concentration, C,
profiles are constructed and subjected to kinetic analysis to obtain zero, first, and second

order rate law equations, in a similar manner to the traditional kinetic analysis described

above.
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Chapter 3

EVALUATING COMMERCIALLY AVAILABLE SINGLET OXYGEN &
SUPEROXIDE SENSORS USED UNDER ENVIRONMENTALLY &
BIOLOGICALLY RELEVANT CONDITIONS

3.1 Abstract

The stability of several commercially available singlet oxygen and superoxide
sensors were evaluated for their use in environmentally or biologically relevant samples.
Sensor stability was evaluated using two types of assay control measurements:
broadband molar absorptivity, and photostability under broadband simulated sunlight.
From the molar absorptivity measurements, the sensor’s stability in each solvent was
observed. Through the photostability measurements, the feasibility of using the sensor
in photooxidation studies was evaluated.

Three singlet oxygen sensors—1,3-diphenylisobenzofuran (DPBF), 9,10-
anthracenedipropionic acid (ADPA), and p-nitrosodimethylaniline (RNO) plus
imidazole (Imd)—as well as three superoxide sensors—7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole (NBD-CI), 1,4-benzoquinone (BQ), and 3-(4,5-dimethyl-2-thiazol)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT)—were assessed. Out of the six sensors, only
two were determined acceptable for use in the proposed environmentally and
biologically relevant conditions, the Imd plus RNO method for 'O, detection, and the
MTT sensor for Oy detection. For the remaining sensors, DPBF, NBD-Cl, and BQ,
instability during the controls were observed, including sensor degradation during molar

absorptivity and photodegradation control measurements. The evaluation of ADPA was

30



incomplete, and its photostability remains a question. Due to the observed instability,
caution and attention to control measurements are suggested when using these, and
possibly other, commercially available ROS sensors in the environmentally and
biologically relevant conditions of this, and similar, work. Much of the contents of this

chapter have been published previously.!®

3.2 Introduction

Monitoring reactive oxygen species (ROS), like singlet oxygen (!02) and
superoxide (O2™), is both challenging and important to investigations and applications
in many fields. ROS are energetic, transient species that are produced by several
chemical reactions, biological processes, and/or photoinduced processes. In natural
systems, ROS are capable of oxidizing a wide variety of molecules with relatively low
selectivity, and can lead to contaminants and the transformation of dissolved organic
matter in aquatic environments.’! ROS can, at high levels, cause irreversible damage to
lipids, proteins, and DNA, which may lead to oxidative stress and inevitably, cell
death.>? At the same time, ROS are needed for many natural biological processes, like
during molecular signaling in plants and in the maintenance of physiological
functions.!” These risks and benefits create a need for delicate balance between too few
and too much ROS in many systems; leading to the importance of ROS investigations,
and development of reliable ROS sensing.

Due to their transient nature, 'O and O~ are typically monitored
spectrophotometrically through the use of indirect colorimetric molecular sensors.
While there are direct measurement methods that record the properties of analyte
transitions, indirect measurements that use the transition of sensors (i.e. analyte—

responsive reagents or products of analyte—selective reactions) are often much cheaper
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and available commercially. Near the start of this work, Burns et al. compiled a review
summarizing direct and indirect analytical methods for the detection and quantification
of common ROS. Among the !0 absorption-based sensors, 1,3-diphenylisobenzofuran
(DPBF), 9,10-Diphenylanthracene (DPA), p-nitrosodimethylaniline (RNO), 9,10-
anthracenedipropionic acid (ADPA), and furfuryl alcohol (FFA) are the most widely
cited.’! Likewise, cytochrome c:Fe(II) (FC), Nitro Blue Tetrazolium (NBT), 7-chloro-
4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl), 3-(4,5-dimethyl-2-thiazol)-2,5-di-phenyl-
2H-tetrazolium bromide (MTT), 2,3-bis(2-Methoxy-4-nitro-5-sulphophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium  hydroxide (XTT), 1,4-benzoquinone
(BQ), are some of the most cited absorption-based O," sensors.’! The work outlined in
this chapter will focus on examining the stability of a subset of the widely cited 'O and
0> spectrophotometric sensors for use in biorelevant solvents and under broadband
simulated sunlight. While these sensors have been used broadly in aqueous and non—
aqueous environments, there are few reports of their use in the conditions proposed in
this work; specifically, broadband irradiation, since many studies choose to test
photosensitization reactions using lasers.

One of the more widely cited 'O, sensors for use in photooxidation studies in
organic solvent, DPBF is reported to react quickly (1.1 x 10° M!s”!, in EtOH)* O3 in
a 1:1 stoichiometry (see Scheme 3.1) without any significant side reactions.>* The
sensor functions by decomposing upon reaction with 'O,, leading to a decrease in its
absorption peak around 415 nm. Reports have suggested that while DPBF has a low
reduction potential and reacts with other oxidants, it is still selective to 'O, and does not
react with other common ROS.3* While DPBF is among the most cited 'O, sensors, it

is not free from error. DPBF is highly sensitive to photobleaching, and is particularly
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susceptible to self-photooxidation through absorption in the ultra violet (UV) region.>
Therefore, the reagent should be prepared in the dark, shortly before each use, and stored
in dark conditions. In addition, adverse chain reactions have an increased influence on
the decomposition rate at high DPBF concentrations, which can occur even at low
concentrations in microheterogeneous systems, due to the increased local

concentration.>* To that end, DPBF should be used in low (<150 uM) concentrations.

Scheme 3.1: Structure of 1,3-diphenylisobenzofuran (DPBF), followed by the 'O,—
DPBF product upon reaction between DPBF and 'O5.

Another commonly used 'Oz sensor is the water—soluble, anthracene derivative,
ADPA. ADPA and 'Os react via a [4+2] Diels-Alder cycloaddition with a reported rate
constant of 8 x 10’ M!s’! (in heavy water)® to form a colorless endoperoxide product,
effectively reducing the ADPA as shown in Scheme 3.2. As with many of the sensors
discussed in this work, the progress of the reaction can be monitored by following the
first order reduction in absorbance at ADPAs absorption maximum around 380 nm, or
its emission peak around 430 nm.>” There have been recent reports of ADPA being used
in photooxidation studies,’®° though as is typical, those studies irradiated their

sensitizer(s) with laser or narrowband excitation sources. ADPA has also been used in
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a variety of applications ranging from simple aqueous mixtures, to nanoparticle

suspensions.>%6!

HO O HO O
(L) e (JP
O OH O OH

Scheme 3.2: Structure of 9,10-anthracenedipropionic acid (ADPA), followed by the
10,~ADPA product upon reaction between ADPA and '0..

The imidazole plus RNO (Imd/RNO) method, originated by Kralji¢ and El
Mohsni, was developed to monitor 'O, in aqueous solution.®? In this method, 'O is
quenched by the acceptor, imidazole (Imd), at a rate of 2 x 107 M!s"!,9 the formation
of a trans-annular peroxide intermediate that goes on to bleach the sensor, RNO. In the
mechanism offered by Kralji¢ and El Mohsni, shown in Scheme 3.3, Imd is released as
the peroxide bleaches the sensor. The rate of 'O, production is indirectly quantified by
following the degradation of the sensor around 440 nm. The method has been used in
the subsequent 40 years to monitor 'O, production by a large variety of homo— and

65,66

heterogenous media, including antioxidants,%* nanocarriers, phototoxic

67 63,68

compounds,®’ coumarins, anthraquinones,®® porphyrins,’ human lens proteins,’!
and iron-sulfur proteins.”> The published uses of Imd/RNO method have included the
use of broadband irradiation, making it appear as a well-suited candidate for the

conditions of this work.
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Scheme 3.3: Singlet oxygen capture and subsequent bleaching of RNO by the Imd-'0;
trans-annular peroxide intermediate as described by Kralji¢ and El Mohsni (1978)

NBD-CI1 (shown in Scheme 3.4) has been used as both a fluorescent and
spectrophotometric sensor for the determination of O>™ in aqueous solutions. The sensor
has absorption maximum at 343 nm, and upon reaction with O>"", a new absorption peak
forms at 470 nm with an emission wavelength of 550 nm.”>’> Though NBD-CI was
originally synthesized for detection of amino acids, amines, and thiols,”* it has been
reported to have a quicker superoxide response (1.5 x 10° M-'s™!, in DMSO)’? the more
popular XTT sensor (8.59 x 10* M!s”!, in pH 7.8 0.05M PB).”® While NBD-Cl is
reported to react with nucleophiles to form reversible Meisenheimer adducts,’ to my
knowledge, current literature has not offered a definitive reaction scheme between
NBD-CI and superoxide. Research has shown NBD-Cl to have a limit of detection in
the nM—uM range, that is unaffected by common biological concomitants (H2Ox,

NADH, NADPH, & NAD").°>! While NBD-CI has been shown to reliably and rapidly
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detect and quantify superoxide in aqueous solution,” there have not yet been reports on

its photostability, especially under broadband simulated sunlight.

N/O\’N 0
A
Ny

Cl

Scheme 3.4: Structure of 7-chloro-4- nitrobenzo-2-oxa-1,3-diazole (NBD-Cl).

A less popular O, sensor, 1,4-benzoquinone (BQ), as shown in Scheme 3.5,
reacts with O2™ in an electron transfer process to give the semiquinone radical anion
(BQ™) with a reported bimolecular rate constant around 9.8 x 10 M-'s”! (in water).””’8
It is then the absorbance of the semiquinone product near 430 nm that is used as a means
of counting O™ ions. BQ has been used in many applications for both the quantitive

- 81-85

7980 and qualitative scavenging of O™,

detection with a large subset of citations
focused on laser flash photolysis measurements and determinations of novel molecular
photocatalytic activity for in vitro use. However, quinones have been identified as
effective photosensitizers in photodynamic therapy applications;* in which case, BQ

acting as a Oy sensor may be compromised if its own contribution to the ROS

measurement cannot be determined and accounted for.
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Scheme 3.5: Structure of 1,4-benzoquinone (BQ), followed by the O, —BQ product
upon reaction between BQ and O>".

MTT is a tetrazolium compound that can be reduced to its colored formazan
upon reaction with O™, in the two-step process illustrated in Scheme 3.6. First,
a tetrazolinyl radical intermediate is formed via a one-electron transfer from O>"; the
intermediate then disproportionates to the MTT tetrazolium salt and monoformazan.®’
The O~ formation can be quantified by monitoring the appearance of the
monoformazan around 570 nm over reaction time. Unlike similar tetrazolium
compounds (XTT and MTS), MTT and its formazan reduction products are not freely
soluble in neat aqueous solvents, which may present issues for this work at high MTT
concentrations. MTT has been used for detection of intracellularly generated O™,
cytotoxicity potential of drugs in liposomes,*® and, most commonly, to estimate cell

viability and proliferation for many systems.87-8%%
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Scheme 3.6: Structure of 3-(4,5-dimethyl-2-thiazol)-2,5-di-phenyl-2H-tetrazolium
bromide (MTT), followed by the intermediate tetrazolinyl radical, and then the MTT
formazan product resulting from the reaction between MTT and two successive O2™

radicals.

The aim of the research reported here is to examine the stability of the six
aforementioned 'O, and O>" sensors using two types of assay control measurements. In
the first control, the broadband absorbance of the sensor during molar absorptivity
measurements will be monitored in a variety of isotropic and microheterogeneous
solvents. A sensor’s broadband molar absorptivity spectrum can bring insight into how
stable the sensor is in each solvent by monitoring the linearity of the sensor’s absorption
profile over a broad concentration range. A stable molar absorptivity is also crucial in
determining sensor concentration from absorbance profiles; an important step in
interpreting assay results. In addition, monitoring the molar absorption coefficient of
the sensor across solvents of varying dielectric constants and structure type (isotropic
vs. microheterogeneous) may later inform the sensors behavior during ROS assay
measurements, i.e. whether a sensor “favors” one particular portion of a micellar
solution or is solvated in the interfacial region of the micelle.?*

These sensors are intended to be used in later work for ROS assay
measurements, in which the assay solution is irradiated with broadband simulated

sunlight, to mimic environmental conditions. Therefore, in the second control
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measurement, the rates of sensor bleaching induced by simulated sunlight in each of the
proposed solvents will be monitored. Drastic sensor bleaching during the control, and
later in assay measurements could lead to a buildup of concomitants, effecting the
efficiency of the sensor for ROS detection. Therefore, the sensor will ideally exhibit
minimal bleaching during the control and in the absences of ROS producing
concomitants—Iess than 5% during the typical assay measurement range of 15 minutes
(~0.055 %/s).

The performance of each sensor was evaluated in aqueous and isotropic solvents
commonly used in ROS sensing, like pH 7.4 phosphate buffer (PB), pH 10.0 borate
buffer (BB), and ethanol (EtOH), as well as in more complex microheterogeneous
solvents with biomimetic and geomimetic properties, like 5% sodium dodecyl sulfate
(SDS), neat octanol (OctOH), and pH 7.4 phosphate buffer saturated octanol
(PBOctOH). Octanol-water partition coefficients are commonly used to predict the
pharmacokinetic characteristics of drug compounds and the toxicity and transport of
pollutants in soil and groundwater systems.?’” Octanol was also selected for its structural

2728 ] e. its capacity to self-assemble into predominantly hydrophilic

microheterogeneity,
and hydrophobic regions, like the aqueous micellar solution, sodium dodecyl sulfate.
The impact of this feature on the method was investigated using phosphate buffer

saturated octanol (PBOctOH), which is approximately 26% aqueous buffer.?®

3.3 Methods

3.3.1 Materials
1,3-diphenylisobenzofuran (DPBF, Acros Organics), 9,10-

anthracenedipropionic acid (ADPA, chemodex), p-nitrosodimethylaniline (RNO, Acros
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Organics), imidazole (Imd, Fisher Scientific), 7-chloro-4- nitrobenzo-2-oxa-1,3-diazole
(NBD-CI, Alfa Aesar), 1,4-benzoquinone (BQ, Sigma Aldrich), 3-(4,5-dimethyl-2-
thiazol)-2,5-di-phenyl-2H-tetrazolium bromide (MTT, Acros Orgaincs), acetonitrile
(Acn, Fisher Chemical), dimethyl sulfoxide (DMSO, Fisher Chemical), HPLC grade
water (HOH, Fisher Chemical), pH 10.0 borate buffer (BB, Alfa Aesar), octanol
(OctOH, 99% pure, Acros Organics), and ethanol (EtOH, Decon Laboratories, Inc.)
were purchased and used as received. Phosphate buffer (PB) was prepared by combining
1.0 M sodium phosphate dibasic (Na2HPOs, Fisher Chemical) and 1.0 M sodium
phosphate monobasic (NaH2POs, Fisher Scientific) in a 7.74:2.26 volume ratio, then
diluted to 1.0 L with HOH; resulting in a buffer salt concentration of 0.01 M, and pH of
approximately 7.4 (as measured by glass electrode). Sodium dodecyl sulfate 5%
micellar solution (SDS) was prepared by dissolving 25 grams of sodium lauryl sulfate
(Fisher Scientific) into 500 mL. Phosphate buffer saturated octanol was prepared by
combining an equal volume ratio of pH 7.4 PB and OctOH, stirring on an electronic stir
box for approximately 4 hours, and then allowing the mixture to rest for at least 72 hours
before removing the organic layer for use.

