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Abstract

Polyaromatic hydrocarbons (PAHS) in the environment are a significant concern as many
compounds in this class are potential carcinogens. PAHSs resulting from petroleum spills can
contaminate natural waters and the products obtain from them (fish and fish products in
particular). Previous studies by Pena, et. al. on ethanolic extracts of organs from menhaden
captured in the vicinity of the Deepwater Horizon (Macondo oil well) spill have shown that
fluorescence excitation spectroscopy is a useful technique for detecting the presence of PAH
metabolites and fluorescent vitamins. The study has also concluded that previous methods for
analyzing PAHSs using fluorescence spectroscopy used less than desirable fluorescence
wavelengths. Continuous biomonitoring of this spill is essential. Due to the high volume of
samples needed to assess accurate biomonitored data, a new technique using microwell sample
holders was developed (purchased through Horiba Scientific). In order to address optimal
fluorescence wavelength monitoring, the study used EEMS (excitation emission spectroscopy) as
a tool for accurate and reliable data of all PAHs determined.

Currently, there is no evidence in the literature that high quality fluorescence spectral
measurements (e.g. EEMS) have been attempted in microwells. Several concerns arise in these
measurements. First, fluorescence measurements are normally made on samples in 1 cm quartz
or fused silica cuvettes. Two optical configurations, right angle and front face, are used. Front
face detection (small angle detection) is normally used for highly absorbing, scattering or turbid
samples. Microwells present an optically similar arrangement to front face detection. Second, the
quantum yields for fluorescence (photons emitted/photons absorbed) vary strongly among the
PAHSs of interest.

Comparison of standard fluorescence cuvettes to the Horiba MicroMax microwell Plate

reader was conducted using twelve PAHSs or their metabolites.

XX



Chapter 1
Historical

Following the explosion and continued release of British Petroleum’s Deepwater Horizon
(DWH) Qil Rig concerns arose for the Gulf of Mexico’s wildlife and fisheries. The Mississippi
Canyon 252 pipeline burst on April 201, 2010 and persisted for 87 days until the well was
officially plugged on August 3", 2010. The incident contributed to an estimated total of 700,000
metric tons of crude oil spilling into the Gulf of Mexico and is the largest spill in United States
history.! Crude oil and its toxicity is associated with polycyclic aromatic hydrocarbons (PAHSs)
and contribute to both acute and chronic illness.? Sources of PAHSs include petro genic (oil
spillages) and pyrogenic (combustion).® The concerns for the marine fisheries were especially
important because of contamination of the catch, quantity and quality of the fish, and finally the
potential of bio — amplification to high level food sources.

PAH contamination can be monitored in the aquatic environment using fish tissues and
bile.®# > ®Menhaden are of particular interest since they are considered “the most important fish
in the sea”.” Known by many names (bunker, pogies, etc.) they are a common prey species in the
marine ecosystem and are consumed by predators such as tuna, salmon, bluefish, marine
mammals and aquatic birds.® Critical to the commercial fisheries of the Gulf and Atlantic coasts;
menhaden are considered one of the most economically important species in North America.” It
is heavily fished by the bait and reduction industries where menhaden are used for pet food,
fertilizer and oil-based products such as cosmetics and fish oil supplements.® While ecologically
and economically important, little research has been done on menhaden with regard to the
accumulation and/or impact of environmental contaminants. Organisms take up PAHSs and store
them in adipose tissue until metabolism and/or excretion occurs. Through metabolism, PAHs can
be transformed into carcinogenic metabolites that have the ability to interact with DNA and
cause mutations that can lead to cancer.'® Accepted techniques for biomonitoring focus on PAHs

and not their metabolites.



PAHSs have been routinely used for biomonitoring crude oil spills and oil combustion
related contamination using fluorescent technologies.? 12 13141516 pAHs are easily detected by
fluorescence and ultraviolet absorption spectroscopy due to their distinguishing absorption
spectra, large extinction coefficients, and high emission quantum yields. Spectra are related to
the number and positioning of rings and are used to identify classes of PAHSs that may be present.
Excitation Emission Matrix Spectroscopy (EEMS) use spectroscopic signatures in a three
dimensional spectrum of each fluorescent species. EEMs are used to detect PAHs and pesticides
in polluted water samples, water collected post DWH oil spill, and raw fish oils and hearts of
Atlantic and Gulf menhaden.” 1819

Many organic molecules detected via fluorescence are called fluorescent aromatic
compounds (FACSs) in the literature. Methods for detection include fixed wavelength
fluorescence, synchronous fluorescence scanning, high performance liquid chromatography
(HPLC) with fluorescence detection, and EEMs.* > 17.20.21,22.23 Qptimal wavelengths for
excitation and emission in most FACs are overlapping making it problematic to separate the
presence of one PAH from another and are referred to as “PAH-like” when detected. Even with
this distinguishing issue, FAC methods have an advantage over typical methods such as gas
chromatography — mass spectrometry (GCMS) in that they are better able to detect substituted
and unsubstituted PAH compounds and metabolites typically found in natural samples.?* Adding
a chromatographic step to detection methods (fluorescence or mass spectrometry) can increase
sensitivity and selection for a variety of environmentally toxic compounds and these methods are
generally accepted by government regulators like the FDA or EPA.%% 222526 Conversely, the
described chromatographic methods are labor intensive and subject to diminished recovery due
to sample handling.? Direct analysis methods like fluorescence have advantages in sample
preparation and high sample throughput. Although specific detection in a mixture is low,
fluorescence offers the detection of a broad variety of parent compounds as well as their

metabolites.



The goals of this research project were to produce spectroscopic signatures of PAHs and
their metabolites in 75% ethanol, evaluate EEMs as a method in the menhaden studies, and
assess the viability of microwell plates as sample holders versus standard quartz fluorescence

cuvettes.
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Chapter 2
Introduction
Fluorescence is the emission of photons from electronically excited states that have the
same spin state as the ground state. Electronic transitions occur in the ultra-violet (UV), visible,
and near-infrared (NIR) spectra regions.! The Perrin-Jablonski diagram (often called the
Jablonski diagram) is a simplified picture showing these electronic transitions and their
associated vibrational levels (Figure 1).2 The Jablonski diagram however neglects rotational
levels related to vibrational levels which are impossible to resolve in solution. Most compounds
have a broad absorption spectrum except for those whose structures are restricted, like aromatic
compounds. The rigidity and symmetry of many polyaromatic hydrocarbons often yields a

structured fluorescence spectrum.
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Figurel: Perrin-Jablonski diagram.?

Absorption of light by a molecule results in the promotion of an electron in the singlet ground

state, S°, to higher energy excited singlet states (St, S?, ect.).® Once a molecule has absorbed
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energy and has reached a higher electronic level, the molecule can quickly lose this excess
energy via several mechanisms. The excited electron can fall back to the ground state via
emission of a photon. If this process takes place for all the molecules that absorbed light, then the
quantum efficiency of the solution will be a maximum, unity. If, however, any other route is
followed, the quantum efficiency will be less than one and may even be almost zero.® Most
organic compounds follow Kasha’s Rule. Kasha’s Rule states that absorption can occur to
several excited singlet states, S*, S?, S, etc. However, any photoinduced processes occur from
the lowest singlet state, S back to the ground state S°.4

The photophysics of a molecule are best described as a series of reactions and associated
rates. The first step is absorption

M +hyv — M" la
This rate is expressed as the intensity of light absorbed, 1.. The absorption occurs between the
ground state, which in organic compounds is virtually always a singlet state, to one of several
excited singlet electronic states. Normally this absorption terminates in an excited vibrational
state of the electronic excited states. The system quickly relaxes to the lowest energy electronic
and vibrational excited state through the process of internal conversion, with the emission of

heat. The lowest energy electronic excited state can then relax through one of several paths.

M*— M+ hv’ k; (fluorescence)
M”" — M + heat knr (non-radiative decay)
M* + Q — products kq (excited state quenching)

Other possible pathways exist (intersystem crossing, etc.) but they are not significant for this
study. The radiative quantum yield, ®r, can be expressed as a ratio of the radiative rate to the
sum of all the other rates

b, = 5=

Fluorophores or fluorochromes are compounds that decay mainly by the radiative
pathway. Most organic fluorophores are aromatic with the exception of a few highly unsaturated

aliphatic compounds. Increasing the degree of conjugation leads to a shift of the absorbance
9



spectra to longer wavelengths.® Examples of this conjugation rule can be seen in the first four
members of the oligoacene series (naphthalene, anthracene, tetracene, and pentacene (Figure 2)).
Absorption bands can be seen at approximately 310, 375, 470, and 585 nm respectively while

each compound then emits fluorescence in the ultraviolet, violet, green, and red respectively.?

naphthalene anthracene
tetracene pentacene

Figure 2: First four compounds of the oligoacene series of aromatic compounds.

Substitution on a fluorophore by chemical groups like —OH (electron donating group),
changes the molar absorption coefficient and shifts the energy of the absorption and fluorescence
spectra, an effect known as auxochromic effect. Furthermore, compared to parent PAH spectra,
substituted compound spectra appear broad and unstructured. This can be seen when comparing
1- and 2 — naphthol with naphthalene.!

Solvents are well known to influence reaction rates and chemical equilibria, but they can
also influence the spectral bands observed during fluorescence spectroscopy. Shifts in absorption
and emission bands called solvatochromatic shifts, are caused by changes in solvent nature or
composition mainly polarity. A bathochromatic (red) shift or hyspochromatic (blue) shift relates
to positive and negative solvatochromism correspondingly with increasing solvent polarity.
Shifts result from interactions of the dipole moment of the fluorophore with the reactive fields
induced in the solvent. The excited states of aromatic compounds posses dipole moments (u*)

which are greater than in the ground state (u).> Photons absorbed by the fluorophore results in
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the creation of a dipole which disturbs the solvent environment causing it to reorganize the cage
surrounding the fluorophore, a process called solvent relaxation.’