Stocks of each sensor were initially prepared by solvation in EtOH to obtain
stock solutions that were later diluted using one of the desired solvents. All stock
solutions were wrapped in tin foil (to avoid ambient light exposure), refrigerated, and
monitored by UV—Vis absorption spectroscopy for signs of decay or contamination;
stocks were discarded if the chromophores peak absorption band decreased by more

than 5%.
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3.3.2 Molar Absorptivity

Molar absorptivities (€) were obtained using solutions of increasing
concentrations, in a single cuvette. Starting with 1.8-2.0 mL of solvent in a 3.5 mL
quartz cuvette, pL additions of stock solution were added to the cuvette, and spectra
collected by a diode array spectrophotometer (HP, 8452A). Depending on the sensor,
molar absorptivities were conducted in a subset of the following solvents: phosphate
buffered water (PB) of pH 7.4 or 11.8, borate buffered water (BB) of pH 10.0, 5%
sodium dodecyl sulfate micellar solution (SDS), ethanol (EtOH), dimethyl sulfoxide
(DMSO), acetonitrile (Acn), octanol (OctOH), and pH 7.4 PB saturated OctOH
(PBOctOH). Molar absorptivities were, at minimum, completed in duplicates, with at
least one trial in which the spectrometer was calibrated with an air blank (empty
cuvette), and one with a solvent blank (cuvette filled with solvent). Absorption spectra
were collected by a diode array spectrophotometer (HP, 8452A), then used to construct
a Beer’s Law plot of absorbance versus concentration. The molar absorptivity was
computed from the slope of the linear line of best fit at the sensor’s wavelength of

maximum absorbance.

3.3.3 Sensor Photodegradation

The photodegradation of each sensor was monitored over time. Solutions of
5.0 mL were prepared containing an appropriate sensor concentration (50-200 uM—
based on recommended assay concentrations from recent publications). Depending on
the sensor, photodegradation was measured in a subset of the following solvents:
phosphate buffered water (PB) of pH 7.4 or 11.8, borate buffered water (BB) of pH
10.0, 5% sodium dodecyl sulfate micellar solution (SDS), ethanol (EtOH), dimethyl

sulfoxide (DMSO), acetonitrile (Acn), octanol (OctOH), and pH 7.4 PB saturated

41



OctOH (PBOctOH). A 300 W xenon arc lamp (ILC Technologies, R300-3) was placed
in front of samples, as shown in Figure 2.3. Between the lamp and sample, an 18 cm
temperature—controlled water column fitted with quartz lenses was used to collimate the
incident light and filter out the majority of the IR irradiation. For each photodegradation
trial, 3.0 mL of the prepared solution was placed into a 10 mm pathlength quartz cuvette
(FireflySci), placed on a magnetic stir plate, and irradiated in 3 second to 5 minute
consecutive time intervals. At the end of each time interval, the sample was manually
shielded with a metal plate, moved to the UV—Vis sample chamber for measurement,
then returned to the stir box where the metal shield was removed for further irradiation.
All spectra were collected by a diode array spectrophotometer (HP, 8452A) calibrated
with an air blank (empty cuvette). Trials were, at minimum, completed in duplicates.
Degradation profiles were calculated by converting the sensor’s absorbance at the
wavelength of maximum absorbance to a concentration at each time interval.
Degradation percentage rates were determined by normalizing the sensor concentration
at each interval to the first (i.e. point #1 was set as 0% degradation), then plotting the
degradation percent over time; the slope of this plot was reported as the degradation

percent rate, in %/s.

3.4 Results & Discussion

The stability of multiple singlet oxygen ('O>) and superoxide (O2") colorimetric
sensors in select isotropic and microheterogeneous solvents was examined. For each
sensor, the ideal result would include a stable, linear relationship between the
chromophores absorbance over a broad range of concentrations in each solvent, as well
as minimal sensor degradation over irradiation time, with no more than 5% degradation

at the wavelength of maximum absorbance over the typical assay time (15 minutes).
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The results of all sensor molar absorptivity and photostability have been summarized in
Tables 3.1 and 3.2, respectively. These results are necessary for the sensor to be utilized
in subsequent reactive oxygen species (ROS) detection methods in which the sensor

absorbance will be monitored over time while the sensors and a photosensitizer are

irradiated with broadband, simulated sunlight.

Table 3.1: Absorbance properties, wavelength of maximum absorbance and molar
extinction coefficient (¢), of ROS sensors observed in selected solvents.

DPBF ADPA RNO NBD-CI1 BQ MTT
PB 400 nm, 440 nm, 248 nm, 380 nm,
(e~ 80) ) 9040 M'em! 20800 M'em’! 14000 M'em™ 6680 M'em™!
BB 334 nm,
(er= 80)* 10400 M cm!
DMSO 418 nm,
(e:=47) | 26000 M 'cm!
Acn 412 nm,
(&= 38) 16800 M'cm™!

SDS 400 nm, 440 nm, 388 nm,
(e:~32)" 9120 M'em™ 23400 M'em! 6410 M'em!
EtOH 412 nm, 398 nm, 422 nm, 338 nm, 378 nm,
(& =25) 15000 Mlem™ 10450 M'em? 24900 M'em™ 8770 M'em! 8080 Mlem!

422 nm, 380 nm,
PBOctOH - - 12100 M cm! - - 7130 M em!
OctOH 416 nm, i 418 nm, 338 nm, 246 nm, 378 nm,
(er=10) | 32700 Mlem! 24000 Mlem? 7800 Mlem! 15400 M'em? 7410 M'em!

Dielectric constants (&r) were obtained from reference Maryott 1951 °!
1 Buffer solution & estimated to be similar to that of pure water.
+ SDS & obtained from Chaudhuri 2009 2
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Table 3.2: Photostability (Degradation %/s) of ROS sensors observed in selected
solvents.

DPBF RNO NBD-C1 BQ MTT

PB 0.371 %/s

N t - 6.90x107* %/s - (w/ 418 nm LPF: 7.32x107* %/s
(er = 80)" 0.0479 %/s)

0.170 %/s

?B b - - (w/ 418 nm LPF: - _

(&r=80) 0.0194 %/s)
0.586 %/s

(w/ 295 nm LPF:
DMSO 0.571 %/s) - - - -

(e:=47) | (w/450 nm LPF:
0.144 %/s)

(grS:D?>SZ)T - 1.01x107% %/s - - 9.98 x 107™* %/s
(gErt:Og) i 241 %1073 %/s - - 2.23x107% %/s

PBOctOH - 459x 1073 %/s - - 4.89x107% %/s
OctOH (W/ZZ.;);;/;/ISHPF: 488x1073 %/s 0.133 %/s 0.381 %/s 7.86x 1073 %/s
(e =10) 1.80 %/s)

Dielectric constants (&r) were obtained from reference Maryott 1951 !
1 Buffer solution &: estimated to be similar to that of pure water.
1 SDS & obtained from Chaudhuri 2009 2

34.1 DPBF

The widely cited 'O sensor, 1,3-diphenylisobenzofuran (DPBF), has been used
most commonly in organic solvents, like DMF°*** and Acn,’’ and while it is not soluble
in neat water, its use has been reported in micellar solutions and mixed alcohol/water
solvents.”® In this work, if soluble, all stock solutions were prepared in EtOH. Since
reports have been made of DPBF being prepared in EtOH,”® it was the first solvent in
which a molar absorptivity measurement was performed. As can be seen in Figure 3.1A,
the three molar absorptivity trials of DPBF in EtOH performed within 24 hours, from
the same stock solution, exhibited significant inconsistencies. Trial one and two,
performed minutes apart, do not agree, with trial two resulting in a molar extinction

coefficient (¢) nearly % of that in trial one. While the & decreased between trials one
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and two, an increase was observed between trials two and three when the solution was
stored and refrigerated overnight in an amber bottle. Typically, an increase of € for the
same solution over time suggests a solubility limitation. The average ¢ of DPBF in
EtOH is inconclusively reported as 15000 + 6000 M~ cm™; significantly different from
recent reports (23000 + 250 M'em™ in 50/50 (v/v) EtOH/H,0.% In addition, after
prolonged storage (>2 days) the DPBF in EtOH stock solution formed a white
precipitate, suggesting the solute either reprecipitated or reacted with the solvent to
produce a new compound. After these results, it was concluded that DPBF was not
stable enough in EtOH for use in this work.

Since many citations indicated use of DPBF in organic solvents, like DMSO and
DMF, molar absorptivities of DPBF were also conducted in Acn, DMSO, and OctOH.
Due to the interactions between DPBF and EtOH described above, glassware in these
runs were cleaned with Acn, instead of EtOH, as any residual EtOH caused the
formation of a white precipitate. As shown in Figure 3.1D, the stability of DPBF in Acn
was improved in comparison to the EtOH trials, however, the results were still
inconsistent, with an reported & of 16800 + 3000 M'cm™. In DMSO (as shown in
Figure 3.1C), DPBF was more stable, with some variation between day of use, and a
reported € of 26000 = 4000 M em™. DPBF was most stable in OctOH (as shown in
Figure 3.1D), with a reported € of 32700 = 3000 M em™. Still, the stability of DPBF
in all solvents studied here, is inconsistent at best, and may suggest that the compound
is either too sensitive to ambient conditions, or reactive towards the solvents themselves.

In addition to the stability concerns of DPBF in the solvents studied above, the
photodegradation of the chromophore was tested. As stated previously, a degradation

rate of less than 5% during the measurement range (15 minutes) is ideal—equivalent to
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~0.0055 %/s. As illustrated in Figure 3.2A & B, DPBF degrades significantly in the
first few seconds of irradiation. This is less than optimal performance for a sensor that
is so widely used in photosensitization studies. Since this sensor is often used in studies
conducted with narrow excitation light sources, photodegradation controls in which a
long—pass filter (LPF) was placed in front of the sample cuvette, were conducted
(Figure 3.2C-E). DPBF has been shown to self—photooxidate through absorption in the
ultra violet (UV) region, therefore a 295 nm LPF was used to block any UV radiation
incident on the sample. In both OctOH and DMSO, the 295 nm LPF did not sufficiently
reduce the photodegradation rate of DPBF, only reducing the rate by ~15% and ~4% in
OctOH and DMSO, respectively. Using a LPF with a 450 nm cutoff significantly
decreased the rate of photodegradation; however the degradation rate was still greater
than 0.0055 %/s, making the sensor unstable for this, and other photooxidation work in

which broadband sources are used.
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Figure 3.1: Molar absorptivity measurements for DPBF in A) EtOH, B) OctOH, C)
DMSO, and D) Acn. Each figure panel contains composite spectra from molar
absorptivity measurement sets (left) and a composite linear regression at the
chromophores wavelength of maximum absorbance (right).
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Figure 3.2: Photodegradation measurements for DPBF in A) OctOH, B) DMSO, C)
OctOH filtered by a 295 nm LPF, D) DMSO filtered by a 295 nm LPF, and E) DMSO
filtered by a 450 nm LPF. Each figure panel contains composite spectra from the
photodegradation measurement sets (left) and a composite linear regression of the

chromophore degradation % at the chromophores wavelength of maximum absorbance
(right). [DPBF] =50 uM.
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34.2 ADPA

The molar absorptivity of the anthracene derivative ADPA was determined in
pH 7.4 PB, 5% SDS, and EtOH. As can be seen in Figure 3.3, the stability of ADPA in
these solvents is well behaved; indicating that ADPA may be utilized in these solvents
with success. The determined & was 9040 + 40 M'cm™ in PB, 9120 +20 M'ecm™! in
SDS, and 10450+ 10 M'em™ in EtOH; all similar to a previously reported value
(8300 M'em™ in pH 10.5 ammonium acetate)® Unfortunately, the evaluation of

ADPA'’s photodegradation was not able to be performed, and remains a future direction

of this work.
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Figure 3.3: Molar absorptivity measurements for ADPA in A) pH 7.4 PB, B) 5% SDS,
and C) EtOH. Each figure panel contains composite spectra from molar absorptivity
measurement sets (left) and a composite linear regression at the chromophores
wavelength of maximum absorbance (right).
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3.4.3 Imd plus RNO

The imidazole plus RNO method requires two reagents, Imd and RNO;
therefore, the stability of each reagent was analyzed individually. To begin, the molar
absorptivity of RNO was determined in pH 7.4 PB, 5% SDS, OctOH, PBOctOH, and
EtOH. As is illustrated in Figure 3.4, RNO has a nearly ideal linear correlation (=0.997)
between concentration and absorbance in all of the selected solvents. RNO is generally
positively solvatochromic, i.e., there is a bathochromic (red) A,,,, shift as solvent
dielectric constant (&,) increases. Moreover, the sensor band exhibits a hypochromic
shift, decreasing in € by approximately 14% as the dielectric constant (,.) increases from
10 in octanol to 80 in phosphate buffer.

In addition, RNO has relatively stable behavior under the simulated solar
irradiation conditions tested here, as shown in Figure 3.5. In all the solvents studied,
the sensor’s photodegradation was less than 0.005 %/s; all below the ideal 0.0055 %/s
threshold. The trend in rate of sensor photodegradation was as follows:
OctOH>PBOctOH>EtOH>PB>SDS, in which RNO degrades the fastest in OctOH at a
rate of 0.0049 %/s, and the slowest in SDS at a rate of 0.0010 %/s; nearly following
an inverse relationship to solvent ¢,, with the exception of SDS. In some cases, the
sensor’s photodegradation control had relatively low reproducibility. In PB, the
observed low correlation coefficient (0.817) may be due to low signal to noise quality
as a result of minimal bleaching (<1% over 15 minutes) between each measurement. On
the other hand, in OctOH the low correlation coefficient (0.894) may be due to a baseline
shift, creating disparity between separate trials and the composite linear regression.
Plotting linear regressions for each individual trial improves the overall correlation.
These results, coupled with the nearly ideal linear correlation between the sensor’s

concentration and absorbance, suggests RNO as a strong candidate for !0, detection
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using UV—Vis spectrophotometry in environmentally and biologically relevant

conditions.
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Figure 3.4: Molar absorptivity measurements for RNO in A) pH 7.4 PB, B) 5% SDS,
C) EtOH, D) PBOctOH, and E) OctOH. Each figure panel contains composite spectra
from molar absorptivity measurement sets (left) and a composite linear regression at the
chromophores wavelength of maximum absorbance (right).
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Figure 3.5: Photodegradation measurements for RNO in A) pH 7.4 PB, B) 5% SDS, C)
EtOH, D) PBOctOH, and E) OctOH. Each figure panel contains composite spectra from
measurement sets (left) and a composite linear regression of the chromophore

degradation % at the chromophores wavelength of maximum absorbance (right).
[RNO] =50 uM.

The second component of the Imd plus RNO method, Imd, has a much more

complex relationship between its absorbance and concentration. As shown in
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Figure 3.6, multiple features emerge in the Imd spectrum as concentration increases. At
low concentrations (<0.5 mM), there is an approximate wavelength of maximum
absorbance near 210 nm; however, this peak red shifts with each concentration addition
in all solvents. At higher concentrations (>0.5 mM), a new peak appears around 284 nm,
that increases linearly in all solvents studied. While I not found insight to suggest the
cause of these spectral abnormalities, these spectral changes suggest that the quenchers
ability to act as an effective 'O2 accepter may vary with concentration. Due to the
inconsistencies in the spectrum of Imd, the photodegradation results were not tracked
over time at a single wavelength; though, over the typical measurement range (15 mins),
there were no observations of Imd spectral degradation at low or high Imd

concentration.
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Figure 3.6: Molar absorptivity measurements for Imd in A) pH 7.4 PB, B) 5% SDS, C)
EtOH, and D) PBOctOH. Each figure panel contains composite spectra from molar
absorptivity measurement set (left) and a composite linear regression at the
chromophores wavelength of maximum absorbance (right).

3.4.4 NBD-CI

The molar absorptivity and photodegradation of NBD-CI in pH 10.0 BB and
OctOH, as well as the molar absorptivity in EtOH, were determined. Figure 3.7 shows
that NBD-CI has a nealy ideal linear correlation (>0.997) between its absorbance and
concentration in the solvents studied here. The & of the sensor was found to be
10400 £200 M'em™  in pH 10.0BB, 8770+20M'cm! in EtOH, and

7800 + 100 M'em™ in OctOH. Perhaps because NBD-Cl as a O™ sensor is primarily
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focused around the product, I have not found reported molar absorptivities of the NBD-
Cl sensor for comparison to these results. Since NBD-CI functions as a O2" sensor by
forming a product with a lambda max around 470 nm, it is noteworthy that during the
molar absorptivity measurements in this work, no peak appears around 470 nm;
suggesting that the sensor is not self—oxidizing during the control.

In the photodegradation measurements of NBD-CI, it was discovered that the
sensor is not stable under broadband, simulated sunlight. As shown in Figure 3.8A & B,
NBD-CI degrades quickly in both pH 10.0 BB and OctOH, in which the initial rate of
degradation in the aqueous BB was 0.170 %/s, and 0.113 %/s in OctOH. These values
are higher than the ideal sensor degradation limit (0.0055 %/s) outlined above, and
therefore unacceptable. As with previous sensors that were unstable under the
broadband simulated sunlight, a LPF was used to remove higher energy wavelengths.
In Figure 3.8C, the results of using a 418 nm LPF are shown; the LPF slowed the
sensor’s degradation to 0.0194 %/s in BB, roughly 10% of the rate without the filter,
and within the acceptable degradation limit. In either case though, it is of concern that
a photoproduct formed with a similar spectra profile to that of the expected O."—-NBD-
ClI product. This suggests that in aqueous BB, NBD-CI may self—oxidize; which could
compromise the efficiency of the sensor for O, determinations, even when a

narrowband excitation beyond 418 nm is used.

55



A)

0.15 2 NBDCl in BB at 334 nm
3 — = 1)051817c
° 2 ol = 2)051917a
g 01 g g
£ 2/A g £ — - 104x+0.0097
§ g % R*=1.000
! 005 8 05
0L : : ‘ ‘ ‘ : : . 0
200 250 300 350 400 450 500 550 600 650 0 0.05 0.1 0.15 0.2
Wavelength (nm) Concentration (mM)
B) — 3
1 NBDCl in EtOH at 338 nm
3 : 025 s = 1)051917b
3 ; 02 B 3, = 2)051917c
52 E g
-‘g 0.15 E .-g —yzz 8.77x +0.037
2 o1 é a . R*=0.999
<1+ - <
S
0.05
0 — 0
200 250 300 350 400 450 500 550 600 650 0 0.1 02 0.3
Wavelength (nm) Concentration (mM)
®)] 25
1 025 NBDCl in OctOH at 338 nm
3t ! _ 5 ® 1)021717a
o ! 02 % o * 2)021717
g i E 215
\ .
82 %\‘ 0.5 £ E ——y=7.8x+0.046
=] -1 2 2
2 g g 21 R?=0.997
= =]
< or g <
0.05 © 05
k. n T T r : r 0
200 250 300 350 400 450 500 550 600 650 0 0.1 0.2 0.3
Wavelength (nm) Concentration (mM)

Figure 3.7: Molar absorptivity measurements for NBD-Cl in A) pH 10.0 BB, C) EtOH,
and D) OctOH. Each figure panel contains composite spectra from molar absorptivity
measurement sets (left) and a composite linear regression at the chromophores
wavelength of maximum absorbance (right).
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Figure 3.8: Photodegradation measurements for NBD-Cl in A) pH 10.0 BB, B) OctOH,
and C) pH 10.0 BB with a 418 nm LPF placed before the sample. Each figure panel
contains composite spectra from measurement sets (left) and a composite linear

regression of the chromophore degradation % at the chromophores wavelength of
maximum absorbance (right). [NBD-C1] = 100 pM.

345 BQ

The molar absorptivity and photodegradation of the quinone—based O>" sensor,
BQ, was tested in aqueous pH 7.4 PB and OctOH. As is shown in Figure 3.9, in both
solvents, BQ has a relatively well-behaved correlation between its concentration and
absorbance. In pH 7.4 PB, the composite correlation coefficient is compromised by the
spectral baseline alteration that occurs between the air and solvent blank trials. The &
was determined as 14000 + 500 M~ cm™! and 15400 = 1000 M"'¢m! in PB and OctOH,

respectively. Nonetheless, the sensor stability in the two solvents is acceptable.
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On the other hand, the sensors stability under the broadband solar simulator is
less ideal. In pH 7.4 PB, the initial rate of degradation was 0.371 %/s, significantly
greater than the ideal 0.0055%/s control rate. Likewise, in OctOH, the initial
degradation rate was 0.229 %/s, again greater than the ideal rate. As was done with
similarly performing sensors, a LPF with a cutoff wavelength of 418 nm was used to
slow the degradation in pH 7.4 PB. With the filter the degradation was reduced to
0.0479 %/s; ~13% of the rate without the filter. Even with the reduction in degradation,
and the lack of a photoproduct at the expected BQ—-O:" product peak, this sensor’s
stability is unacceptable for this and other photooxidation work in which a broadband

light source is used.
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Figure 3.9: Molar absorptivity measurements for BQ in A) pH 7.4 PB, and B) OctOH.
Each figure panel contains composite spectra from molar absorptivity measurement sets
(left) and a composite linear regression at the chromophores wavelength of maximum
absorbance (right).
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Figure 3.10: Photodegradation measurements for BQ in A) pH 7.4 PB, B) OctOH and
C) pH 7.4 PB with a 418 nm long—pass filter placed before the sample. Each figure
panel contains composite spectra from measurement sets (left) and a composite linear
regression of the chromophore degradation % at the chromophores wavelength of
maximum absorbance (right). [BQ] = 100 uM.

34.6 MTT

The molar absorptivity and photodegradation of the tetrazolium O:" sensor,
MTT, was analyzed in pH 7.4 PB, 5% SDS, EtOH, PBOctOH, and OctOH. The ¢ of
MTT, as shown in Figure 3.11, had a high correlation coefficient (>0.992) in all
solvents when the absorbance of the sensor at its wavelength of maximum absorbance
was plotted against sensor concentration. There was no notable trend in & nor
wavelength of maximum absorbance across the various solvents. The € was determined
as 6680+ 80 M'cm™! in PB, 6400 =300 M'cm™ in SDS, 8100+200 M'cm™ in
EtOH, 7130 + 100 M"'cm™! in PBOCtOH, and 7400 + 200 M™'em™ in OctOH.
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In all of the photodegradation data sets, with the exception of OctOH, the rate
of degradation was below the ideal limit of 0.0055 %/s. The degradation rates in PB,
SDS, EtOH, and PBOctOH were 0.000732 %/s, 0.000998 %/s, 0.00223 %/s, and
0.00489 %/s, respectively. In neat OctOH the degradation rate jumped to 0.00786 %/s;
just above the ideal limit. Since the aqueous “water pools” in neat OctOH are likely
smaller than that in the PBOctOH, the increased rate may be due to an increase in the
effective concentration of MTT; though this conclusion is not supported by the molar
absorptivity data, in which the molar absorptivity of MTT in OctOH is not enough
similar to that in PB. Nonetheless, at this stage the sensor is promising for use in

environmentally and biologically relevant conditions selected here for O>™ detection.
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Figure 3.11: Molar absorptivity measurements for MTT in A) EtOH, B) pH 7.4 PB, C)
SDS, D) OctOH, and E) PBOctOH. Each figure panel contains composite spectra from
all molar absorptivity measurements (left) and a composite linear regression at the
chromophores wavelength of maximum absorbance (right).
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Figure 3.12: Photodegradation measurements for MTT in A) pH 7.4 PB, B) 5% SDS,
C) EtOH, D) PBOctOH, and E) OctOH. Each figure panel contains composite spectra
from measurement set (left) and a composite linear regression of the chromophore
degradation % at the chromophores wavelength of maximum absorbance (right).
[MTT] =100 puM.
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3.5 Conclusions

In this work, the stability of several singlet oxygen ('O>) and superoxide (O2")
sensors were evaluated for their use in environmentally or biologically relevant samples,
including isotropic and microheterogeneous solvents, as well as broadband simulated
sunlight. Sensors stability was evaluated using two types of assay control
measurements: broadband molar absorptivity, and photostability under broadband
simulated sunlight. From the molar absorptivity measurements, the sensors stability in
each solvent was observed. Through the photostability measurements, the feasibility of
using the sensor in photooxidation studies was evaluated. Out of the six sensors
assessed, two were determined acceptable for future work, the Imd plus RNO method
for 'O, detection, and MTT for O, detection.

The Imd plus RNO method, consisting of a two—step mechanism in which Imd
quenches 05 and then bleaches the sensor, RNO, was deemed appropriate for further
investigation due to the sensor’s strong linear correlation in molar absorptivity
measurements and limited sensor bleaching in the photodegradation control. In the five
solvents studied—pH 7.4 PB, 5% SDS, EtOH, PBOctOH, and OctOH— the rate of
sensor degradation was below the ideal limit for this work (0.0055 %/s). However, it
was found that Imd does not follow a linear trend in its absorbance over the broad
concentration range potentially needed for the assay. Though Imd has non—linear bands,
it acts as a catalyst in the mechanism, not being consumed, so the non—linearity may not
be an issue in future work.

The MTT method for superoxide detection was the second sensor considered
suitable for future work. Similar to RNO, MTT has a strong linear correlation in molar
absorptivity measurements and limited sensor bleaching in the photodegradation

control. In the five solvents studied—pH 7.4 PB, 5% SDS, EtOH, PBOctOH, and
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OctOH—the rate of sensor degradation was below the ideal limit for this work
(0.0055 %/s). One aspect of the method that may remain a challenge however, is the
solubility of the monoformazan product that forms following MTT reacting with O>".
The lack of solubility could make it challenging for use in the aqueous PB and SDS
solvents. Though, the stable behavior of the MTT sensor in the work presented here,
suggests that the MTT absorbance may be used to monitor the disappearance of the
sensor and in turn provide an indirect determination of O2" formation.

The other sensors studied, DPBF, NBD-CI, and BQ were all eliminated from
future work in this study due to the instability of their molar absorptivity measurements
and/or photodegradation measurements under broadband simulated sunlight.
Unfortunately, the work with ADPA was cut short, and its photostability remains to be
measured. In addition, there are more ROS sensors in recent and foundational
publications that were not addressed here and should be considered as well. For
example, furfuryl alcohol (FFA) is a highly regarded !O» sensor used in many
photooxidation studies utilizing mixed and heterogeneous media. XTT (2,3-bis(2-
Methoxy-4-nitro-5-sulphophenyl)-5-[ (phenylamino)carbonyl]-2 H-tetrazolium
hydroxide) is a highly regarded, water—soluble O sensor used in many recent
photooxidation studies. These two sensors, and many more, may perform well under the
environmentally and biologically relevant conditions of this work and should be
evaluated in the future.