Fluorophores possess several factors that help to distinguish them including adherence to
the Beer-Lambert Law in absorption, linearity of the fluorescence intensity with concentration
and fluorescence quantum yields. The Beer-Lambert Law predicts that optical intensity
(absorbance) is directly proportional to the concentration of the absorbing compound and is
calculated using Equation 1. Deviations from the Beer-Lambert Law can be caused by both
instrumental and fundamental factors. As long as the concentration is such that the absorbance is
in the range of 0.01 to 1.0, instrument factors are largely minimized. The most common
fundamental factor in deviation from the Beer-Lambert Law is aggregation of the analyte at
higher concentrations. The terms in the equation are as follows: A stands for absorbance,
measured directly from the instrumentation, € stands for the molar absorptivity of the molecule
(and is distinct for different compounds), ¢ stands for the concentration of the compound, and |
stands for the path length of the cell used in the study and is usually a 1 cm cuvette.

A= Xc xlI
Equation 1: Beer-Lambert Law

In fluorescence if the absorbance of the compound is high, the emitted light that reaches a
detector is attenuated by the inner filter effect. Minimization of this effect occurs when low
concentrations of compounds are analyzed.® It can be more fully mitigated through
mathematically adjusting for sample absorbance.

Fluorescence quantum yields (®f) can also be thought of as the ratio of the number of
emitted photons over the number of absorbed photons and can be affected by both temperature
and solvent. Quantum yields can be determined by using a comparative method that involves
testing the sample and a known standard like fluorescein or quinine at identical absorbance and

excitation wavelengths and is shown in detail in Equation 2.8
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Equation 2: Equation used for determining the fluorescence quantum yield of a compound where

®f = quantum yield, A = absorbance, n = refractive index of solvent, P = area under emission

spectra, s = reference standard. ¢ = compound of study

Fluorophores can create three related spectra: absorbance, emission and excitation.
Absorbance spectra measure particular wavelengths where a molecule can absorb light between
the ultraviolet and visible region (190 — 380 nm and 380 — 750 nm respectively).° Excitation
spectroscopy, in contrast, measures the wavelengths of light necessary to produce fluorescence
from the molecule. Remembering how absorbance is calculated using Beer-Lambert Law
(log1o(lt/lo, where It is the intensity of the light transmitted and lo is the incident intensity)) and
that excitation spectrum intensity is proportional to the number of photons absorbed, peaks in
absorbance and excitation spectra will not have the same peak intensities. However, they will
appear at the same wavelengths.* Emission spectroscopy measures the intensity of emission of
the photons as the excited electron relaxes from the excited state to the ground state as a function
of a particular excitation wavelength. The vibrational levels are similar in the ground and excited
states, so that emission spectrum is the approximate “mirror” image of the absorption spectrum
in highly rigid molecules.! More flexible molecules will have a variety of structural processes
that broaden the emission bands. The shape of the emission spectrum will remain the same
regardless of the excitation wavelengths, however, the intensity of the emission spectrum will
change with different excitation wavelengths.!

There are several rules and tendencies that emission spectra follow. One of these rules
comes from physicist and mathematician Sir George Gabriel Stokes. His theory coined Stokes’
rule states that the wavelength of emission should always be higher than that of absorbance.*

Stokes shift (Av) is the energy difference (gap) between the maximum of the first absorption

band (v,) and the maximum emission band (v¢) and is measured in wavenumbers (cm™).5 The
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Stokes shift can be calculated using Equation 3 and an example can be seen in Figure 3.12 The
detection of a fluorescent compound is easiest when the Stokes shift is larger as the emission

spectra are more separated from the incident light.

AV =T, — 7

Equation 3: Equation used to determine Stokes Shift.!
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AV = 3540 cm’™
488 590 nm
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Figure 3: Definition and example of the Stokes Shift. 1!

One complication that emission spectrum have is light scattering effects. When a beam of
light interacts with a molecule, part of it is transmitted, part of it is reflected and part of it is
scattered. Light scattering effects can be elastic or inelastic and are called Rayleigh and Raman
scattering, respectively. Rayleigh scattering is most common and can occur on first and second
order degrees. First order Rayleigh scatter is due to the sample elastically scattering the incident
light, and is an issue when the emission monochromator is tuned close to the excitation
monochromator. Second order Rayleigh scatters occurs for the same reason at a wavelength

twice that of the excitation wavelength (Figure 4).23 It is due to the use of diffraction gratings to
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monochromatize the excitation light. Raman scattering in fluorescence is due to inelastic solvent
scatter and occurs at a constant wavenumber difference from the excitation wavelength (Figure
4). Raman bands appear to the long wavelength side of the Rayleigh bands at wavelengths due to
the solvent principle vibrations. Water appears at 3600 cm™ lower wavenumber than the exciting
light. Highly fluorescent samples generally overpower this peak and Raman scattering band can

be proven by changing excitation wavelengths.®

400

380 1% order Rayleigh

360

340

Emission (nm)

320

300 2" order Rayleigh

280

260
300 350 400 450 500 550 600

Excitation (nm)
Figure 4: Example of first and second order Rayleigh and Raman scattering in excitation-

emission spectroscopy (vide infra).

Traditionally fluorescence spectroscopy is performed two — dimensionally as either an
emission spectrum at a fixed excitation wavelength and scanning the emission wavelength, or

synchronous scanning at a constant offset wavelength both the excitation and emission
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wavelengths. Fluorescence data is a moderately straightforward technique but the use of two —
dimensional spectrum is limited as many researchers will only tabulate one, two, or three data
points from the emission spectrum. More recently, researchers are using the three — dimensional
excitation — emission matrix (EEM) spectroscopy analysis of their samples, emission spectrum
as a function of a range of excitation wavelengths.** Fluorescence EEMs are now a method used
for the characterization of organic matter from aqueous environments.® The EEMs technique is
a rapid, non-invasive, and accurate investigative tool for a wide variety of media.®- %’

Fluorescence is a highly sensitive method, particularly due to the absence of a
background signal. One simply detects the photons emitted by the sample per second. Basically,
if there is no sample emission, there is no signal (apart from electronic noise). Contrast this with
absorption spectroscopy, where one is determining the difference between transmitted and
incident light. Figure 5 is a general schematic of a fluorescence spectrofluorometer. Fluorescence
begins with an exciting light source, usually a xenon arc lamp, chosen because it produces high
intensity light from the ultraviolet to the near infrared spectral region.*® Single — grating
monochromators are used for choosing both excitation and emission wavelengths and are
motorized for automatic scanning of wavelengths.'® A monochromator works by selecting
specific wavelengths from the broadband xenon arc lamp radiation. Most monochromators use
diffraction gratings. White light shining onto a diffraction grating is reflected while being split
into individual wavelengths, much like a prism. Rotation of the diffraction grating relative to a
set of narrow slits allows for the passage of near monochromatic wavelengths of light.?° Slits are
used to control the bandwidth of light exiting the monochromator. Some instruments are
equipped with dual or triple monochromators to yield more monochromatic light and reject
Rayleigh scattering more efficiently.

A sample compartment is placed between the excitation and emission monochromator,
and used to perform several functions. First, it holds the sample in such a way so that excitation
energy can be directed onto the sample, and allows for the collection of emission signal either at
right angles or at small angles to the exciting light source. A thin quartz plate beam splitter

15



reflects ca 4 % of the exciting light towards a photodiode.® The signal from this photodiode is
used to compensate for time or wavelength fluctuations in lamp intensity. By calculating a ratio
of output signals of the sample to the reference detector, the spectrum can be corrected for time
or wavelength fluctuations of the excitation energy.! The emission monochromator has the same
structure as the excitation monochromator, and wavelength selects the emission light.

Once a signal has passed through the emission monochromator, it is sent to a
photomultiplier tube (PMT). A PMT is a signal amplifier and is a current source. A terminating
resistor of 50 ohms is typically used to convert the photocurrent to voltage. Photomultiplier tubes
are able to amplify very weak signals by as much as 10°, and can have background signals (with
proper cooling) as low as 1-5 counts per second.® Signals are sent to a detection system that

counts the photons passing through the emission monochromator.
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Figure 5: Schematic of a typical fluorescence spectrofluorometer.®

Fluorescence spectroscopy utilizes cuvettes or microwell plates as sample holders.
Typical cuvettes for fluorescence are made of fused silica (quartz) with four polished windows
and in a variety of shapes and sizes. Special treatments or quartz materials are used to change the
measurable range of fluorescence from as low as 170 nm up to 2700 nm. Typical fluorescence
cuvettes have a path length of 10 mm and hold approximately 3.5 mL, however path lengths can
range from 1mm — 40 mm and can hold volumes of 1.7 mL — 14 mL.?® Cuvettes can be a
problem if sample volume is small. Microwell plates can work with much smaller volumes as
well as more than once sample. Typical microwell plates are made of polystyrene. Plates come in

a variety of colors and hold 96 — 1536 samples at a single time. The bottom of the plate can be



made of polystyrene or glass. Well shapes can vary as well from circular to square and volume of
sampled used in in the micro-liter (L) range.?* Selection of plates depends on the experiment of
choice.

Depending on the type of spectrofluorometer in use, one can add additional components
for more complex fluorescence experiments. One of these additions is a microwell plate reader
(Figure 6).2! Current fluorescence experiments are moving from single samples to multiple
samples for high-throughput screening.?? The optics used in microwell plate readers is slightly
different from that used for a standard cuvette. Figure 7 shows a cartoon of the fiber optic cable
assembly and instrument arrangement used.?* Microwell plates must remain horizontal, and it is
not possible to use right-angle observation as can be used with a cuvette. The exciting light is
directed by a mirror into a fiber-optic bundle going to the sample. Typically, the microplate is
moved to position each well in the observation path by an x—y scanning stage. Returning signal
from the sample is focused on a second mirror before entering the emission monochromator.?