Overall, the results of this work highlight the necessity of control measurements
in the use of chemical sensors. Many of the sensors evaluated here have been used for
years in large and broad scale of applications. Some of the results presented here were

surprising, and suggest that sensors, like DPBF, that has over a thousand citations, may
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be suspectable to substantial degradation in the control. If this degradation is not being
accounted for, the subsequent evaluation of the sensor’s degradation could be

misinterpreted.
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Chapter 4

EFFICIENCY COMPARISON OF THE IMIDAZOLE PLUS RNO METHOD
FOR SINGLET OXYGEN DETECTION IN BIORELEVANT SOLVENTS

4.1 Abstract

Singlet oxygen ('0,), is the focus of study in many fields, including
phototoxicity, antioxidant activity, pollutant weathering, photodynamic therapy, and
water disinfection. The imidazole plus RNO (Imd/RNO) method, originated by Kralji¢
and El Mohsni, is commonly used to monitor 'O production. In this method, 'O; is
quenched by an acceptor, imidazole (Imd), during the formation of a trans-annular
peroxide intermediate that bleaches the colorimetric sensor, p-nitrosodimethylaniline
(RNO). Though the method has been widely used, including to monitor 'O, production
in complex environments, such as surfactants and cells, studies reporting the efficiency
of the assay in complex solvents have not been reported.

In this research, the efficiency of the Imd/RNO method in complex, biorelevant
solvents, i.e., sodium dodecyl sulfate, octanol, and phosphate buffer saturated octanol,
was compared to reference solvents, i.e., phosphate buffer, ethanol, and methanol, using
Rose Bengal photosensitization to produce 'O, and time-resolved, broadband UV-Vis
absorbance measurements. Rates of sensor bleaching and sensitizer photodegradation
were simultaneously monitored in each solvent to investigate correlations between the
disappearance rates of sensor and sensitizer. To illustrate the efficiency of the method
across the solvents, the quantum yields of 'O2 production (¢,) in each solvent were

calculated using a relative actinometric method.
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The dependence of sensor bleaching and sensitizer degradation on acceptor
concentration and solvent polarity, and the results of assay controls indicate differences
in mechanisms underlying the reactions comprising the Ind/RNO method. These results
demonstrate the need for caution and controls when using the method in complex
samples including those containing cells, tissues or nanoscale particles. Much of the

contents of this chapter have been published previously.'®

4.2 Introduction
Monitoring singlet oxygen (10.), a reactive oxygen species (ROS), is important

to investigations and applications in many fields,”’ including phototoxicity,®’

64,98 0

antioxidant activity, pollutant weathering,”” DNA damage,'® photodynamic
therapy,'®! electrochemical (bio)sensing,!®? and water disinfection.!®® Routine 'O,
monitoring can be challenging because it’s an energetic and short-lived species that can
be produced by several chemical reactions, biological processes, or photoinduced
processes—particularly type Il photosensitization, as shown in Figure Error! Reference s
ource not found..

Monitoring 'O, is complicated because its spectrum appears in the near infrared.
Direct measurement of 'O, phosphorescence emission near 1270 nm is the definitive
detection method; however, this technique requires specialized equipment and typically
produces a weak signal.'® Consequently, 'O, is often detected indirectly via its impact
on more readily observed sensors. Many molecular sensors have been developed as
convenient and seemingly reliable detection alternatives for 'O, emission. In a recent
review, You'® categorized 'O, sensors into three types by signaling modalities:

absorption-based sensors, photoluminescent sensors, and chemiluminescent sensors.

Amongst the absorption-based sensors, 1,3-diphenylisobenzofuran (DPBF), 9,10-
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Diphenylanthracene (DPA), p-nitrosodimethylaniline (RNO), and furfuryl alcohol
(FFA) are the most widely cited throughout the last two decades. Though an extensive

list of 'O, sensors is available,’!

including widely cited chemical sensors, concerns
regarding accurate and reliable singlet oxygen determinations continue to be
reported,'>!* because the dynamic range and selectivity required for many biological

and environmental samples exceeds the performance of most methods in wide use.
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Figure 4.1: Generalized photosensitization mechanisms of type I and type II
photosensitization that result in the production of superoxide and singlet oxygen,
respectively; where either pathway could take place in a complex system. ISC:
intersystem crossing.

The imidazole plus RNO (Imd/RNO) method, originated by Kralji¢ and El
Mohsni, was developed to monitor 'O, in aqueous solution.®? In this method, 'O is

quenched by the acceptor, imidazole (Imd), during the formation of a trans-annular
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peroxide intermediate that goes on to bleach the sensor, RNO. In the mechanism offered
by Kralji¢ and El Mohsni, shown in Scheme Error! Reference source not found., Imd is
released as the peroxide bleaches the sensor. In their original publication, Kralji¢ and El
Mohsni analyzed the dependence of the sensor bleaching on acceptor concentration,
reporting maximal sensor bleaching for Imd concentrations in the mM range in aqueous
phosphate buffer (PB); this range was later confirmed in aqueous buffer by Krishna et
171105

al. and Zhang et a

The Imd/RNO method has been used in the subsequent 40 years to monitor 'O>

65,66 63,68

production by antioxidants,** nanocarriers,%°® phototoxic compounds,®’ coumarins,
anthraquinones,® porphyrins,’® human lens proteins,’! and iron-sulfur proteins.”> Many
of these studies were carried out in complex, microheterogeneous media containing

7172 and nanoparticles.®>¢ In spite of this wide range

surfactants,’ protein suspensions,
of applications, studies measuring the efficiency of the Imd/RNO method for 'O

detection in solvents more complex than aqueous PB have not been reported.
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Figure 4.2: Singlet oxygen capture by Imd and subsequent bleaching of RNO by the
Imd-'0; trans-annular peroxide intermediate, as described by Kralji¢ and El Mohsni
(1978)°2

In addition to singlet oxygen production rates, several researchers have used the
Imd/RNO method in a relative actinometric approach to compute relative 'O, quantum
yields, ¢a, for new photosensitizers.®»%7! In this approach, a reference sensitizer is
measured under the same conditions as the new sensitizer, then the new sensitizer
quantum yield (¢,is calculated from the reference quantum yield, ¢4 g, by scaling to

a ratio of the 'O production rates of the two sensitizers:

ba = ¢ARef * [Vao2/Vao2 Ref] 4.1

where V,,, is the apparent rate of 'O, production by the new photosensitizer, and

V402 res is the apparent rate of 'O, production by the reference sensitizer.*® Gottschalk

et al.!% adapted the relative actinometric approach for use on the same sensitizer across

solvents by ensuring that the rate determinations in Equation 4.1 are conducted above
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a critical concentration of the 'O> quencher, [A]..:, to insure zero order reaction
kinetics with respect to 0> quencher rates. The critical concentration exists when it is
clear that 'O, quenching by the sensor is the dominant process in both solvents. This
condition is indicated when the ratio of 'O, production in the new solvent and reference
solvent (V402/Vao2 res) stops changing with quencher concentration (illustrated later in
Figure 4.7).1% Since none of the reports analyzing the efficiency of the Imd/RNO
method for 'O, determinations include determinations in microheterogeneous media, it
is not clear that the method can be efficiently used to determine relative quantum yields
by comparing sensor disappearance rates in aqueous and microheterogeneous or non-
aqueous solvents.

The aim of this report is to examine the Imd/RNO method efficiency and
reliability for relative sensitizer 'O, quantum yield determinations by simultaneously
monitoring the rates of sensor bleaching and sensitizer degradation induced by
simulated sunlight in several solvents. The performance of the method in the original
assay solvent, pH 7.4 PB, was compared to its efficiency in common 'O, quantum yield
reference solvents, methanol (MeOH) and ethanol (EtOH). Microheterogeneous
solvents, 5% sodium dodecyl sulfate (SDS), octanol (OctOH) and pH 7.4 phosphate
buffer saturated octanol (PBOctOH), were selected for their biomimetic and geomimetic
properties. For example, octanol-water partition coefficients are commonly used to
predict the pharmacokinetic characteristics of drug compounds and the toxicity and
transport of pollutants in soil and groundwater systems.?” Octanol was also selected for

2728 je. its capacity to self-assemble into

its structural microheterogeneity,
predominantly hydrophilic and hydrophobic regions, like the aqueous micellar solution,

SDS, to some extent. The impact of this feature on the method was investigated using
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pH 7.4 phosphate buffer saturated octanol (PBOctOH), which is approximately 26%

aqueous buffer by volume.?8

4.3 Materials & Methods

4.3.1 Materials

Rose Bengal (RB, Aldrich Chem. Co.), p-nitrosodimethylaniline (RNO, Acros
Organics), imidazole (Imd, Fisher Scientific), sodium lauryl (dodecyl) sulfate (Fisher
Scientific), octanol (OctOH, 99% pure, Acros Organics), methanol (MeOH, HPLC
grade Fisher Chemical), ethanol (EtOH, Decon Laboratories, Inc.), and HPLC-grade lab
water (HOH, Fisher Chemical) were purchased and used as received. Phosphate buffer
was prepared by combining 1.0 M sodium phosphate dibasic (Na;HPOs, Fisher
Scientific) and 1.0 M sodium phosphate monobasic (NaH>POs, Fisher Scientific) in a
7.74:2.26 volume ratio, then diluted with HOH; resulting in a buffer salt concentration
of 0.01 M, and pH of approximately 7.4 (as measured by glass electrode). Sodium
dodecyl sulfate 5% micellar solution (SDS) was prepared by dissolving 25 grams of
sodium lauryl (dodecyl) sulfate into 500 mL HPLC grade water. Phosphate buffer
saturated octanol (PBOctOH) was prepared by combining an equal volume ratio of PB
and OctOH, vigorously stirring on an electronic stir box for approximately 4—6 hours,
and then allowing the mixture to rest for at least 72 hours before removing the organic
layer for use.

Stocks of RB and RNO were prepared by solvation in EtOH to obtain stock
concentrations of approximately 5 mM and 1 mM, respectively. Imd was prepared in
each of the six assay solvents at a concentration of 5 mM — 1.5 M to achieve a broad

range of concentrations. All stock solutions were wrapped in tin foil, refrigerated, and
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monitored by UV—Vis absorption spectroscopy for signs of decay or contamination, and

discarded if their peak absorption decreased by more than 5%.

4.3.2 Molar Absorptivities

Molar absorptivities were obtained using solutions that have exponentially
increasing concentrations, in a single cuvette. Starting with 1.8-2.0 mL of solvent in a
3.5 mL quartz cuvette, uLL additions of chromophore stock solution were added to the
cuvette, and spectra collected by a diode array spectrophotometer (HP, 8452A). Molar
absorptivities were, at minimum, completed in duplicates, with at least one trail wherein
the spectrometer was calibrated with an air blank (empty cuvette), and one with a
solvent blank (cuvette filled with solvent). Absorption spectra were then used to
construct a Beer’s Law plot of absorbance versus concentration, and the molar
absorptivity computed from the slope of the linear line of best fit at each measured

wavelength.

4.3.3 Imd Plus RNO Assays

The apparent rate of 'O, production was determined by monitoring the bleaching
of the sensor, RNO, over time. Solutions of 5.0 mL were prepared in volumetric
glassware with an RB and RNO final concentration of 10 uM and 50 puM, respectively,
while Imd was varied logarithmically between 50 uM—0.5 M. Assays and a series of
controls were conducted in each solvent, in at least triplicate and duplicate, respectively.

A 300 W xenon arc lamp (ILC Technologies, R300-3) was used to irradiate
samples with simulated sunlight, as shown previously in Figure 2.3. Following the
lamp, an 18 cm temperature-controlled water column fitted with quartz lenses was used

to collimate the incident light and filter out a majority of the IR irradiation. A chemical
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actinometer, Trioxalate Fe(Ill) complex (FeOx), in which Fe(III) is reduced to Fe(II)
and quantified colorimetrically by complexation with 1,10—-phenanthroline (described
previously in Chapter 2), was used to determine the affective irradiance at the surface
of the quartz cuvette. The irradiance was determined to be 41.17 mW/cm? (411.7 W/m?,
0.30 suns).

For photooxidation studies and control measurements, 3.0 mL of the prepared
solution was placed into a 10 mm pathlength quartz cuvette (FireflySci), placed on a
magnetic stir plate, and irradiated. All UV—Vis assay and control spectra were collected
by a diode array spectrophotometer (HP, 8452A) calibrated with an air blank.
Measurements were collected every 3 seconds to 5 minutes, depending on the rate of
RNO bleaching, for fifteen consecutive measurements (beginning with time “0”) by
manually shielding the sample with a metal plate, moving the sample cuvette to the UV—
Vis sample chamber for measurement, then returning the sample to the stir box and
removing the shield for further irradiation. To avoid the accumulation and potential
interference from secondary products, the sensor bleaching was capped to no more than
a 15% reduction of the initial absorbance at the sensor’s wavelength of maximum

absorbance.

4.3.4 Data Analysis

The time-resolved, UV—Vis diode array absorbance data, collected as the
progress of Imd/RNO 'O, assays was monitored, were analyzed to assess the efficiency
of the assay in the selected solvents. Zero order rate constants (k,) of the sensor
bleaching and sensitizer photodegradation reactions were calculated as usual, i.e., from
the best linear fit of the concentration time dependence at the species wavelength of

maximum absorbance.
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4.4 Results & Discussion

The efficiency of the Imd/RNO method in reference alcohols and selected
microheterogeneous solvents was compared to its efficiency in PB, the solvent
originally used by the method creators, Kralji¢ and El Mohsni. The efficiency was
measured using the apparent production of 'O, indicated by RNO bleaching induced by
the model photosensitizer, RB. Sensor bleaching and sensitizer photodegradation were
monitored simultaneously using time-resolved, broadband UV-Vis absorbance
measurements of solutions containing RB, RNO, and Imd subjected to simulated solar
irradiation. Molar absorptivities at the maximum absorbance wavelengths (4,,4,) for
RNO and RB, reported in Table 4.1, were used to convert measured absorbances to
concentrations, which were used to determine zero order rate constants (k). In addition
to monitoring the dependence of sensor bleaching on the Imd concentration, the method
suggested by Gottschalk!®® was used to determine relative 'O> production quantum
yields (¢, ) for RB in PB, SDS, EtOH, OctOH, and PBOctOH using the reported RB ¢,

in MeOH as the reference.

4.4.1 Sensor & Sensitizer Absorbance Properties

The data in Table 4.1 shows an interesting contrast in the behavior of RNO and
RB in the pure solvents. The sensor, RNO, is generally positively solvatochromic, i.e.,
as solvent polarity increases there is a bathochromic (red) A,,,, shift. Moreover, the
sensor band exhibits a hypochromic shift, decreasing in absorptivity (&) by
approximately 14% as the dielectric constant (¢,.) increases from 10 in octanol to 80 in
phosphate buffer. Conversely, the sensitizer, RB, is negatively solvatochromic,
exhibiting a hypsochromic (blue) 4,,,,, shift as the solvent polarity increases. The main

sensitizer band also exhibits a hypochromic shift of approximately -10% over the 8-fold
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increase in solvent ¢,. These data indicate that RNO is stabilized in more polar solvents
as RB is stabilized in more nonpolar solvents, and are consistent with the difference in
the size and functionalization of the two molecules.

Since the solvatochromism of both absorbance maxima correlate well with the
relative permittivities of the pure solvents, the absorbance maxima of RNO and RB in
the micellar solution (SDS) and buffer saturated octanol (PBOctOH) can be correlated
to the polarity of the solvent environment around each solute. In SDS, RNO senses an
environment similar to water (¢, = 80) while the RB spectrum indicates a less polar
environment similar to methanol (e, = 33). This is consistent with previous reports of
RB interaction with SDS micelles without functionalization to remove electrostatic
repulsion.?* Since the absorptivity of RNO is substantially higher in SDS than in water,
and more similar to that in the isotropic alcohols, the data suggest that RNO is solvated
within the micelle, exposed to a less polar environment. A similar argument applies to
the RB data.

In PBOctOH, RNO senses an environment similar to 1-propanol (e, = 21.5)
while the RB spectrum indicates a slightly less polar environment similar to 2-butanol
(¢, = 17.4). This difference is not dramatic enough to indicate RNO in buffered water
pools surrounded by non-polar octanol chains solvating RB, but is consistent with some
affinity of each molecule for a compatible environment in the interfacial structure of the
solvent. This is also consistent with the observation that the molar absorptivities of both
compounds in PBOctOH are substantially smaller than simple solvent mixing would
predict, suggesting that both molecules experience greater intermolecular association at

the interface of the mixed solvent than in either pure counterpart.!?’
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Table 4.1: Absorbance properties of RNO and RB observed in selected solvents.

RNO RB

Solvent € | Amax (Nnm) ¢ (M1ecm) Amax (nm) ¢ (Mlecm™)
PB ~80 440 20780+ 9 550 90000 £+ 5000
SDS ~32 440 23400 + 800 558 97000 + 5000
MeOH 33 426 23590 + 50 558 97000 + 5000
EtOH 25 422 24860 + 20 560 86000 £+ 9000
PBOctOH - 422 12100 + 60 564 82000 £+ 2000
OctOH 10 418 24000 + 1000 564 102000 + 8000

Dielectric constants (&r) were obtained from reference Maryott 1951 °!
1 Buffer solution & estimated to be similar to that of pure water.
T SDS & obtained from Chaudhuri 2009 2
4.4.2 Sensor & Sensitizer Kinetic Rates During Assay Measurements
Plots of the dependence of the sensor zero order bleaching rate constants (k)
on the acceptor, Imd, concentration are shown in Figure 4.3A for each solvent studied.

In previous reports,5271:105

a maximum in the dependence of sensor bleaching on the
concentration of acceptor was observed between 3—10 mM in aqueous PB. Figure 4.3A
shows a similar dependence of sensor bleaching in aqueous PB on the acceptor
concentration, peaking in the millimolar concentration range, with a rate of 890 + 50
nM/s. In SDS, two maxima in the dependence of sensor bleaching on the acceptor
concentration was observed near 500 uM and 50 mM in aqueous SDS micellar solution,
with rate constants of 50 + 1.3 nM/s and 49 + 1.4 nM/s, respectively. On the other hand,
the sensor bleaching rate increased monotonically with acceptor concentration in the
alcohols, including PBOctOH, without a plateau or peak below the maximum measured
acceptor concentration. It is noteworthy that the peak sensor bleaching rates in the
alcohols and micellar solution were much slower, exhibiting rates less than 30% of the
peak rate in PB; note that the PB sensors bleaching rates in Figure 4.3A were reduced

to Y4 their value to enhance figure resolution. This difference in dependence on the

acceptor concentration suggests that the mechanism of acceptor sensor bleaching in
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aqueous solvents could be different from the mechanism in the alcohols used in this
study. Mechanistic differences could present challenges to measurements of relative 'O,
production rates or quantum yields of sensitizers in varying media made using the
Imd/RNO method.

In an effort to contextualize the unexpected differences in the dependence of
sensor bleaching rates on the acceptor concentration in the comparison solvents, the
dependence of sensitizer zero order photodegradation rate constants, which were
acquired in the same measurement as the sensor bleaching data, were computed and
plotted in Figure 4.3B. Not only is the dependence of sensitizer photodegradation rates
on the acceptor concentration quite different from that of the sensor rate in every
solvent, but the difference in the sensitizer disappearance rate dependence on acceptor
concentration across the solvents supports the idea that assay reactions in each solvent
may follow different mechanisms. In PB, the sensitizer photodegradation rate is highest
at lower acceptor concentrations (<5 mM) and falls to very low rates at acceptor
concentrations (> 5 mM). In most of the alcohols, the sensitizer disappearance rates tend
to increase with acceptor concentration, but fall above 50 mM. Though, the rates barely
change in MeOH and change most dramatically in EtOH. The data presented in
Figure 4.3B also show that the polarity dependence of the sensitizer photodegradation
rates shift in the mM acceptor range. At low acceptor concentration (50 uM), sensitizer
photodegradation rates generally increase with increasing solvent polarity and the rates
in aqueous solvents are roughly twice the rates in alcohols. Near the high end of the
range (50 mM), the polarity dependence of sensitizer photodegradation rates is reversed,
generally decreasing with increasing solvent polarity. Moreover, the rates in the

alcohols in the higher acceptor range are several times larger than the rates in aqueous
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solvents. These sensitizer result, paired with the previously described sensor results
suggest variations in the Imd/RNO method performance across the various solvents

studied.
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Figure 4.3: Comparison of zero order photobleaching rate constants of A) RNO and
B) RB at various Imd concentrations as a result of RB photosensitization and subsequent
'0; production. In the right axis of panel A, reference data®? is included for comparison.
Reaction: [RB] = 10 uM, [RNO] = 50 pM, [Imd] = 50 uM - 500 mM. RNO bleaching
rates in PB were reduced to % to enhance figure details. Uncertainties represent 1

standard deviation from the mean. N > 3.

80



4.4.3 Sensor & Sensitizer Kinetic Rates During Control Measurements

In the original paper, Kralji¢ and El Mohsni used controls to isolate the sensor
response to 'O generated by the sensitizer. In this study, their controls were replicated
and expanded in each solvent studied. For consistency, each control is designated by the
component accompanying the sensor in the measurement. For example, controls
containing RNO alone are described as blanks, while those containing Imd and RNO
described as acceptor controls. Measurements containing all three components
described as assays. In the terminology of Kralji¢ & EI Mohsni, the bleaching controls
without the acceptor, i.e., blanks and sensitizer controls, are considered primary
bleaching controls—in which the sensor is bleached directly by the sensitizer or 'O». As
Figures 4.4 shows, the primary bleaching controls tested by Kralji¢ and El Mohsni were
augmented by low and high concentration acceptor controls. In addition, similar
controls for the sensitizer were performed and presented in Figure 4.5.

Based on the reaction mechanism cited by Kralji¢ and E1 Mohsni, the response
of the acceptor controls for RNO bleaching are expected to be comparable to the blanks
as little to no transannular peroxide is expected to form in the absence of a !O; source.
On the other hand, some increase in the bleaching rate is expected in sensitizer controls,
because even in the absence of the acceptor, some 'O,-sensor collisions could be
expected to produce primary bleaching. As Figure 4.4 illustrates, RNO bleaching rates
rarely respond as expected, even in PB, the original solvent. The data show that
bleaching rates in the blank and acceptor controls show a strong dependence on the
solvent polarity, with the dramatic exception of rates in PBOctOH. The rate of the sensor
blank increases to nearly 4x as the dielectric constant drops from 80 in PB to 10 in
OctOH. The unusually high bleaching rates observed in PBOctOH controls and assays

are surprising, and may reflect a greater degree of intermolecular association between
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the assay components at the interfaces of the mixed solvent—as suggested by the
previous molar absorptivity data. The data in Figure 4.4 also show that the increase
expected in sensitizer controls is only observed in the aqueous solvents, PB and SDS,
and EtOH. Though the remaining solvents, the range of measurement error is too close
to conclude either an increase or decrease between the blank and sensitizer control.

In PB, sensor bleaching rates lower than the blank control were observed in the
acceptor controls: adding a low concentration of acceptor to the sensor produced a
substantial decrease (~80%) in the sensor irradiation bleaching rate. An even greater
impact (~95% reduction) was observed at higher acceptor concentration. The
explanation for this decrease is unclear. If the spectra of the sensor and acceptor
overlapped, the rate decrease on acceptor addition could be interpreted as a result of
acceptor absorbance. It suffices to note that lower bleaching rates in the presence of
acceptor alone do not undermine assay performance and may promote higher assay
response and sensitivity. Bleaching rates in the PB sensitizer control conform to
expectations: the control rate is roughly 8x larger than the blank rate. As the assay data
in Figure 4.3 indicate, combining the acceptor and sensitizer amplifies the sensor
response substantially, even at low acceptor concentration.

SDS is the only solvent other than PB, in which the sensitizer control shows a
sensor bleaching rate increase relative to the blank. However, SDS acceptor bleaching
controls were somewhat larger than the blank rates, rather than equal as expected or
smaller as in PB. In these controls, the sensor bleaching increased (~50%) with addition
of 50 uM acceptor, and even more (~200%) with addition of 50 mM acceptor. Though
the rates of these controls are minimal (<2%) relative to the bleaching rates observed

during 'O, assays at peak acceptor concentration, they indicate that caution should be
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used when performing the Imd/RNO assay in aqueous micellar solutions using low
acceptor concentrations, as appreciable sensor bleaching may be due to the acceptor
alone.

In the alcohols, the expected similarity between the blanks and accepter controls
was usually not observed. In fact, the high concentration acceptor control rates are larger
than the blanks in all the pure alcohols. As noted, generally none of the sensitizer
controls conducted in alcohols produced an appreciable increase in bleaching rate, with
the sole exception of EtOH, though the increase was relatively minimal in comparison
to that observed in the aqueous solvents. The lack of increase in the sensitizer control in
alcohols may reflect reactions that compete with sensor bleaching, given that 'O,
lifetimes are longer in MeOH and EtOH than in water (measured directly at 1270 nm).!%8
As in the aqueous solvents, the rates of primary bleaching observed in the sensitizer
controls are substantially smaller (<2%), than the maximum bleaching rates observed in
the alcohol assays at high acceptor concentration. However, when the sensitizer control
is compared to assays at low acceptor concentrations, direct bleaching is particularly
significant (~45-75%), reinforcing the importance of finding an optimal acceptor

concentration for the solvent, which, again, may differ between solvent conditions.
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Figure 4.4: Comparison of zero order photobleaching rate constants of the sensor
(RNO) during control measurements of the Imd/RNO method. Solvent dielectric
constants (€,) are listed in legend when available. Reaction conditions: [RB] =10 uM,
[RNO] = 50 uM, [ImdJiow = 50 uM, [Imd]nign = 50 mM. Uncertainties represent 1
standard deviation from the mean. N > 2.

Control measurements for the sensitizer photodegradation were conducted in a
similar fashion to the sensor controls and are illustrated in Figure 4.5. Here, in analogy

to the sensor bleaching controls, each sensitizer photodegradation control is labeled by
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the component that accompanies the sensitizer in the measurement. Following the
mechanism adopted by Kralji¢ and El Mohsni, it is expected that the blank control
would exhibit the highest photodegradation rate. In the presence of 'O, quenchers, like
Imd and RNO, the excited triplet sensitizer should relax to the ground state, intact and
unbleached at a higher rate. Therefore, the acceptor and sensor controls, illustrated in
Figure 4.5, are expected to show slower sensitizer photodegradation compared to the
blank.

The sensitizer controls for PB generally follow the implications of the accepted
mechanism. Adding sensor or high acceptor to the sensitizer lowered sensitizer
photodegradation rates, likely reflecting an effective transfer of energy from 'O; to the
sensor. In addition, across the controls and assays in PB, as acceptor concentration
increases sensitizer photodegradation decreases, as expected if the acceptor efficiently
captures 'O,. When the acceptor concentration is above the optimal value (5 mM in PB),
sensitizer photodegradation is reduced to ~32% of the rate observed in the blank,
apparently as a result of 'O, capture. These observations reinforce the critical nature of
optimal acceptor concentration on the efficiency of the Imd/RNO method and illustrate
the correlation between lowered sensitizer photodegradation rates and method
efficiency.

In the comparison solvents, sensitizer sensor controls (sensitizer
photodegradation with the sensor, without the acceptor) exhibited behavior similar to
the sensor control in PB. Adding the sensor to the sensitizer lowered the
photodegradation rates, as expected. However, in EtOH, the change is small and may
be negligible. In contrast to PB and mechanism-based predictions, acceptor controls at

both levels in the remaining solvents generally showed increases in sensitizer
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photodegradation of various proportions, with the high acceptor controls exhibiting
significant increases. In MeOH and SDS the increases in the high acceptor controls were
the lowest at ~280% and ~488%, respectively, while OctOH and PBOctOH had the
greatest increases of ~1400% and ~1500%, respectively. Even the low acceptor controls
produced sensitizer degradation rates that were double the size of the blanks in most
solvents. The reversal of the polarity dependence observed in the assays (Figure 4.3) is
also observed in these controls; however, the atypically high rates observed in the high
acceptor controls in SDS and EtOH require additional study. The source of this
unexpected behavior of the sensitizer in the presence of the acceptor may be radical
formation through reaction of the excited triplet sensitizer and Imd.!? The observation
of unanticipated reactions rapid enough to mask or undermine the 'O, capture function
of the acceptor for a productive model sensitizer, like RB, indicates that caution is

warranted when comparing assay rates without controls.
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Figure 4.5: Comparison of zero order photobleaching rate constants of the sensitizer
(RB) during control measurements of the Imd/RNO method. Solvent dielectric
constants (€,) are listed in legend when available. Reaction conditions: [RB] =10 uM,
[RNO] = 50 uM, [ImdJiow = 50 uM, [Imd]nign = 50 mM. Uncertainties represent 1
standard deviation from the mean. N > 2.