Programming of the instrument can allow the user to choose certain methods to be performed on

y

certain wells.

Figure 6: Example of a microwell plate reader.?*
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Several statistical methods are used to provide information on the precision and accuracy
of the measurements and technical advantages of one instrumental method over another. Some of
these statistical methods include linear regression, limits of detection, and limits of quantitation.
Linear regression of a calibration curve (signal vs concentration) provides the correlation
coefficient, slope and intercept of the data. The correlation coefficient (r?) of a sample is based
on a-1to 1 scale. Zero indicates that the data has no correlation while one or negative one means
“perfect” positive or negative correlation respectively and is determined by Equation 4 via
computer. The slope represents the response factor for the measurement. The intercept in most
instrumental methods should be y = 0 for x = 0, since x is typically concentration, however due
to constraints of instrumentation and preparation of samples, the intercept can drift from this
ideal value.?® Using the data from a linear regression, one can determine the limit of detection
(LOD) and the limit of quantitation (LOQ). The LOD is the lowest concentration of a compound
that can be detected for a given sample, instrument and method, while LOQ is the lowest
concentration of a compound that can be reliably detected with confidence (quantitated). Both
LOD and LOQ are a measure of the ratio of signal — to — noise and generally the LOD is lower
than the LOQ, but in some cases they may be equal.?® Equations 5 and 6 are used to determine

the LOD and LOQ from linear regression and are based on the blank signal and standard
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deviations of the slope.?® These equations are complex, therefore a computer program can be
used to solve for all variables. LOD and LOQ determined from these equations are signal
intensities that can then be converted to concentrations using slope and intercept.
il — D — )]
(2 — 2] [Zivi — 7?12

Equation 4: Correlation coefficient.?®

2iyi— 3)°2
n—2

V2i(x; — Xx)?

LOD = yg +3

Equation 5: Limit of detection.?
2iyi—y)?
n—2

LOQ = yp +10 —
i(x; — x)?

Equation 6: Limit of quantitation.?®
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Chapter 3
Experimental and Instrumental Design
I.  Materials

Standard solutions were prepared in 75 % ethanol (Koptec, 200 Proof Pure, CAS # 64 — 17 —
5, Lot # 07515, Health: 1, Flammability: 3, Reactivity: 0) and made from acenaphthene
(Matheson, Coleman & Bell, CAS # 83 — 32 -9, Lot # 12526, Health: 2, Flammability: 1,
Reactivity: 0), anthracene (Aldrich, CAS # 120 — 12 — 7, Lot # 13704KG, Health: 0,
Flammability: 1, Reactivity: 0), benzo[a]pyrene (TCI America, CAS # 50 — 32 — 8, Batch
NPEZF - RA, Health: 3, Flammability: 0, Reactivity: 0), fluoranthene (TCI America, CAS # 206
—44 -0, Lot # FREGF - LN, Health: 1, Flammability: 1, Reactivity: 0), fluorene (TCI America,
CAS #86 — 73 -7, Lot # YNV2D — SB, Health: 1, Flammability: 1, Reactivity: 0), naphthalene
(Sigma Aldrich, CAS # 91 — 20 — 3, Lot # 14205KB, Health: 2, Flammability: 2, Reactivity: 0), 1
— naphthol (Alfa Aesar, CAS # 90 — 15 — 3, Lot # 10159725, Health: 2, Flammability: 1,
Reactivity: 1), 2 — naphthol (TCI America, CAS # 135-19 — 3, Lot # TDJEF — HM, Health: 2,
Flammability: 1, Reactivity: 0), phenanthrene (Sigma-Aldrich, CAS #85 - 01 - 8, Lot #
MKBG8322V, 36H2506, Health: 2, Flammability: 0, Reactivity: 0), 9 — phenanthrol (Acros
Organics, CAS # 484 — 17 — 3, Lot # 19895001, Health: 0, Flammability: 0, Reactivity: 0),
pyrene (Alfa Aesar, CAS # 129 — 00 - 0, Lot # 10172628, Health: 2, Flammability: 1, Reactivity:
1), and 1 — pyrenol (Sigma Aldrich, CAS # 15315 - 79 — 7, Lot # 06906 MF, Health: 0,
Flammability: 0, Reactivity: 0). See Appendix A for a list of all chemical structures.

Reference solutions were made from fluorescein (Alfa Aesar, CAS # 2321 — 07 -5, Lot #
10172004, Health: 1, Flammability: 1, Reactivity: 1), quinine bisulfate (TCI America, CAS #
6119 — 70 — 6, Lot # 2C10354, Health: 1, Flammability: 0, Reactivity: 0), sodium hydroxide
(Spectrum, CAS # 1310 — 73 — 2, Lot # SV0303, Health: 3, Flammability: 0, Reactivity: 2), and
sulfuric acid (Macron Fine Chemicals, CAS # 7664 — 93 — 9, Lot # 0000086316, Health: 3,

Flammability: 0, Reactivity: 1).
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Solutions for cuvette cleaning are made from sulfuric acid (Macron Fine Chemicals, CAS #
7664 — 93 — 9, Lot # 0000086316, Health: 3, Flammability: 0, Reactivity: 1), NOCHROMIX
(Aldrich, Product # 328693, Lot # 04431CC, Health: 2, Flammability: 0, Reactivity: 1), and
nitric acid (Macron Fine Chemicals, CAS # 7697 — 37 — 2, Health: 3, Flammability: O,
Reactivity: 1, oxidizer). A cuvette washer was used for all solution rinsing (Vakuwash® Cuvette
Washer, Catalog # 58020 — 014).

All standard fluorescence spectroscopy was performed using standard quartz cuvettes (Starna
Cell, Std Rect Fluorometer w/Stopper, Q, 10 mm, Catalog # 23 — Q — 10). Plated samples were
performed in 96 microwell plates ((Corning Incorporated, Catalog # 3615, Corning 96 Well
Black Special Optic), (Corning Incorporated, Catalog # 4580, 96 Well Half Area, Black with
0.2um Glass Bottom, Lot # 10614020, Lot # 30914007), and (ThermoScientific, Catalog
#237105, Nunc F96 MicroWell Black Polystyrene Plate, Lot # 130803)). Plates were covered
with Optical Adhesive Covers ((Life Technologies Corporation, Catalog # 4360954, Lot #
201501 347) and (VWR, Catalog # 60941 — 078, Lot # TSRT2VWR100)). Cuvettes, plates and
adhesive covers were dried using Kimwipes (VWR, Catalog # 82003 — 820)

Solutions were prepared in 100 mL amber glass volumetric flasks (VWR, Catalog # 89090 —
530, low actinic, Lot # 55640 — 100). Dilutions of samples were prepared in either 12 mL amber
vials (VWR Wheaton, Catalog # 97047 — 750, phenolic top, PTFE liner, Lot # 082113, Lot #
0000037695, Lot # 000024751), or 4 mL amber vials (Wheaton, Catalog # 224982, sample vial
with rubber lined cap , Lot # 1566583) using automated pipettes (Gilson Pipetman (P 20, Catalog
#F123600), Gilson Pipetman (P 100, Catalog # F123615), Labnet Labpette (P 200, Catalog #
P3940 — 200), Gilson Pipetman (P 1000, Catalog # F123602), Eppendorf Research (P 1000,
Catalog # 3120000062), and Gilson Pipetman (P 5000, Catalog # F123603)) and disposable
sterile pipette tips (1000 pL (VWR, Catalog #83007 — 386, Lot # 5056 — 521C6 — 521B), 10 —
200 pL (VWR, Catalog # 53509 — 222, Lot # 4050 — 418C4 — 418AL), and 0.5 — 5.0 mL (VWR,
Catalog # 89087 — 530, Lot # 527C6 — 527)). Samples were transferred to cuvettes from vials
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using disposable pipettes (VWR, 7.5 mL non — sterile polyethylene graduated transfer pipettes,
Catalog # 16001 — 188, Lot # 141025).
Il.  Sample Preparation
I. 75 % Ethanol

A 2.5 L solution was prepared at 75 % ethanol and 25 % de — ionized water using 200 proof
ethanol purchased from Koptec. Using a 1000 mL (1 L) graduated cylinder (T.D. (to deliver)),
1,875 mL of 200 proof ethanol was poured into a 2.5 L glass container previously washed (using
tap water, de — ionized water, and air dried). Added to the container was an additional 625 mL of
de — ionized water using one of the same 1000 mL graduated cylinders used previously. This
solution was used to prepare both stock solutions of compounds as well as dilutions. The solution
used stood for a maximum of one month before being prepared again in the same condition.

ii.  Stock Solutions

Stock solutions of PAHs were prepared at 0.1 mg/mL concentrations. For each 100 mL
volumetric flask, 10 mg of compound was weighed on an analytical balance (calibrated February
28, 2011). The compound was added to the volumetric flask and approximately 100 mL of 75 %
ethanol was added to the volumetric mark.
I11.  Instrumentation
I. UV - Vis

A Hewlett-Packard 8452A Diode Array UV — Vis spectrophotometer with 2 nm spectral
resolution, with a deuterium lamp (range 200 nm - 800 nm) and a Cary 500 Scan UV - Vis —
NIR spectrophotometer with 0.1 nm spectral resolution, with a deuterium lamp (200 — 350nm) or
a tungsten lamp (350 — 1100nm) were used to measure and record absorption spectra. A quartz
fluorescence cuvette was used to hold samples and referenced against an appropriate solvent
blank. The HP spectrophotometer was controlled by a DELL PC with Olis Spectraworks (version
4.8.46) and the Cary 500 was controlled by a DELL PC using Cary WinUV Scan software
(version 3.00(182)) supplied by the manufacturers.

ii. Fluorescence
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A Horiba Scientific Fluorolog — 3 Research Spectrofluorometer (Part # FL3C — 11, 450W
ozone free Xenon arc lamp, 1200 g/mm grating) was used for all emission, excitation, EEMs,
guantum yields and LoD/LoQ experiments. The instrument includes a second optical channel to
measure and correct for variations in lamp intensity. Attachments include a microwell plate
reader (Part # Micromax — 384) and a Fiber Optic Platform Light (Part # FL — 3000). Data was
recorded and displayed on Dell PC using FluorEssecnce (version 3.5), software supplied by the
manufacturer. Software was also used to store data, control the instrument, and analyze raw data.
IV.  Instrumental Methods

I. UV - Vis

UV — Vis spectra obtained on the HP 8452A were run at 2 nm intervals from 260 nm -
500 nm. Blank subtraction was provided in the software by first obtaining a spectra of 75 %
ethanol. These spectra were used to obtain optimum excitation wavelengths of each PAH tested.

UV - Vis spectra obtained on the Cary 500 were run at 0.5 nm intervals, a scan rate of
0.5 seconds, and a range of 260 nm - 500 nm. Blank subtraction was also provided in the
software by obtaining a spectra of 75 % ethanol. These spectra were used for calculation of
quantum yields.
Ranges for UV — Vis spectra were determined based on the lamp profile of the Horiba Fluorolog
-3.

i. Emission

Optimum emission spectra were generated based on excitation wavelengths previously
seen in UV — Vis spectra. Each peak was tested for maximum signal. Samples were collected
every 1 nm with a peak integration time of 1 sec. Correction of spectra was completed using
instrumentation factors provided in the software as well as a subtraction of blank spectra using
the same parameters. Spectra was also normalized to a 0 - 1 scale based on highest and lowest

peak height.
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ii. Excitation

Optimum excitation spectra were generated based on emission wavelengths previously
seen. Each peak was tested for maximum signal. Samples were collected every 1 nm with a peak
integration time of 1 sec. Correction of spectra was completed using instrumentation factors
provided in the software and subtraction of blank spectra using the same parameters. Lamp
variations were also corrected for by dividing out the reference (lamp spectra) from the signal
spectra. Spectra was also normalized to a 0 — 1 scale based on highest and lowest peak height.

Iv. Excitation — Emission Matrices (EEMs)

Three — dimensional spectra were obtained using optimum emission and excitations scan
parameters. Samples were collected every 1 nm in both emission and excitation ranges with a
peak integration time of 0.1 sec for optimum resolution. Correction of spectra was completed
using instrumentation factors provided in the software and subtraction of blank spectra using the
same parameters. Lamp variations were also corrected for by dividing out the reference (lamp
spectra) from the signal spectra.

V. MicroMax

The MicroMax microwell plate reader and its fiber optic attachment for delivery of
excitation and emission signals was optimized. Optimization was determined by the position of
the fiber optic cable relevant to well depth (similar to cuvette path length) and fill volume
(sample volume placed in well) for a maximum emission signal. Optimization was determined
using fluorescein.

Vi. Limits of Detection and Quantitation

Limits of detection and quantitation were determined by calculating a standard curve of
each compound. Concentration ranges depended on the overall quantum yield of the sample (i.e.
a higher quantum yield sample used lower concentrations). Standard curves were produced based
on highest emission peak intensity and each curve consisted of seven points. Microsoft Excel
was employed for linear regression analysis. From the data observed here, Equation 5 and 6 on

page 20 were used to determine the emission intensity associated with the limit of detection and
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quantitation.! These intensities were converted to concentrations by subtracting the y — intercept
from the limit of detection or quantification and dividing by the slope of the standard curve.
After determining both concentrations, samples were prepared and tested to ensure proper
calculation.
Vil. Quantum Yields

Quantum yields (®f) were calculated relative to quinine bisulfate (C20H26N206S) in 0.5
M H2SQ4, anthracene (C14H1o) in 100 % ethanol, naphthalene (C1oHsg) in 100 % ethanol,
phenanthrene (C14H10) in 100 % ethanol, pyrene (C1sH10) in 100 % ethanol, and fluorene
(C13H10) in 100 % ethanol based on Equation 3.3

V.  Cuvette Cleansing

Standard quartz fluorescence cuvettes were cleaned between sampling using one of three
methods designed for optimization. Microwell plates were used once and did not requiring
cleaning prior to disposal.

I. Rinsing

Samples of same species but different dilutions were run using the same cuvette starting
with lowest concentration. Between samples, cuvettes were cleaned by rinsing with solvent (75
% ethanol) two to three times and a final rise with de — ionized water.

i. NOCHROMIX

Between samples of different chemical species, cuvettes were cleaned by soaking in
NOCHROMIX for a minimum of 8 hours. Cuvettes were then removed and soaked in de —
ionized water for 1 hour, then removed and set to dry. Before use, cuvettes were rinsed with de —
ionized water and 75 % ethanol.

iii. Nitric Acid

Between samples of different chemical species, cuvettes were cleaned by soaking in a 50 %

aqueous nitric acid for a minimum of 8 hours and a maximum of 24 hours. Cuvettes were

removed and rinsed with de — ionized water using a cuvette cleaner. Again, cuvettes were soaked
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in concentrated nitric acid for 1 hour. Cuvettes were removed and rinsed with de — ionized water,
then set to dry. Before use, cuvettes were rinsed with de — ionized water and 75 % ethanol.
VI.  Graphical Analyses

i. Excel

Raw data was transferred from Horiba software FluorEssence (version 3.5) to Microsoft
Excel (Excel 2003-Excel 2013) for blank subtraction and emission/excitation clean-up (EEMs
spectra only). Clean — up consisted of removal of first and second order Rayleigh scattering that
may have occurred due to overlapping excitation and emission ranges during EEM collection.

ii. Sigma Plot

Clean data was transferred from Microsoft Excel to Sigma Plot (version 13.0) for

graphical representation.
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Chapter 4
Experimental Results and Discussion
I. UV -Visible Spectra

The UV - Visible spectrum of the twelve compounds of study can be found in Figures 8 — 19
on pages 32 — 43. Absorbance values were not recorded below 260 nm since the xenon arc lamp
used in the spectrofluorometer for the collection of emission spectra was ozone-free and began
excitation at 250 nm. An absorption spectrum of each compound of study was necessary for
determining the parameters for fluorescence studies. After measuring the absorption of each
compound, a list of peak wavelengths was generated. Each peak wavelength shown in the
absorption spectra was used as an excitation wavelength to generate emission spectra. The range
of absorption for each compound was used to set the excitation wavelengths used to collect the
EEMSs. The emission spectra collected were used to set the emission wavelengths scanned to
yield the EEMs. The UV - Vis spectra collected were compared to known UV — Vis data found
in the literature.! This data allows assessment of any solvent effects, since current samples were
dissolved in 75 % ethanol, which is an atypical solvent media. Absorption and emission spectra
can show a wide variety of solvent effects, including no changes. Note that high resolution
absorption spectra were not critical to this work and were only done to confirm excitation

regions.
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Figure 8: UV — Vis absorbance spectra of acenaphthene in 75 % ethanol.
When compared to the literature spectra using cyclohexane as a solvent, acenaphthene in 75
% ethanol (Figure 8) showed no differences in Amax values. The spectrum was observed between
260 nm and 330 nm at a concentration of 0.005 mg/mL. Peaks can be seen at 280, 290, and 320
nm and shoulders are seen at 300 and 308 nm. The extinction coefficient for the maximum peak

at 290 nm and an absorbance of 0.2800 is 9 x 102 Mt cm™.
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Figure 9: UV — Vis absorbance spectra of anthracene in 75 % ethanol.

When compared to the literature spectra using cyclohexane as a solvent, anthrancene in 75 %
ethanol (Figure 9) showed no difference in Amax Values. The spectrum was observed between 300
nm and 400 nm at a concentration of 0.005 mg/mL. Peaks can be seen at 308, 324, 340, 356, and
374 nm. The extinction coefficient for the maximum peak at 356 nm and an absorbance of

0.2559 is 9 x 10° M1 cm™.
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Figure 10: UV - Vis absorbance spectra of benzo [a] pyrene in 75 % ethanol.

When compared to the literature spectra using ethanol (100 %) as a solvent, benzo [a] pyrene
in 75 % ethanol (Figure 10) showed no difference in Amax vValues. The spectrum was observed
between 260 nm and 310 nm at a concentration of 0.00002 mg/mL. Peaks can be seen at 264,
284, 296, 332, 348, 364, 378, and 384 nm and a shoulder at 278 nm. The extinction coefficient

for the maximum peak at 296 nm and an absorbance of 0.1240 is 6 x 10° Mt cm™.
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Figure 11: UV - Vis absorbance spectra of fluoranthene in 75 % ethanol.
When compared to the literature spectra using cyclohexane as a solvent, fluoranthene in 75
% ethanol (Figure 11) showed no difference in Amax Values. The spectrum was observed between
260 nm and 400 nm at a concentration of 0.001 mg/mL. Sharp distinct peaks can be seen at 276,
280, and 288 nm, while broader peaks can be seen at 262, 308, 324, 340, and 360 nm. The
extinction coefficient for the maximum peak at 288 nm and an absorbance of 0.1695 is 3 x 10*

M1cm,
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Figure 12: UV - Vis absorbance spectra of fluorene in 75 % ethanol.