Taken together, the differences in RNO bleaching rate dependence on the Imd
concentration in the aqueous and non-aqueous solvents (Figure 4.3A), reversal in the

polarity dependence of the sensitizer photodegradation with increasing Imd
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concentration in the presence or absence of the sensor (Figures 4.3B & 4.5), absence
of direct sensor response to sensitizer in non-aqueous solvents (Figure 4.5) suggests
that the mechanism of the bleaching of RNO by Imd or the nature of competing
reactions in PB is different from that in the alcohols. Additional evidence of a
mechanistic change with Imd concentration is observed in the kinetic profile of the
sensitizer as the Imd concentration is increased from zero, to low (50 uM) and high
(50 mM) Imd. In PB, not only is the rate of sensitizer degradation reduced, as expected
for increasing 'O, trapping, the RB kinetic profile was observed as zero order at all three
Imd concentration levels. In contrast, the rate of sensitizer degradation in the alcohols
not only is increased dramatically with increased Imd concentration, but the kinetic
profiles are observed as first, not zero, order.

In light of the potential for the model photosensitizer, RB, to produce ROS other
than 'O,, like superoxide (O>™) as illustrated in Figure Error! Reference source not
found., that could result in non—ideal bleaching of the sensor, the well-known 'O>
scavenger 1,4 diazabicyclo [2.2.2] octane (DABCO) was used to investigate the sensors
selectivity—as was done in several previous studies utilizing the Imd/RNO
method.%*%"! DABCO has a comparable rate constant with 'O as Imd, and therefore
should compete equally, and irreversibly, for any dissolved 'O in the assay solution. If
the sensor is being bleached as a result of !0, alone, the equal competition between the
sensor and DABCO for !0, molecules should result in a ~50% reduction of the sensor
bleaching rate when DABCO is used in an equal concentration to the sensor.”! This
selectivity control was performed in three of the solvents, PB, SDS, and PBOctOH, at

the low and high acceptor points used in previous controls.
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As the results in Figure 4.6 illustrate, generally DABCO does not reduce the
sensor bleaching rate by the anticipated ~50% when compared to the original assay in
each of the solvents. In PB, there was an increase in the sensor bleaching of roughly
three—fold between the low acceptor/quencher control and original assay. However, at
high acceptor/quencher concentration the sensor bleaching rate dropped to ~8% in
comparison to the original assay. These results could suggest that in PB the sensor
bleaching could be a result of concomitants, in addition to the expected !O,. Though the
trend, like many others in this report, are inconsistent at low and high acceptor
concentrations, and may be a reflection of DABCO exhibiting non—ideal mechanisms
rather than poor selectivity of the sensor.

In contrast to PB, the quencher control in SDS did produce a ~56% reduction in
the sensor bleaching rate when compared to the original assay at low acceptor/quencher
concentration. However, at high acceptor/quencher concentration, the sensor bleaching
rate increased, and a broader error was observed in both the control and original assay.
These results are interesting in the fact that they are in contrast to those in PB. During
the assay measurements (Figure 4.3) SDS and PB exhibited similar trends in sensor
bleaching dependence on acceptor concentration. Again, the abnormal increase in
sensor bleaching as a result of DABCO addition may suggest non—ideal reactions
between the sensor and quencher.

The quencher control results were closest to ideal expectations in PBOctOH.
Roughly a 73% and 54% reduction in the sensor bleaching was observed for the low
and high quencher controls, respectively, when compared to their original assay
counterparts. These results suggest that the Imnd/RNO method is selective towards 'O>

in PBOctOH, though caution is still warranted given the previously presented controls.
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Figure 4.6: Comparison of the zero order photobleaching rate constants of the sensor
(RNO) during quencher control measurements in comparison to original assay
measurements of the Imd/RNO method. Reaction conditions: [RB] = 10 uM, [RNO] =
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50 mM. Uncertainties represent 1 standard deviation from the mean. N > 2.
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4.4.4 Sensitizer Relative Quantum Yield Determinations

In spite of concern that the aforementioned mechanistic differences could
undermine the calculation, relative 'O, quantum yields (¢p,) for RB in the solvents
studied were computed from the sensor zero order bleaching rate constants, using the
relative kinetic method described by Gottschalk.!% The method bases the relative ¢, on
the ratio of a '02 quenching rate (V,, the rate of RNO bleaching) in a new solvent to
the rate in the reference solvent (MeOH) when the concentration of acceptor (Imd) is
above a critical concentration. The critical Imd concentrations in this work were 5 mM
in the alcohols and 50 mM in the aqueous solvents, as indicated by stabilization of the
bleaching rate ratios with increasing Imd concentration (Figure 4.7). The experimental
¢, values in PB (0.06 = 0.02) and EtOH (0.99 + 0.07) do not agree with the reported
values of 0.76, and 0.80, respectively, reported by Wilkinson et al.* To our knowledge,
quantum yields for 'O, production in SDS, OctOH, or buffer saturated OctOH have not
been reported, however ¢, larger than 1.0 are not expected for the sensitizer. Figure
4.7 illustrates the dependence of the calculated ¢, on Imd concentration in the five
solvents. Since the ¢, is determined by the ratio of 'O production in the new solvent
to production in the reference solvent, the validity of the calculated ¢p, depends greatly
on mechanistic parity between the assay reactions in the two media. Even when PB, the
original solvent used by Kralji¢ and EI Mohsni, was set as the reference, the relative ¢,
results do not improve. These results illustrate that validating consistent behavior
between the 'O, assay systems is critical to measuring reliable relative sensitizer

quantum yields.
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Figure 4.7: Relative !0 production rates from RB photooxidation determined by the
relative bleaching rates of 'Oz sensor (V0,) in PB (blue, 0), SDS (orange, ®), EtOH
(purple, A), PBOctOH (green, X), and OctOH (light blue, x) to the rates in MeOH.
Uncertainties represent 1 standard deviation from the mean.

4.5 Conclusions
In this report, the efficiency of the imidazole plus RNO (Imd/RNO) method for
monitoring the production of singlet oxygen (02) was compared in several solvents

using time-resolved, broadband UV—Vis absorbance measurements. The bleaching of
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the sensor, RNO, and photodegradation of the sensitizer, RB, were simultaneously
monitored in PB, the solvent used by the methods creators, Kralji¢ and E1 Mohsni, then
compared to the performance in reference solvents, EtOH and MeOH, and biorelevant
solvents, SDS, OctOH, and PBOctOH. The expected dependence of sensor bleaching
and sensitizer photodegradation on the 'O, acceptor, Imd, concentration was observed
in PB, with maximum sensor bleaching rates in the millimolar range. The change in
bleaching and acceptor rates with the addition of the reagents in control measurements
in PB were consistent with the mechanism proposed for the method. However, that
series of control and assay measurements in the comparison solvents indicate
discrepancies from the expected mechanism that may undermine the assay in non—
aqueous solvents and certainly preclude using the assay in alcohols as references in
relative 'O, determinations. The unexpected response to controls in all the
microheterogeneous solvents, including aqueous SDS, suggest that caution is warranted
and adequate controls are advised when using the assay to investigate nanostructured
systems.

Calculating relative quantum yields using the sensor bleaching rates across
solvent types produced untenable results, even when care was taken to conduct assays
above the critical acceptor concentration in each solvent. These results reinforce the
conclusion that the reactions comprising the Imd/RNO method exhibit inconsistent
solvent dependences that complicate comparisons of sensitized ROS production in
different media. For relative ROS sensor methods and quantum yield determinations to
be reliable, they require the sensitization, 'O, capture, and subsequent sensor reaction
to proceed without significant changes in mechanism in the new environment. The

solvent—dependent differences in the performance of the Imd/RNO method reported
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here indicate that caution is warranted and confirmatory controls are advised when using
the Imd/RNO assay in any solvent other than PB. They also raise questions about the
robustness of the method in complex samples that contain cells, biological tissues, or
nanoparticles. These observations also underscore the importance of using appropriate
controls in ROS detection measurements beyond the specific method used in this study,

as the sensors and systems under investigation become increasingly complex.
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Chapter 5

TOWARDS RESOLVED ROS SENSOR EVALUATION USING BROADBAND
NUMERICAL ANALYSIS STRATEGIES

5.1 Abstract

Self-modeling curve resolution, implemented using singular value
decomposition and non—negative matrix factorization, was used to resolve isolated
chromophore spectral and response profiles from colorimetric data collected during
Imd/RNO assays performed in phosphate buffer (PB) and sodium dodecyl sulfate
(SDS), arranged in matrix format and concatenated to form single matrices that capture
the range of responses in each solvent. Spectral isolation was improved through
concatenation of a series of calibrations, control, and ROS assay measurements—
including molar absorptivities, photodegradation controls, and assay data with varied
initial reagent concentration. The resulting resolved response profiles for assay reagents
of the Imd plus RNO method were then subjected to kinetic profiling, to compare
resolved reaction rate constants to those determined by the traditional, single—
wavelength, analysis approach.

The results illustrate the potential for spectral and response resolution of
colorimetric data by concatenating data sets collected under varying conditions and
subjecting them to numerical analysis techniques. In each of the PB and SDS data sets,
nine spectral and response vectors were resolved. In each vector set, eight of the nine

vectors were identified as reaction components. The final vector of each set was
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resolved as a photoproduct, each illustrating differing spectral and response
characteristics.

As was concluded by previous work, the solvent—dependent differences in the
performance of the Imd/RNO method continue to indicate that caution is warranted and
confirmatory controls are advised when using the assay in any solvent other than PB.
Resolving the sensor and sensitizer spectral and response vectors did not have a
significant impact on the SDS assay nor controls. On the other hand, significant changes
to assay results in PB at low acceptor concentration were observed that may reinforce
the validity of the Imd/RNO method for use in aqueous PB. Though spectral and kinetic
vectors were resolved during this analysis, spurious correlations between the vectors

exist that require additional resolution.

5.2 Introduction

A longstanding interest in reactive oxygen species (ROS) stems from their role
in many environmental, biological, clinical, and industrial processes.!® Molecular
spectroscopic methods have largely dominated the field of ROS detection due to its
many advantages for real-time, localized, in sifu analysis, with comparatively modest
equipment cost and expertise requirements. This has led to a focus on spectral detection
of ROS, and many advances in ROS sensor technologies for spectrophotometric
(colorimetric) and luminescence measurements.!>!%1 Although many advances in
ROS sensor technologies for spectrophotometric and luminescence measurements have
been made to enhance selectivity and time response in ROS detection, ROS are typically
generated and evolve in complex settings, making their detection and quantification
challenging. Winterbourn'# described in 2014 that complete characterization of

complex ROS processes requires detection, identification, localization, monitoring, and
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quantification; she concluded that these steps are increasingly difficult, particularly in
vivo. Often, detecting a change in a system’s redox status is generally attainable, but
accurate quantification is not. Poor selectivity of many classic and novel ROS sensors
increases the incidence of overinterpretation of results by the scientific community.
Recognizing these limitations in ROS detection and quantification, as a few recent

12,13.15-17 i crucial as the field of ROS detection continues forward.

reports have done,

In our previous work (reported in Chapter 4 of this dissertation),'® the efficiency
of the imidazole plus RNO (Imd/RNO) method, a colorimetric sensor for monitoring
the production of singlet oxygen ('02), was compared in several solvents using time-
resolved, broadband UV—Vis absorbance measurements. Through monitoring the
bleaching of the sensor, RNO, and photodegradation of the sensitizer, RB, in reference
solvents—PB, EtOH and MeOH—in comparison to biorelevant/complex solvents—
SDS, OctOH, and PBOctOH—many discrepancies in the performance of the reaction
components were discovered. To summarize, the expected dependence of sensor
bleaching and sensitizer photodegradation on the 'O, acceptor, imidazole (Imd),
concentration was observed in PB with maximum sensor bleaching rates in the
millimolar range; similar to previous reports.5>’! In addition, the change in bleaching
and acceptor rates with the addition of the reagents in control measurements in PB were
consistent with the mechanism proposed for the method. However, that series of control
and assay measurements in the comparison solvents indicated discrepancies from the
expected mechanism that may undermine the assay in non—aqueous solvents and

certainly preclude using the assay in alcohols as references in relative 'O»

determinations—as has often been implemented with the Imd/RNO method.
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These previous results raised questions about the robustness of the method in
complex samples that contain cells, biological tissues, or nanoparticles. They also
underscore the importance of using appropriate controls in ROS detection
measurements beyond the specific method used in this study, as the sensors and systems
under investigation become increasingly complex. However, these challenges may be
mitigated if it were possible to obtain a sensor signal most tightly correlated to the
analyte of interest. In other words, the classic methodology for interpreting the
correlation between sensor and analyte is by following the sensor appearance or
disappearance only at the wavelength of maximum absorbance. This method, relies on
the signal at the detector for the single wavelength to change only as a result of the
sensor; however, in complex mixtures this may not be the case. Concomitants may exist
or form during the progress of the assay that may overlap spectrally with the sensor,
weakening the correlation between sensor signal and analyte. Therefore, the research
presented here attempts to increase the accuracy of colorimetric data analysis using
numerical analysis strategies to isolate or reject overlapping concomitant signals.

It is proposed that self-modeling curve resolution, implemented using singular
value decomposition!® and non—negative matrix factorization,?® can be used to resolve
isolated chromophore spectral and response profiles from colorimetric data resulting
from the use of the Imd plus RNO method using numerical analysis strategies.
Collecting broadband spectral measurements over time as a response to varying sample
or reaction properties generates a matrix of the form A = ECT, where the columns of
matrices E and C are the spectra (absorptivities) and response (concentration) profiles
of the mixture components, respectively, in adherence with Beer’s Law. Matrix

formatting of data with variations in conditions increases the selectively of spectral
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measurements because matrices are amenable to numerical analyses that have the ability
to resolve isolated chromophore spectral and response profiles.