When compared to the literature spectra using cyclohexane as a solvent, fluorene in 75 %
ethanol (Figure 12) showed one difference at approximately 280 nm, where a small peak
(shoulder) is not seen. This variation may be due to instrumental errors, as well as the collection
parameters. The HP 8452A has a collection mode set at 2 nm intervals, so the resolution may be
insufficient to fully resolve the spectral features. The spectrum was observed between 260 and
310 nm at a concentration of 0.01 mg/mL. Peaks can be seen at 262, 288, and 300 nm and
shoulders at 272 and 292 nm. The extinction coefficient for the maximum peak at 262 nm and an

absorbance of 1.3646 is 2 x 10* M cm™.
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Figure 13: UV - Vis absorbance spectra of naphthalene in 75 % ethanol.

When compared to the literature spectra using cyclohexane as a solvent, naphthalene in 75 %
ethanol (Figure 13) showed two differences, one between 260 nm and 280 nm, the second at
approximately 288 nm. The first difference is an increase in peak definition, two peaks shown
instead of one, which may be due to the decreased hydrophobicity of 75 % ethanol, while the
second is the loss of a peak that may be due to the aforementioned resolution limitations.® The
spectrum was observed between 260 nm and 300 nm at a concentration of 0.01 mg/mL. Peaks
can be seen at 266, 276, and 284 nm. The extinction coefficient for the maximum peak at 276 nm

and an absorbance of 0.5289 is 9 x 10° Mt cm™,
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Figure 14: UV - Vis absorbance spectra of 1 — naphthol in 75 % ethanol.
When compared to the literature spectra using ethanol (100 %) as a solvent, 1 — naphthol in
75 % ethanol (Figure 14) showed no difference in Amax values. The spectrum was observed
between 260 nm and 340 nm at a concentration of 0.01 mg/mL. Peaks can be seen at 296 and
324 nm and a shoulder at 310 nm. The extinction coefficient for the maximum peak at 296 nm

and an absorbance of 0.5052 is 7 x 10° Mt cm™,

39



0.5

0.4 -

0.3 A

Absorbance

0.2 A

0.1 -

0.0 T T T T T T T T
260 280 300 320 340 360 380 400

Wavelength (nm)
Figure 15: UV - Vis absorbance spectra of 2 — naphthol in 75 % ethanol.
When compared to the literature spectra using ethanol (100 %) as a solvent, 2 — naphthol in
75 % ethanol (Figure 15,) showed no differences in Amax Values. The spectrum was observed
between 260 nm and 350 nm at a concentration of 0.01 mg/ML. Peaks can be seen at 264, 274,
284, 318, and 330 nm. The extinction coefficient for the maximum peak at 274 nm and an

absorbance of 0.4452 is 6 x 102 M cm™.
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Figure 16: UV - Vis absorbance spectra of phenanthrene in 75 % ethanol.

When compared to the literature spectra using cyclohexane as a solvent, phenanthrene in 75
% ethanol (Figure 16) showed no difference in Amax Values. The spectrum was observed between
260 nm and 300 nm at a concentration of 0.01 mg/mL. Peaks can be seen at 274, 282, and 292
nm. The extinction coefficient for the maximum peak at 274 nm and an absorbance of 0.8021 is

1x10*Mtceme.
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Figure 17: UV - Vis absorbance spectra of 9 — phenanthrol in 75 % ethanol.

A comparison of the spectrum of 9 — phenanthrol (Figure 17) in 75 % ethanol to literature
data could not be done. Extensive literature searches where performed and only the maximum
absorbance was reported. This absorbance was at a lower wavelength than could be recorded
within the instrumentational limitations of the spectrofluorometer. The spectrum was observed
between 260 and 380 nm at a concentration of 0.01 mg/mL. A small broad peak can be seen at
302 nm while shoulders can be seen at 274, 340, and 360 nm. The extinction coefficient for the

maximum peak at 302 nm and an absorbance of 0.3800 is 7 x 103 M cm™.
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Figure 18: UV - Vis absorbance spectra of pyrene in 75 % ethanol.

When compared to the literature spectra using cyclohexane as a solvent, pyrene in 75 %
ethanol (Figure 18) showed no difference in Amax Values. The spectrum was observed between
260 nm and 350 nm at a concentration of 0.0003 mg/mL. Sharp distinct peaks can be seen at
262, 272, 318, and 336 nm, while two smaller broader peaks can be seen at 292 and 306 nm. The
extinction coefficient for the maximum peak at 272 nm and an absorbance of 0.1014 is 7 x 10*

M1cm,
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Figure 19: UV - Vis absorbance spectra of 1 — pyrenol in 75 % ethanol.

When compared to the literature spectra using THF or water as a solvent, 1 — pyrenol in 75 %
ethanol (Figure 19) showed one difference in spectra at approximately 370-380 nm. This
difference may be due to the change in solvent polarity, as two peaks are visible in this region
instead of one.? The spectrum was observed between 260 nm and 400 nm at a concentration of
0.0005 mg/mL. Sharp distinct peaks can be seen at 268, 278, 366, 376, and 386 nm, while
smaller broad peaks can be seen at 348 nm and a shoulder can been seen at 336 nm. The
extinction coefficient for the maximum peak at 278 nm and an absorbance of 0.1328 is 6 x 10*

M1cm,
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I1.  Excitation and Emission Spectrum

Optimum conditions for fluorescence spectroscopy for all compounds were in 75 % ethanol.
The excitation wavelength for the emission spectra was the most intense peak observed in the
absorption spectra. The emission wavelength used to measure excitation spectra was that of the
most intense emission. Full excitation and emission spectrum were conducted using
concentrations of samples producing signals less than 1 x 10° counts per second (CPS) (Figures
20 — 31). Emission and excitation spectrum were normalized on a 0 — 1 photon intensity scale by
dividing each signal intensity by the maximum signal intensity recorded. Signals for both were
corrected for lamp profile and dark counts. The range of emission signals were between 290 nm
and 600 nm with individual parameters for each compound found in Table 1 on page 45.
Excitation data can be found between 260 nm and 400 nm with individual parameters for each
compound found in Table 2 on page 45. Excitation spectra are closely related to the UV - Vis
absorption spectra with only minor peak shifts due to the experimental parameters of both the
UV - Vis spectrophotometer and the spectrofluorometer (UV — Vis sample collection was every
2.0 nm while spectrofluorometer sample collection was every 1.0 nm).

Baselines on all spectra will not show a minimum of zero due to the configuration of the
photomultiplier tube (PMT) used. The PMT will add additional shot noise and thermionic noise
to the baseline unless it is cooled.® Furthermore, each spectrum was divided by the reference
signal (R1) generated by the photodiode monitoring the intensity of the lamp at each excitation
wavelength. This signal is in mV and generally less than one. The spectra are also normalized to
the maximum. Normalization will accentuate the signal to noise ratio in weaker fluorophores,

while stronger fluorophores will show little to no change.
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Compound Aex(NM) A em (NmM) (range)

Acenaphthene 290 300 - 380
Anthracene 340 350 — 475
Benzo [a] pyrene 296 375 -480
Fluoranthene 308 375 - 600
Fluorene 262 290 - 350
Naphthalene 286 300 - 400

1 — Naphthol 296 300 - 600
2 — Naphthol 264 325 - 440
Phenanthrene 294 330 -430
9 — Phenanthrol 304 350 - 480
Pyrene 294 350 - 460

1 — Pyrenol 268 375 -460

Table 1: Optimum emission wavelength parameters for a standard quartz cuvette.

Compound Name A em(nNmM) A ex (NM) (range)

Acenaphthene 338 260 — 330
Anthracene 425 260 -390
Benzo [a] pyrene 403 260 — 400
Fluoranthene 462 260 — 380
Fluorene 317 250 - 310
Naphthalene 337 260 — 320
1 — Naphthol 370 260 — 340
2 — Naphthol 358 260 — 350
Phenanthrene 366 260 — 300
9 — Phenanthrol 389 260 — 380
Pyrene 416 260 — 360

1 — Pyrenol 438 260 — 390

Table 2: Optimum excitation wavelength parameters for a standard quartz cuvette.
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Figure 20: Emission and excitation spectra of acenaphthene in 75 % ethanol in a standard quartz
fluorescence cuvette.

The excitation and emission spectrum of acenaphthene in 75 % ethanol can be seen in
Figure 20 at a concentration of 0.002 mg/mL. The excitation spectrum is observed between 260
and 320 nm. Peaks can be seen at 280, 290, and 320 nm with a shoulder at 308 nm. The emission
spectrum is observed between 300 and 380 nm. Peaks can be seen at 281, 286, 336, and 353 nm

and a shoulder at 341 nm.
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Figure 21: Emission and excitation spectra of anthracene in 75 % ethanol in a standard quartz
fluorescence cuvette.
The excitation and emission spectrum of anthracene in 75 % ethanol can be seen in
Figure 21 at a concentration of 0.002 mg/mL. The excitation spectrum is observed between 260
and 380 nm. Peaks can be seen at 308, 324, 340, 356, and 374 nm. The emission spectrum is
observed between 350 and 460 nm. Peaks can be seen at 377, 399, and 423 nm with a small

broad peak at 447 nm. Due to the rigid structure of anthracene, the 0-0 band overlap is distinct.
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Figure 22: Emission and excitation spectra of benzo [a] pyrene in 75 % ethanol in a standard
quartz fluorescence cuvette.

The excitation and emission spectrum of benzo [a] pyrene in 75 % ethanol can be seen in
Figure 22 at a concentration of 0.00006 mg/mL. The excitation spectrum is observed between
260 and 400 nm. Peaks can be seen at 264, 284, 296, 332, 348, 364, 378, and 384 nm and a
shoulder at 271 nm. The emission spectrum is observed between 375 and 480 nm. Sharp peaks

can be seen at 404 and 427 nm, a small broad peak can be seen at 452 nm and small shoulders

can be seen at 379 and 387 nm.
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Figure 23: Emission and excitation spectra of fluoranthene in 75 % ethanol in a standard quartz

fluorescence cuvette.
in Figure 23 at a concentration of 0.002 mg/mL. The excitation spectrum is observed between

The excitation and emission spectrum of fluoranthene in 75 % ethanol can be seen
260 and 380 nm. Sharp peaks can be seen at 276, 280, and 288 nm, while broader peaks can be

seen at 262, 308, 324, 340, and 360 nm. The emission spectrum is observed between 375 and

600 nm. A broad peak can be seen at 465 nm, while two small shoulders are seen at 443 and 484

nm.
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Figure 24: Emission and excitation spectra of fluorene in 75 % ethanol in a standard quartz
fluorescence cuvette.

The excitation and emission spectrum of fluorene in 75 % ethanol can be seen in Figure
24 at a concentration of 0.00055 mg/mL. The excitation spectrum is observed between 250 and
310 nm. The excitation spectrum begins at a lower wavelength then other compounds studied do
the maximum excitation peak occurring at 262 nm. Peaks can be seen at 262, 288, and 300 nm
and shoulders at 272 and 292 nm. The emission spectrum is observed between 290 and 350 nm.
A sharp peak can be seen at 302 nm, a broad peak can be seen at 308 nm, and a shoulder can be

seen at 315 nm. Due to the rigid structure of fluorene, the 0-0 band overlap is distinct.
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Figure 25: Emission and excitation spectra of naphthalene in 75 % ethanol in a standard quartz
fluorescence cuvette.

The excitation and emission spectrum of naphthalene in 75 % ethanol can be seen in
Figure 25 at a concentration of 0.001 mg/mL. The excitation spectrum is observed between 260
and 320 nm. Peaks can be seen at 266, 276, and 283 nm and a shoulder at 285 nm. Smaller
signals are seen between 295 and 320 nm but were not used in the construction of the emission
spectrum. The emission spectrum is observed between 300 and 400 nm. Sharp peaks can be seen

at 315, 321, 330, and 335 nm and shoulders can be seen at 311, 324, 339, 350, and 365 nm.
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Figure 26: Emission and excitation spectra of 1 — naphthol in 75 % ethanol in a standard quartz

The excitation and emission spectrum of 1 — naphthol in 75 % ethanol can be seen in
Figure 26 at a concentration of 0.005 mg/mL. The excitation spectrum is observed between 260
and 340 nm. Peaks can be seen at 282 and 322 nm and a shoulder at 306 nm. The emission

spectrum is observed between 300 and 600 nm. Two broad peaks can be seen at 356 and 461 nm
and a shoulder can be seen at 570 nm.
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Figure 27: Emission and excitation spectra of 2 — naphthol in 75 % ethanol in a standard quartz
fluorescence cuvette.
The excitation and emission spectrum of 2 — naphthol in 75 % ethanol can be seen in

Figure 27 at a concentration of 0.002 mg/mL. The excitation spectrum is observed between 260
and 350 nm. Sharp peaks can be seen at 274 and 285 nm, broad peaks can be seen at 315 and 327
nm, and shoulders can be seen at 264 and 307 nm. The emission spectrum is observed between
325 and 440 nm. A peak can be seen at 352 nm and a shoulder can be seen at 345 nm. Due to the

rigid structure of 2 — naphthol, the 0-0 band overlap is distinct.
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Figure 28: Emission and excitation spectra of phenanthrene in 75 % ethanol in a standard quartz
fluorescence cuvette.

The excitation and emission spectrum of phenanthrene in 75 % ethanol can be seen in
Figure 28 at a concentration of 0.001 mg/mL. The excitation spectrum is observed between 260
and 300 nm. Peaks can be seen at 273, 280, and 292 nm and a shoulder can be seen at 263 nm.

The emission spectrum is observed between 330 and 430 nm. Sharp peaks can be seen at 346,

355, 364, and 382 nm and a broad peak can be seen at 403 nm.
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Figure 29: Emission and excitation spectra of 9 — phenanthrol in 75 % ethanol in a standard
quartz fluorescence cuvette.

m—— ExCitation
smmmm Emission

12

10

0.8

0.6

0.4

0.2

0.0

The excitation and emission spectrum of 9 — phenanthrol in 75 % ethanol can be seen in

Figure 29 at a concentration of 0.003 mg/mL. The excitation spectrum is observed between 260

and 380 nm. A sharp peak can be seen at 274 nm, two broad peaks can be seen at 296 and 338

nm, and a shoulder can be seen at 266 nm. The emission spectrum is observed between 350 and

480 nm. Two peaks can be seen at 369 and 385 nm and a small shoulder can be seen at 410 nm.
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Figure 30: Emission and excitation spectra of pyrene in 75 % ethanol in a standard quartz
fluorescence cuvette.

The excitation and emission spectrum of pyrene in 75 % ethanol can be seen in Figure 30
at a concentration of 0.0003 mg/mL. The excitation spectrum is observed between 260 and 360
nm. Sharp peaks can be seen at 261, 272, 318, and 334 nm, a broad peak can be seen at 303 nm,
and a shoulder can be seen at 285 nm. The emission spectrum is observed between 350 and 40
nm. Sharp peaks can be seen at 372, 377, 382, and 392 nm and shoulders can be seen at 363,
402, 413, and 442 nm.
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Figure 31: Emission and excitation spectra of 1 — pyrenol in 75 % ethanol in a standard quartz
fluorescence cuvette.

The excitation and emission spectrum of 1 — pyrenol in 75 % ethanol can be seen in
Figure 31 at a concentration of 0.0005 mg/mL. The excitation spectrum is observed between 260
and 390 nm. Sharp peaks can be seen at 267, 277, and 363 nm, a broad peak can be seen at 345
nm, and a shoulder can be seen at 334 nm. The emission spectrum is observed between 375 and
460 nm. Peaks can be seen at 386 and 407 nm and a broad peak can be seen at 428 nm.

Additional differences can be seen in the emission spectra between parent PAHs and their
metabolites. In naphthalene (Figure 25, page 52), there are seven distinctive peaks seen in the

emission spectra, while 1 — naphthol (Figure 26, page 53) shows two peaks and 2 — naphthol
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(Figure 27, page 54) shows 1 peak. In phenanthrene (Figure 28, page 55), there are six distinctive
peaks seen in the emission spectra, while 9 — phenanthrol (Figure 30, page 56) shows two
distinctive peaks. In pyrene (Figure 30, page 57), there are five distinctive peaks in the emission
spectra, while 1 — pyrenol (Figure 31, page 58) shows three distinctive peaks. It can be seen in
these compounds that the addition of the hydroxy group diminishes the vibrational pattern of the
compound upon relaxation of the electron.® Loss of peak structure between parent and
metabolites are typical of the loss of symmetry of the compounds upon substitution. Addition of
a single hydroxyl group will eliminate several symmetry features.* Decreases in the number of
peaks based on the position of the hydroxy group are apparent, as seen between 1 — naphthol
(Figure 26, page 53) and 2 — naphthol (Figure 27, page 54) (two peaks versus one peak
respectively). The loss of the additional peak in 2 — naphthol is due to the solvent conditions.
Distinct peaks can be seen in acidic conditions at lower wavelengths while in basic conditions
one peak is found at longer wavelengths.? This is due to the ability of some of these hydroxylated
derivatives to act as photoacids.® There is also a notable difference in the number of peaks seen
in the emission spectra of the compounds based on the size and the intricacy of the compound.?
The small and symmetric compound napthalene (Figure 25, page 52) shows seven distinct
emission peaks while the large bulky benzo[a]pyrene (Figure 22, page 49) only shows three
distinct peaks. Again, this is due to the high degree of symmetry for naphthalene (D2n) vs.

benzo[a]pyrene (Cs).
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I11.  Excitation — Emission Matrices (EEMs)

High resolution excitation — emission matrices (EEMSs) of all compounds were obtained
using the range of excitations and emissions previously optimized and can be found in Table 3.
Both a contour (heat map) and three — dimensional (mesh) plot of each EEM is displayed
(Figures 32 — 55). Intensity units are listed as counts per second (CPS) relative to the R1 detector
that measures lamp intensity variations as a function of wavelength in millivolts (mV). Three —
dimensional scans show optimal excitation and emission in one spectra. Further, the additional
data offers better information for identification and analysis.” This provides more separation and
therefore better detection and characterization of different types of fluorescent compounds.
Comparison of two — dimensional excitation and emission spectra with the three — dimensional
EEMs show no variations in compound fluorescence.® As mentioned in the introduction first
order Rayleigh scattering can be seen in some compounds due to the overlapping of wavelengths

scanned in the excitation and emission monochromators.??

Compound Name | A ex (nm) (range) | A em (NM) (range)
Acenaphthene 260-330 300-380
Anthracene 260-390 350-475
Benzo [a] pyrene 260-400 375-480
Fluoranthene 260-380 375-600
Fluorene 250-310 290-350
Naphthalene 260-320 300-400
1 — Naphthol 260-340 300-600
2 — Naphthol 260-350 325-440
Phenanthrene 260-300 330-430
9 — Phenanthrol 260-380 350-480
Pyrene 260-360 350-460
1 — Pyrenol 260-390 375-460

Table 3: Optimum EEM wavelength parameters for a standard quartz cuvette.