This report describes the resolution of component spectra from matrix-formatted
broadband UV—Vis spectra collected during Imd/RNO assays under varying conditions.
In this report, the selectivity of the measurement is increased by concatenating each of
the original time-dependent assay spectral matrix with assay controls, and reagent
calibrations. The concatenated data set, i.e., calibrations, controls, and assay matrices,
was analyzed using a variant of the non-negative matrix factorization (NMF) algorithm
developed by Lee and Seung.?’ The bands that appear in the component spectra are
assigned and their associated time profiles are interpreted in terms of the traditional
kinetic profiling in zero order, then compared to those obtained in previous work!'® using

raw, single wavelength time—dependent profiles.

5.3 Methods

5.3.1 Materials

Rose Bengal (RB, Aldrich Chem. Co.), p-nitrosodimethylaniline (RNO, Acros
Organics), imidazole (Imd, Fisher Scientific), sodium lauryl (dodecyl) sulfate (Fisher
Scientific), octanol (OctOH, 99% pure, Acros Organics), methanol (MeOH, HPLC
grade Fisher Chemical), ethanol (EtOH, Decon Laboratories, Inc.), and HPLC-grade lab
water (HOH, Fisher Chemical) were purchased and used as received. Phosphate buffer
was prepared by combining 1.0 M sodium phosphate dibasic (Na;HPOs, Fisher
Scientific) and 1.0 M sodium phosphate monobasic (NaH>POs, Fisher Scientific) in a
7.74:2.26 volume ratio, then diluted with HOH; resulting in a buffer salt concentration

of 0.01 M, and pH of approximately 7.4 (as measured by glass electrode). Sodium
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dodecyl sulfate 5% micellar solution (SDS) was prepared by dissolving 25 grams of
sodium lauryl (dodecyl) sulfate into 500 mL HPLC grade water. Phosphate buffer
saturated octanol (PBOctOH) was prepared by combining an equal volume ratio of PB
and OctOH, vigorously stirring on an electronic stir box for approximately 4—6 hours,
and then allowing the mixture to rest for at least 72 hours before removing the organic
layer for use.

Stocks of RB and RNO were prepared by solvation in EtOH to obtain stock
concentrations of approximately 5 mM and 1 mM, respectively. Imd was prepared in
each of the six assay solvents at a concentration of 5 mM — 1.5 M to achieve a broad
range of concentrations. All stock solutions were wrapped in tin foil, refrigerated, and
monitored by UV—Vis absorption spectroscopy for signs of decay or contamination, and

discarded if their peak absorption decreased by more than 5%.

5.3.2 Molar Absorptivities

Molar absorptivities were obtained using solutions with increasing
concentrations in a single cuvette. Starting with 1.8-2.0 mL of solvent in a 3.5 mL
quartz cuvette, uL. additions of chromophore stock solution were added to the cuvette,
and spectra collected by a diode array spectrophotometer (HP, 8452A). Molar
absorptivities were, at minimum, completed in duplicates, with at least one trail wherein
the spectrometer was calibrated with an air blank (empty cuvette), and one with a
solvent blank (cuvette filled with solvent). Absorption spectra were then used to
construct a Beer’s Law plot of absorbance versus concentration, and the molar
absorptivity computed from the slope of the linear line of best fit at each measured

wavelength.
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5.3.3 Imd Plus RNO Assays

Solutions of 5.0 mL were prepared in volumetric glassware with an RB and
RNO final concentration of 10 uM and 50 pM, respectively, while Imd was varied
logarithmically between 50 uM—0.5 M. Assays and a series of controls were conducted
in each solvent, in at least triplicate and duplicate, respectively.

A 300 W xenon arc lamp (ILC Technologies, R300-3) was used to irradiate
samples with simulated sunlight, as shown in Figure 2.3. Following the lamp, an 18 cm
temperature-controlled water column fitted with quartz lenses was used to collimate the
incident light and filter out a majority of the IR irradiation. A chemical actinometer,
Trioxalate Fe(IIl) complex (FeOx), in which Fe(IIl) is reduced to Fe(II) and quantified
colorimetrically by complexation with 1,10—phenanthroline (described in Chapter 2),
was used to determine the affective irradiance at the surface of the quartz cuvette. The
irradiance was determined to be 41.17 mW/cm? (411.7 W/m?, 0.30 suns).

For photooxidation studies and control measurements, 3.0 mL of the prepared
solution was placed into a 10 mm pathlength quartz cuvette (FireflySci), placed on a
magnetic stir plate, and irradiated. All UV—Vis assay and control spectra were collected
by a diode array spectrophotometer (HP, 8452A) calibrated with an air blank.
Measurements were collected every 3 seconds to 5 minutes, depending on the rate of
RNO bleaching, for fifteen consecutive measurements (beginning with time “0”) by
manually shielding the sample with a metal plate, moving the sample cuvette to the UV—
Vis sample chamber for measurement, then returning the sample to the stir box and
removing the shield for further irradiation. To avoid the accumulation and potential
interference from secondary products, the sensor bleaching was capped to no more than
a 15% reduction of the initial absorbance at the sensor’s wavelength of maximum

absorbance.
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To investigate the impact of an oxygen—free solution, some controls sample
solutions were purged of oxygen (degassed). To do so, the solution was contained in the
capped UV quartz cuvette, and two HPLC—type needles (Hamilton) with beveled,
curved non—coring points were pierced through the SEPTA of the screw cap. The first
needle was 25—gauge and used as a pressure release for the purge gas, and was kept in
the cuvette headspace above the solution. The second needle was 20—gauge and fitted
to a 5 mm diameter hose connected to a nitrogen tank valve. This needle was pushed
through the septum and submerged in the solution, and left to aerate the solution for 30—
60 minutes, depending on the solvent. A stir bar and stir plate was also used to mix the
solution throughout the degassing process. When a solution like 5% sodium dodecyl
sulfate (SDS) was degassed, in which bubbles formed during the degassing process, a
third needle, of 20—gauge, was fitted to a second 5 mm diameter hose connected to the
same nitrogen tank using a T—shaped connector. This needle was pushed through the
septum and kept in the cuvette headspace to suppress any foam that forms at the surface
of the solution. Due to the increase in pressure from two gas needles, the 25—gauge

pressure release needle was replaced with a 20—gauge needle.

5.3.4 Numerical Analysis

Data collected in 0.01M pH 7.4 phosphate buffer (PB) and sodium dodecyl
sulfate (SDS) were subjected to numerical analysis techniques. The spectra collected
during Imd/RNO assays in each solvent were arranged in matrix format (wavelength vs
reaction time) and subjected to singular value decomposition (SVD)! to resolve the
spectral and kinetic profiles of distinguishable components contributing to the matrix.
Absorbance data matrices for both solvents were formed by concatenating Imd/RNO

assays, controls, and reagent calibrations, then factoring them into chromophore spectra
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and relative concentration profiles using a variant of the Non-negative Matrix
Factorization (NMF) algorithm described by Lee and Seung.?’ The algorithm requires
the number of factors contributing to the matrix as an input, so the number of spectrally
distinct species was estimated statistically from the SVD results using several

methods?%42

and the consensus was used as the input. The theory underlying the
numerical analysis is briefly summarized below for the reader’s convenience. The
details of the spectral resolution procedures and algorithms are provided in section 2.6.2
of this dissertation.

Since each spectrum in the matrix is the sum of the products of the absorptivities
and concentrations of the sample chromophores according to Beer’s Law (the
pathlength may be ignored when it is the same for all spectra), a matrix of time-resolved
absorbance spectra can be factored into a matrix of N chromophore absorptivities and a
matrix of N kinetic, i.e., time-dependent concentration, profiles that track the
contributions of the chromophores to the spectra in the matrix:

A=EC" 5.1
where A is an I X | matrix formed by concatenating absorbance spectra measured at [
wavelengths collected at | reaction times, E is an I X N matrix that has the spectral
profiles of the N chromophores along its columns, and Cisa/ X N matrix of the kinetic
profiles of the N chromophores at the / time measurements.

With all the measurements of the individual chromophore absorptivities at all
the I wavelengths obtained, the matrix A is constructed and used, along with self-
modeling curve resolution algorithms, to partition (factor) the matrix A into multiples

of the chromophore absorptivity spectra and concentration profiles:

A =ECT 52
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where the superposed carat indicates an estimated parameter. The Lee and Seung non-
negative matrix factorization (NMF) algorithm?® used here locates the non-negative
matrices E and C that minimize the difference between the data matrix, A, and factor
product, ECT. The variation in the chromophore concentrations during the assays,
controls and reagent calibrations facilitates numerical resolution of the spectrally and
temporally distinct chromophore responses. When spectra of known components are
available, they can be incorporated into the beginning estimate of the NMF algorithm
and locked; in this work this is referred to as constrained NMF. During constrained
analysis molar absorptivities and photodegradation controls are each subjected to SVD

and NMF to resolve isolated reagent spectra that are used to build initial E estimates.

5.3.5 Kinetic Analysis

Once satisfactory factors are determined, the resulting spectra, E, and
concentration, C, profiles are constructed and subjected to kinetic analysis to obtain
zero, first, and second order rate law equations, in a similar manner to the traditional
kinetic analysis used previously.'® Rates determined using this approach will only be
substantially different from those calculated using the raw absorbance maxima (as was
done in the previous work described above) when multiple species contributed to the
raw absorbance. It should also be noted that qualitative differences in the kinetics of

uncalibrated components can be reliably assess from their resolved profiles.
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5.4 Results & Discussion

A) B)
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Figure 5.1: Matrix—formatted A) Rose Bengal in 0.01M pH 7.4Phosphate Buffer
(RBRNOPB) and B) Rose Bengal in 5% sodium dodecyl sulfate (RBRNOSDS) data
sets constructed by concatenating absorbance spectra collected during the singlet
oxygen assays, controls and reagent calibrations.

Self-modeling curve resolution, implemented using singular value
decomposition!® and non— negative matrix factorization,>® was used to resolve isolated
chromophore spectral and response profiles from colorimetric data. The data sets
collected in the measurements reported here consist of a series of absorbance spectra
monitored with respect to time arranged. Series of spectra collected as Rose Bengal
sensitized singlet oxygen assays, controls and calibrations were performed in phosphate
buffer (PB) and sodium dodecyl sulfate (SDS) were arranged in matrix format and
concatenated to form single matrices that capture the range of responses in each solvent.
Figures 5.1A & 5.1B depict the data matrices constructed by concatenating spectra
collected in 0.01M pH 7.4 phosphate buffer (RBRNOPB) and 5% sodium dodecyl
sulfate (RBRNOSDS), respectively. A total of nine factors, i.e., spectral and kinetic

profiles, were resolved from each of the data sets, RBRNOPB and RBRNOSDS. Of the
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nine spectra depicted in both sets of resolved profiles, eight are recognizable as assay
components or reagents, while one component is a suspected photoproduct. The
refinement of the spectra from constrained NMF factors for both solvents are described

below.
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Figure 5.2: Pseudorank estimation of concatenated RBRNOPB data sets. A) Log of
singular values and reduced eigenvalues.*’ B) F—test of reduced eigenvalues.** C)
Column (spectral) singular vector autocorrelations (blue A’s) and high—frequency
content (orange O’s).***2 D) The first ten column (wavelength) singular vectors;
determined as significant. E) The remaining column singular vectors; determined as
insignificant.

In PB, pseudorank estimation using SVD (Figure 5.2) revealed a likely seven
factors, i.e. spectra and response profiles, with factors 8-13 having possible

significance. Following SVD analysis, reagent calibrations were subjected individually
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to SVD and NMF analysis to compile resolved spectra of isolated reagent profiles. This
was done to minimize spurious correlations among spectra of reagents and possible
photoproducts during the constrained NMF analysis. As an example, the results of
applying the NMF algorithm to sensitizer (RB) calibrations are shown in Figure 5.3, in
which three factors were identified. The first component is the solvent (blue) that
absorbs a dominant band in the near UV. The second factor (yellow) is the expected
profile of the pure sensitizer in PB. The third factor (orange) is a result of aggregate
formation at high sensitizer concentrations, as is evidenced by the factor’s response
profile in the basis vector that shows the factor present only at high measurement values
(i.e. higher concentrations).

From the individual analysis of reagent calibrations for the sensitizer, sensor
(RNO), and acceptor (Imd), a total of nine factors were distinguished. Of the nine
factors, one was for the solvent, two for the sensitizer, one for the sensor, and four for
the quencher. The acceptor (Imd) spectrum shifts considerably with concentration
(discussed previously in section 3.4.3), so that four linear factors are needed to describe
its response in both solvents across the range of concentrations used in the assays. The
complex nature of the acceptor absorptivity does make resolution in the near UV region
of the spectra.

These nine resolved spectral factors were incorporated into the beginning
estimate of the constrained analysis of the RBRNOPB data set NMF algorithm and
locked. The results of this are presented in Figure 5.4. The response factors of the nine
resolved spectral factors correlate well to expectations. Each of the isolated spectral
factors only show non—zero response factors in the measurements where their respective

compound is expected to be present. In addition, during assays, the sensor and sensitizer
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response profiles decrease over time, as expected. In PB there is one resolved unknown
factor set, indicated as a photoproduct in Figure 5.4. This possible photoproduct has a
wavelength of maximum absorbance of 552 nm, similar to that of the sensitizer’s main
absorption band (550 nm). The response vector of this photoproduct only appears in the
ambient assay measurements (unique data types #13—17, as listed in Table 5.1), and
does not appear in any controls nor the degassed assays. These results suggest that this
is a photoproduct reliant on the presence of molecular oxygen. However, these results
are not without limitation. There appears to be some minor spurious correlation between
the previously resolve sensitizer vectors among the assay measurements. This
correlation may undermine the partitioning of the data matrix, leading to incorrect

kinetic resolution of the sensitizer.
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Figure 5.3: Non-negative matrices (row and column basis vectors) resulting from the
NMF algorithm applied to sensitizer (RB) reagent calibrations.
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In SDS, pseudorank estimation using SVD (Figure 5.5) revealed a likely five
factors, i.e. spectra and response profiles, with factors 6-10 having possible
significance. Like with the RBRNOPB data set, following SVD analysis, reagent
calibrations were subjected individually to SVD and NMF analysis to compile resolved
spectra of isolated reagent profiles. From the individual analysis of reagent calibrations
for the sensitizer (RB), sensor (RNO), and acceptor (Imd), a total of eight factors were
distinguished. Of the nine factors, one was for the solvent, two for the sensitizer, one
for the sensor, and four for the quencher. Just as in PB, the acceptor (Imd) spectrum
shifts considerably with concentration, so that four linear factors are needed to describe
its response in both solvents across the range of concentrations used in the assays. Also,
as with PB, the sensitizer showed signs of aggregates at high concentrations within the
calibrations, and therefore required two factors.