60



320

310

300

290

Excitation (nm)

280

270

260
310 320 330 340 350 360 370 380
Emission (nm)

Figure 32: Contour plot of acenaphthene in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 33: Three — dimensional mesh plot of acenaphthene in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of acenaphthene in 75 % ethanol is shown in Figure 32 and 33. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of acenaphthene (2.14 x 10’ CPS/mV) can be seen at an
excitation of 288 nm and an emission of 321 nm. First order Rayleigh lines are apparent in
acenaphthene beginning at excitation wavelengths of approximately 310 — 320 nm and emission
wavelengths of approximately 310 — 320 nm. The mesh plot shows substantial structure in the
excitation and emission spectra of acenaphthene, rigidity of the naphthalene portion of the

molecule and its vibration patterns between the ground (So) and excited states (S1).
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Figure 34: Contour plot of anthracene in 75 % ethanol in a standard quartz fluorescence cuvette.
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Figure 35: Three — dimensional mesh plot of anthracene in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of anthracene in 75 % ethanol is shown in Figure 34 and 35. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of anthracene (7.65 x 10° CPS/mV) can be seen at an
excitation of 356 nm and an emission of 399 nm. First order Rayleigh lines are apparent in
anthracene beginning at an excitation wavelength of approximately 375 and an emission
wavelength of approximately 370 nm. The mesh plot shows finely structured excitation and

emission spectra of anthracene, which is characteristic of the rigidity of the molecule.
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Figure 36: Contour plot of benzo [a] pyrene in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 37: Three — dimensional mesh plot of benzo [a] pyrene in 75 % ethanol in a standard

quartz fluorescence cuvette.
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The EEM spectrum of benzo [a] pyrene in 75 % ethanol is shown in Figure 36 and 37. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal of benzo [a] pyrene (3.23 x 10° CPS/mV) can be
seen at an excitation of 296 nm and an emission of 404 nm. Any optical scattering is not present
for this compound. The mesh plot shows finely structured excitation and emission spectra of

benzo [a] pyrene, which is characteristic of the rigidity of the molecule.
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Figure 38: Contour plot of fluoranthene in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 39: Three — dimensional mesh plot of fluoranthene in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of fluoranthene in 75 % ethanol is shown in Figure 38 and 39. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of fluoranthene (6.45 x 10° CPS/mV) can be seen at an
excitation of 286 nm and an emission of 464 nm. Any optical scattering is not present for this
compound. The mesh plot shows structure in the excitation and emission spectra of fluoranthene,
which is characteristic of the flexibility of the molecule and its vibration patterns between the

ground (So) and excited states (S1).
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Figure 40: Contour plot of fluorene in 75 % ethanol in a standard quartz fluorescence cuvette.
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Figure 41: Three — dimensional mesh plot of fluorene in 75 % ethanol in a standard quartz
fluorescence cuvette.
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The EEM spectrum of fluorene in 75 % ethanol is shown in Figure 40 and 41. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of fluorene (4.61 x 10’ CPS/mV) can be seen at an
excitation of 261 nm and an emission of 302 nm. First order Rayleigh lines are apparent in
acenaphthene beginning at an excitation wavelength of approximately 300 nm and an emission
wavelength of approximately 300 nm. The mesh plot shows less structure in the excitation and
emission spectra of fluorene, which is characteristic of the flexibility of the molecule and an
essentially one principle vibrational mode causing relaxation between the ground (So) and

excited states (S1).
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Figure 42: Contour plot of naphthalene in 75 % ethanol in a standard quartz fluorescence cuvette.
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Figure 43: Three — dimensional mesh plot of naphthalene in 75 % ethanol in a standard quartz
fluorescence cuvette.
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The EEM spectrum of naphthalene in 75 % ethanol is shown in Figure 42 and 43. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of naphthalene (3.29 x 10° CPS/mV) can be seen at an
excitation of 275 nm and an emission of 321 nm. Any optical scattering is not present for this
compound. The mesh plot shows highly structured excitation and emission spectra of

naphthalene, which is characteristic of the rigidity of the molecule.
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Figure 44: Contour plot of 1 — naphthol in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 45: Three — dimensional mesh plot of 1 — naphthol in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of 1 — naphthol in 75 % ethanol is shown in Figure 40 and 41. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of 1 — naphthol (2.07 x 10° CPS/mV) can be seen at an
excitation of 295 nm and an emission of 464 nm. Any optical scattering is not present for this
compound. The mesh plot shows a lack of fine structure in the excitation and emission spectra of
1 — naphthol, which is characteristic of the flexibility of the molecule and its vibration patterns

between the ground (So) and excited states (S1).
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Figure 46: Contour plot of 2 — naphthol in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 47: Three — dimensional mesh plot of 2 — naphthol in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of 2 — naphthol in 75 % ethanol is shown in Figure 46 and 47. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of 2 — naphthol (8.93 x 10° CPS/mV) can be seen at an
excitation of 273 nm and an emission of 355 nm. First order Rayleigh lines are apparent in 2 —
naphthol beginning at an excitation wavelength of approximately 330 nm and an emission
wavelength of approximately 330 nm. The mesh plot shows a lack of fine structure in the
excitation and emission spectra of 2 — naphthol, which is characteristic of the flexibility of the

molecule and its vibration patterns between the ground (So) and excited states (Sz).
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Figure 48: Contour plot of phenathrene in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 49: Three — dimensional mesh plot of phenanthrene in 75 % ethanol in a standard quartz
fluorescence cuvette.
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The EEM spectrum of phenanthrene in 75 % ethanol is shown in Figure 48 and 49. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of phenanthrene (5.96 x 10° CPS/mV) can be seen at an
excitation of 260 nm and an emission of 346 nm. Any optical scattering is not present for this
compound. The mesh plot shows finely structured excitation and emission spectra of

phenanthrene, which is characteristic of the rigidity of the molecule.
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Figure 50: Contour plot of 9 — phenanthrol in 75 % ethanol in a standard quartz fluorescence

cuvette.
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Figure 51: Three —
dimensional mesh plot of 9 — phenanthrol in 75 % ethanol in a standard quartz fluorescence

cuvette.
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The EEM spectrum of 9 — phenanthrol in 75 % ethanol is shown in Figure 50 and 51. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal of 9 — phenanthrol (1.64 x 10’ CPS/mV) can be
seen at an excitation of 260 nm and an emission of 387 nm. Any optical scattering is not present
for this compound. The mesh plot shows a lack of fine structure in the excitation and emission
spectra of 9 — phenanthrol, which is characteristic of the flexibility of the molecule and its

vibration patterns between the ground (So) and excited states (S1).
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Figure 52: Contour plot of pyrene in 75 % ethanol in a standard quartz fluorescence cuvette.
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Figure 53: Three — dimensional mesh plot of pyrene in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of pyrene in 75 % ethanol is shown in Figure 52 and 83. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of pyrene (9.64 x 10° CPS/mV) can be seen at an
excitation of 272 nm and an emission of 372 nm. Any optical scattering is not present for this
compound. The mesh plot shows finely structured excitation and emission spectra of pyrene,

which is characteristic of the rigidity of the molecule.
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Figure 54: Contour plot of 1 — pyrenol in 75 % ethanol in a standard quartz fluorescence cuvette.
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Figure 55: Three — dimensional mesh plot of 1 — pyrenol in 75 % ethanol in a standard quartz

fluorescence cuvette.
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The EEM spectrum of 1 — pyrenol in 75 % ethanol is shown in Figure 54 and 55. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal of 1 — pyrenol (3.86 x 10" CPS/mV) can be seen at an
excitation of 277 nm and an emission of 386 nm. First order Rayleigh lines are apparent in 1 —
pyrenol beginning at an excitation wavelength of approximately 380 nm and an emission
wavelength of approximately 380 nm. The mesh plot shows a lack of fine structure in the
excitation and emission spectra of 1 — pyrenol, which is characteristic of the flexibility of the

molecule and its vibration patterns between the ground (So) and excited states (Sz).
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IV. Quantum Yields

The quantum efficiencies, or yields, (@) were calculated using Equation 2. Quantum
yields can change depending on temperature and solvent. Substitutions on parent fluorophores
will also change the nature of the quantum yield. The quantum yields of the PAHSs and their
metabolites were measured using a reference standard appropriate to the particular fluorophore.?
Reference standards were chosen based on similar excitation (absorption) wavelength (nm) and
intensity of absorption peaks were kept similar using concentration of sample and reference.
Tables 4 — 9 on pages 85 — 90 show the quantum yield data for all PAHSs studied using various
reference standards (known quantum yields) optimizing for excitation (absorption) wavelength

(nm) and intensity of absorption peak.

Compound Name 1 — Naphthol | Fluoranthene | Benzo [a] pyrene
area under emission curve 8 8 ;
1.01x 10 3.2x10 2.86 x 10
(sample)
area under emission curve 8 g ;
7.93 x 10 9.76 x 10 4.67 x 10
(standard)
absorbance of sample at
. 0.12 0.15 0.09
excitation wavelength
absorbance of standard at
. 0.13 0.15 0.1
excitation wavelength
refractive index of
1.86 1.86 1.86
sample solvent (squared)
refractive index of
1.81 181 181
standard solvent (squared)
@ (standard) 0.546 0.546 0.546
@ (sample) 0.065 0.19 0.31

Table 4: Quantum Yields of polycyclic aromatic hydrocarbons and metabolites using quinine

bisulfate in 0.5 M H2SOa4.
Table 4 shows quantum yield data when quinine bisulfate in 0.5 M H2SO4 was used as a

reference standard for 1 — naphthol, fluoranthene, and benzo [a] pyrene at excitation wavelengths
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of 324 nm, 342 nm, and 302 nm respectively. 1 — naphthol in cyclohexane has a quantum yield
of 0.21 while in a non-polar solvent (solvent not specified in reference) it has a quantum yield of
0.17.° When placed in 75 % ethanol, the quantum yield of 1 — naphthol drops significantly to
0.065. The higher polarity of the solvent as well as hydrogen bonding with the addition of the
hydroxyl group decreases the quantum efficiency of the molecule. Fluoranthene has a quantum
yield of 0.21 in a polar solvent.? In 75 % ethanol, the quantum yield of fluoranthene is 0.19. The
change in solvent only slightly decreases the quantum efficiency of the molecule. Benzo [a]
pyrene has a quantum yield of 0.42 in a polar solvent.X® The change of solvent to 75 % ethanol

decreases the quantum efficiency to 0.31.