These nine resolved spectral factors were incorporated into the beginning
estimate of the constrained analysis of the RBRNOSDS data set NMF algorithm and
locked. The results of this are presented in Figure 5.6. The response factors of the nine
resolved spectral factors correlate well to expectations. Each of the isolated spectral
factors only show non—zero responses in the measurements where their corresponding
compound is expected to be present. In addition, during assays, the sensor and sensitizer
response profiles decrease over time, as expected. In SDS there is one resolved unknown
factor set, indicated as a photoproduct in Figure 5.6. This possible photoproduct has a
wavelength of maximum absorbance of 532 nm, significantly shifted from that of the
sensitizer’s main absorption band (550 nm). Unlike the photoproduct isolated in PB, the
response vector of this photoproduct appears in both the ambient assay measurements,

and the degassed assays, as well as select controls where the sensitizer and acceptor are
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present. In addition, the photoproduct appearance occurs at a much faster rate with
increased acceptor concentration. These results suggest that this is a photoproduct
resulting from interaction between the sensitizer (RB) and acceptor (Imd), that does not
rely on the presence of molecular oxygen—in fact it appears at its highest rate in the
sensitizer/high acceptor/degassed data set (#24). However, these results are also not
without limitation. There appears to be some minor spurious correlation between the
second resolve sensitizer vector (vector present at high [RB]) and the photoproduct
among the assay measurements. This correlation may undermine the partitioning of the

data matrix, leading to incorrect kinetic resolution of the sensitizer and photoproduct.
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Figure 5.5: Pseudorank estimation of concatenated RBRNOSDS data sets. A) Log of
singular values and reduced eigenvalues.*’> B) F—test of reduced eigenvalues.** C)
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content (orange 0’s).***2 D) The first ten column (wavelength) singular vectors;
determined as significant. E) The remaining column singular vectors; determined as
insignificant.
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Table 5.1: Assay conditions for Figures 5.4 & 5.6. Reagents present in sample are
listed followed by their concentrations in parenthesis. Samples that were degassed are
indicated. Data sets that were calibrations (molar absorptivities) are also indicated.

# Reaction Components # Reaction Components
RB (1e-05 uM) RNO (5e-05 pM) Imd
1 Imd (MolarAbs) 16 (0.05 M)
RB (1e-05 uM) RNO (5e-05 pM) Imd
2 | RB (MolarAbs) 17 (0.5 M)
3 | RNO (MolarAbs) 18 | RB (1e-05 uM) (degassed)
4 | RB(0.01 uM) 19 | RNO (5e-05 uM) (degassed)
5 | RNO (5e-05 puM) 20 | Imd (5e-05 uM) (degassed)
6 | Imd (5e-05 uM) 21 | Imd (0.05 puM) (degassed)
RB (1e-05 pM) Imd (5e-05 uM)
7 | Imd (0.05 uM) 22 (degassed)
RNO (5e-05 uM) Imd (5e-05 pM)
8 | RB (1e-05 pM) RNO (5e-05 uM) 23 (degassed)
) ) RB (1e-05 uM) Imd (0.05 uM)
9 | RB(1e-05 uM) Imd (5e-05 uM) 24 (degassed)
RNO (5e-05 uM) Imd (0.05 uM)
10 | RNO (5e-05 pM) Imd (5e-05 uM) 25 (degassed)
RB (1e-05 uM) RNO (5e-05 uM)
11 | RB (1e-05 uM) Imd (0.05 uM) 26 (degassed)
RB (1e-05 uM) RNO (5e-05 pM) Imd
12 | RNO (5e-05 uM) Imd (0.05 pM) 27 (5¢-05 M) (degassed)
13 RB (1e-05 uM) RNO (5e-05 pM) Imd 23 RB (1e-05 uM) RNO (5e-05 pM) Imd
(5e-05 uM) (0.05 uM) (degassed)
RB (1e-05 uM) RNO (5e-05 pM) Imd .
14 (0.0005 M) 29 | Compiled Solvent Spectra
15 RB (1e-05 uM) RNO (5e-05 pM) Imd
(0.005 uM)

Resolved spectral and response factors for the sensor and sensitizer of the
RBRNOPB and RBRNOSDS data sets were subjected to kinetic analysis, and compared
to previous results obtained from raw, unresolved data at single wavelengths of
maximum absorbance. The results from the resolved factors are depicted in Figure 5.7
as dashed lines, while the previous results are depicted as solid lines. In PB, the resolved
kinetics for the sensor were not significantly different from the previous results. A peak

in sensor bleaching in the millimolar range was observed. On the other hand, resolved
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kinetics for the sensitizer are significantly altered at low acceptor concentrations, lower
than 5 mM. The dependence of the sensitizer degradation in relation to acceptor
concentration now mirrors than of the sensor, with a peak degradation rate at 5 mM. In
SDS, the sensor rates at relatively higher acceptor concentration, greater than 5 mM,
were altered; however, in considering the measurement errors, the change may be
negligible. Likewise, little difference was observed between the resolved and previous
kinetic results of the sensitizer in SDS. These results indicate that the sensitizer
degradation rate determinations are most affected by resolution, while the sensor
bleaching is least affected. This suggest that within the conditions of this work,
traditional single—-wavelength kinetic analysis of the RNO sensor is sufficient in
determining sensors bleaching rates.

In addition to comparing the resolved and previous sensor and sensitizer
bleaching rates within assay measurements, rates within controls measurements were
also compared. As is depicted in Figures 5.8 & 5.9, no substantial changes in either set
of control measurements were observed. This could indicate that the results are a
reflection of discrepancies from the expected mechanism that may undermine the
assay’s use in across solvents. Again, these results underscore the importance of using
appropriate controls in ROS detection measurements beyond the specific method used
in this study. In addition, it appears that spectral resolution had no effect on the kinetic

results of these control data sets.
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Figure 5.7: Comparison of zero order photobleaching rate constants of the sensor (A &
B) and sensitizer (C & D) at various Imd concentrations as a result of RB
photosensitization and subsequent 'Oz production in PB (blue) and SDS (orange). Solid
lines represent kinetic results obtained by traditional methods, while the dashed lines
represent kinetic results obtained from multivariate methods. Uncertainties represent 1
standard deviation from the mean; N > 3.
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5.5 Conclusion

Singular value decomposition'® and non—negative matrix factorization®® were
used to resolve isolated chromophore spectral and response profiles from colorimetric
data collected during Imd/RNO assays. The data sets collected in the measurements
reported here consist of a series of absorbance spectra monitored with respect to time
arranged. Series of spectra collected as Rose Bengal sensitized singlet oxygen assays,
controls and calibrations were performed in phosphate buffer (PB) and sodium dodecyl
sulfate (SDS) were arranged in matrix format and concatenated to form single matrices
that capture the range of responses in each solvent. Spectral isolation was improved
through concatenation of a series of calibrations, control, and ROS assay
measurements—including molar absorptivities, photodegradation controls, and assay
data with varied initial reagent concentration. The resulting resolved response profiles
for assay reagents of the Imd plus RNO method were then subjected to kinetic profiling,
to compare resolved reaction rate constants to those determined by the traditional,
single-wavelength, analysis approach.

The results of this research illustrate the potential for spectral and response
resolution of colorimetric data as a result of concatenating data sets and subjecting them
to numerical analysis techniques. In each of the PB and SDS data sets, nine spectral and
response vectors were resolved. In each vector set, eight of the nine vectors were
identified as reaction components—solvent (one vector), acceptor (four vectors),
sensitizer (two vectors), and sensor (one vector). Among the identified vectors, the
acceptor (Imd) required four vectors due to its complex absorptivity profiles; this
complex nature created challenges in resolving the near UV region of the spectral
vectors. In addition, the sensitizer (RB) required two vectors to account for the pure

sensitizer and aggregation at high concentration. The sensitizers second vector added
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challenges to resolution of the sensitizer due to some spurious correlations between the
two vectors. The final vector of each set was resolved as a photoproduct. In PB the
photoproduct appeared only in ambient assay conditions, with no appearance in the
controls, nor degassed assays. While in SDS the photoproduct appeared during all assay
and control measurements where the sensitizer and acceptor were present, particularly
at high acceptor concentrations.

Following resolving the spectral and response profiles, the resulting vectors
were subjected to kinetic analysis and compared to kinetic results obtained previously
though a traditional single—wavelength approach. Despite the relatively successful
isolation of the sensor and sensitizer vectors, minimal changes in the assay and control
bleaching rates for both the sensors or sensitizer were observed. In the assays the only
significant change was observed for the sensitizer degradation in PB at low acceptor
concentrations. Previously, results indicated that the sensitizer in PB degraded the
fastest at low acceptor concentrations; however, the results presented in this research
illustrate a sensitizer degradation dependence on acceptor concentration mirror the
bleaching dependence of the sensor, with a peak rate in the millimolar range. This,
however, was the only significant change among the assay and control measurements
analyzed by this work.

As was concluded by previous work, '3 the solvent-dependent differences in the
performance of the Imd/RNO method continue to indicate that caution is warranted and
confirmatory controls are advised when using the assay in any solvent other than PB.
They also raise questions about the robustness of the method in complex samples that
contain cells, biological tissues, or nanoparticles, and underscore the importance of

using appropriate controls in ROS detection measurements beyond the specific method
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used in this study, as the sensors and systems under investigation become increasingly
complex. Resolving the sensor and sensitizer spectral and response vectors did not have
a significant impact on the SDS assay nor controls. On the other hand, significant
changes to assay results in PB at low acceptor concentration were observed that may
reinforce the validity of the Imd/RNO method for use in aqueous PB. Though vectors
were resolved during this analysis, spurious correlations between vectors do remain that

require additional work.
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Chapter 6

CONCLUSION

6.1 Summary

The objectives for the research contained in this dissertation was the
demonstration of the efficiency, or lack thereof, of select commercially available
colorimetric ROS sensors for their use in environmentally and biologically relevant
samples, as well as investigating the potential improvements to the kinetic analysis of
optical data resulting from sensor measurements using a vigorous series of control
measurements and numerical analysis strategies. Fundamental methodology for the
instrumentation—including broadband UV-Vis spectrophotometry and solar
simulation—and data analysis—including singular value decomposition and non—
negative matrix factorization—used for the research contained in this dissertation were
described in Chapter 2.

The first study, presented in Chapter 3, was a compilation of the stability
controls used to initially assess the use of selected common ROS sensors in
environmentally or biologically relevant samples. Sensor stability was evaluated using
two types of assay control measurements: broadband molar absorptivity, and
photostability under broadband simulated sunlight. The stability of three singlet oxygen
sensors—1,3-diphenylisobenzofuran  (DPBF), 9,10-anthracenedipropionic  acid
(ADPA), and p-nitrosodimethylaniline (RNO) plus imidazole (Imd)—in addition to
three superoxide sensors—7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl), 1,4-

benzoquinone (BQ), and 3-(4,5-dimethyl-2-thiazol)-2,5-di-phenyl-2H-tetrazolium
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bromide (MTT)—were evaluated. Out of the six sensors, two were determined
acceptable for use in the proposed environmentally and biologically relevant conditions
the Imd plus RNO method for 'O detection, and the MTT sensor for O>" detection.
Due to the instability observed in the reaming sensors, caution and attention to control
measurements are suggested when using these, and potentially other, ROS chemical
sensors in the environmentally and biologically relevant conditions of this, and similar,
work.

The second study, presented in Chapter 4, the efficiency of the imidazole plus
RNO method for singlet oxygen detection in biorelevant solvents was compared. In this
portion of this dissertation, the efficiency of the Imd/RNO method in complex,
biorelevant solvents was compared to reference solvents using Rose Bengal
photosensitization to produce 'O, monitored using time-resolved, broadband UV-Vis
absorbance measurements. Rates of sensor bleaching and sensitizer photodegradation
were simultaneously monitored in each solvent to investigate correlations between the
disappearance rates of sensor and sensitizer. To illustrate the efficiency of the method
across the solvents, the quantum yields of 'O, production in each solvent were
calculated using a relative actinometric method. The dependence of sensor bleaching
and sensitizer degradation on acceptor concentration and solvent polarity, and the
results of assay controls indicate differences in mechanisms underlying the reactions
comprising the Imd/RNO method. These results demonstrate the need for caution and
controls when using the method in complex samples including those containing cells,
tissues or nanoscale particles.

The last study of this dissertation, presented in Chapter 5, was an attempt to

improve the analysis of colorimetric data resulting from the use of the Imd plus RNO
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method using numerical analysis strategies. In this work singular value decomposition'®
and non—negative matrix factorization’® were used to resolve isolated chromophore
spectral and response profiles from colorimetric data. Spectral isolation was improved
through concatenation of a series of calibrations, control, and ROS assay
measurements—including molar absorptivities, photodegradation controls, and assay
data with varied initial reagent concentration. The results illustrated the potential for
spectral and response resolution of colorimetric data by resolving photoproducts that
illustrated differing spectral and response characteristics across the two solvents.
Resolving the sensor and sensitizer spectral and response vectors did not have a
significant impact on the SDS assay nor controls. On the other hand, significant changes
to assay results in PB at low acceptor concentration were observed that may reinforce
the validity of the Imd/RNO method for use in aqueous PB. Though vectors were
resolved during this analysis, spurious correlations between vectors do remain that
require additional work.

This work in whole has continuously illustrated the solvent—dependent
differences in the performance of the Imd/RNO method, indicating the need for caution
and confirmatory controls when using the assay in any solvent other than PB. While
many of the sensors in Chapter 3 were only analyzed on a preliminary basis (stability
controls), the results pertaining to the Imd/RNO method are significant enough to
warrant caution and inclusion of confirmatory controls when using any chemical sensor

for ROS detection.
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