Compound Name Anthracene | 1—Pyrenol | 9 —Phenanthrol | 2 — Naphthol
area under emission curve 8 g 7 8
1.93x 10 4.73 x 10 6.34 x 10 2.07 x 10
(sample)
area under emission curve 8 g ; 8
1.75%x 10 1.67 x 10 474 x 10 1.46 x 10
(standard)
absorbance of sample at
o 0.094 0.089 0.063 0.084
excitation wavelength
absorbance of standard at
o 0.099 0.099 0.071 0.084
excitation wavelength
refractive index of
1.86 1.86 1.86 1.86
sample solvent (squared)
refractive index of
1.85 1.85 1.85 1.85
standard solvent (squared)
@ (standard) 0.27 0.27 0.27 0.27
@ (sample) 0.29 0.69 0.32 0.39

Table 5: Quantum Yields of polycyclic aromatic hydrocarbons and metabolites using anthracene
in 100 % ethanol.

Table 5 shows quantum yield data when anthracene in 100 % ethanol is used as a reference
standard for anthracene, 1 — pyrenol, 9 — phenanthrol, and 2 — naphthol at excitation wavelengths

of 310 nm, 340 nm, 310 nm, and 330 nm respectively. Anthracene in 100 % ethanol has a
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quantum efficiency of 0.27 while in 75 % ethanol its quantum yield is 0.29, only a slight increase
with the addition of water.!! 1 — Pyrenol has a quantum yield of 0.66 in a 5 mM phosphate buffer
at pH 8, while in 75 % ethanol it showed a quantum efficiency of 0.69, a slight increase with a
decrease in pH.'? 9 — Phenanthrol does not have a known quantum yield for comparison. It is
shown to have a quantum efficiency of 0.32 in 75 % ethanol. 2 — Naphthol has a quantum yield
of 0.27 in a non-polar solvent and 0.32 in cyclohexane.® In 75 % ethanol the quantum yield of 2

— naphthol increases to 0.39.

Compound Name Naphthalene
area under emission curve ;
5.96 x 10
(sample)
area under emission curve ;
2.55 x 10
(standard)
absorbance of sample at
. 0.091
excitation wavelength
absorbance of standard at
. 0.090
excitation wavelength
refractive index of sample 186
solvent (squared) '
refractive index of standard 185
solvent (squared) '
@ (standard) 0.205
@ (sample) 0.49

Table 6: Quantum Yields of polycyclic aromatic hydrocarbons and metabolites using

naphthalene in 100 % ethanol.

Table 6 shows quantum yield studies of compounds when naphthalene in 100 % ethanol is
used a reference standard for naphthalene in 75 % ethanol at an excitation wavelength of 266
nm. Naphthalene has a quantum yield of 0.205 in 100 % ethanol, but with the addition of water,

making the solvent more polar, the quantum yield increases to 0.49.1
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Compound Name Phenanthrene | Acenaphthene
area under emission curve (sample) 5.18 x 107 3.68 x 107
area under emission curve ; ;
1.21x10 1.05 x 10
(standard)
absorbance of sample at excitation
0.087 0.063
wavelength
absorbance of standard at
e 0.081 0.074
excitation wavelength
refractive index of sample solvent
1.86 1.86
(squared)
refractive index of standard solvent
1.85 1.85
(squared)
@ (standard) 0.125 0.125
@ (sample) 0.58 0.38

Table 7: Quantum Yields of polycyclic aromatic hydrocarbons and metabolites using
phenanthrene in 100 % ethanol.

Table 7 shows the quantum yields when phenanthrene in 100 % ethanol is used as a reference
standard for phenanthrene in 75 % ethanol, and acenaphthene at excitation wavelengths of 294
nm and 282 nm respectively. Phenanthrene has a quantum yield of 0.125 in 100 % ethanol, but
with the addition of water, making the solvent more polar, the quantum yield increases to 0.58.1
Acenaphthene has a quantum yield of 0.39 in a polar solvent and 0.60 in cyclohexane, while in

75 % ethanol it shows a quantum efficiency of 0.38.%3
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Compound Name Pyrene
area under emission curve (sample) | 3.44 x 10’
area under emission curve ;
1.83x 10
(standard)
absorbance of sample at excitation
0.077
wavelength
absorbance of standard at excitation 0.096
wavelength '
refractive index of sample solvent 186
(squared) '
refractive index of standard solvent 185
(squared) '
@ (standard) 0.53
@ (sample) 0.81

Table 8: Quantum Yields of polycyclic aromatic hydrocarbons and metabolites using pyrene in
100 % ethanol.

Table 8 shows the quantum yields when pyrene in 100 % ethanol is used as a reference
standard for pyrene in 75 % ethanol at an excitation wavelength of 274 nm. Pyrene has a
quantum yield of 0.53 in 100 % ethanol, while in 75 % ethanol it has a much higher quantum
efficiency of 0.81.1! The addition of water to the ethanol increases the polarity of the solvent and

therefore increased the quantum yield.
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Compound Name Fluorene
area under emission curve (sample) | 7.63 x 10’
area under emission curve 8
1.37 x 10
(standard)
absorbance of sample at excitation
0.057
wavelength
absorbance of standard at excitation 0.073
wavelength '
refractive index of sample solvent 186
(squared) '
refractive index of standard solvent 185
(squared) '
@ (standard) 0.68
@ (sample) 0.30

Table 9: Quantum Yields of polycyclic aromatic hydrocarbons and metabolites using fluorene in
100 % ethanol.

Table 9 shows quantum yield when fluorene in 100 % ethanol is used as a reference standard
for fluorene in 75 % ethanol at an excitation wavelength of 272 nm. Fluorene in 100 % ethanol
has a quantum yield of 0.68, while in 75 % ethanol the quantum efficiency of fluorene decreases
to 0.30.1! The increased polarity of the solvent decreases the quantum yield.

Determination of these quantum yields using 75 % ethanol as a solvent was performed
initially to decide how well the compounds could potentially be affected by the use of the
microwell plate and fiber optic cable. A lower initial fluorescence intensity while using a cuvette

could be significantly diminished or eliminated (lost) during use of the fiber optic cable.

90



V. Limits of Detection and Quantitation

Calibration plots for each compound were made with the concentrations adjusted because of
the variation in quantum yields. Low quantum yield fluorophores produced higher concentrations
for calibration than high quantum yield fluorophores. It is useful to think of the quantum yield as
the equivalent of the extinction coefficient in absorption spectroscopy. The signal intensity of the
highest peak from the emission spectra was used in the plot. Calibration plots for each compound
were used to determine both the limit of detection (LoD) and the limit of quantitation (LoQ).**
Calibration plots can be seen in even numbered Figures 56 — 78. LoD and LoQ were determined
by Equation 5 and 6. Limits of detection range from 6.4 x 10 and 9.4 x 10 mg/mL while limits
of quantitation range from 2.1 x 10° and 5 x 10 mg/mL. The accuracy of the limits of detection
and quantitation were also tested and can be seen in odd numbered Figures 57 — 79. It can be
seen from these accuracy tests that the spectra of all of the compounds were well above the base
line of a cuvette only filled with the solvent. It can also be seen that all the original peaks from
the emission spectra were intact and clearly visible. The method for calculating the LoD and
LoQ for each compound is on the conservative side, underestimating a true concentration for
detection and quantitation. This will be further elaborated upon in the discussion and

conclusions.
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Compound Slope Intercept R?
Acenaphthene | 1.13x10® | 3.35x 10* | 0.998
Anthracene 5.43 x 107 | 1.13 x10* | 0.999
Benzo [a] pyrene | 1.45x10° | 2.63 x 10% | 0.994
Fluoranthene 1.91x 10" | 1.71x 10° | 0.998
Fluorene 2.78 x 10® | 1.18 x 10* | 0.998
Naphthalene 2.23x 10" | 2.58 x 10% | 0.998
1 — Naphthol 6.47 x 10 | 6.24 x 10° | 0.985
2 — Naphthol 2.96 x 10" | 5.80 x 10° | 0.999
Phenanthrene 5.38 x 107 | 4.22 x10° | 0.999
9 — Phenanthrol | 6.63 x 107 | 2.59 x 10* | 0.999
Pyrene 8.34 x 108 | 4.88 x 10* | 0.991
1 - Pyrenol 2.78 x 108 | 5.85x 10% | 0.997

Table 10: Calibration plot analysis of PAHs and metabolites in 75 % ethanol in a standard quartz
fluorescence cuvette.

Table 10 shows the analysis of the calibration plots including the slope, intercept, and r?
value.®® Correlation of the slope (r? value) for most of the compounds were 0.99. 1 — Naphthol
was the only compound that showed a lower correlation of 0.985. This lower correlation can be
explained by the quantum yield of 1 — naphthol. It has the lowest quantum yield of the
compounds tested therefore it was the hardest to regulate the intensity of signal at low

concentrations.
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Compound -ob LoQ
(mg/mL) | (mg/mL)
Acenaphthene 1.7 x10* | 5.8 x10*
Anthracene 1.3x10* | 4.2x10*
Benzo [a] pyrene | 6.4x10% | 2.1x10°
Fluoranthene 1.8x10% | 59x10*
Fluorene 3.8x10° | 1.3x10*
Naphthalene 1.3x10* | 43x10*
1 — Naphthol 9.4x10* | 3.1x10°%
2 — Naphthol 1.4x10* | 48x10*
Phenanthrene 50x10° | 1.7x10*
9 — Phenanthrol | 1.4 x10* | 4.8 x 10*
Pyrene 6.1x10° | 2.0x10*
1 — Pyrenol 3.7x10% | 1.2x10*

Table 11: Limits of detection and quantitation values of PAHs and metabolites in 75 % ethanol
in a standard quartz fluorescence cuvette.

Table 11 shows the values of limit of detection and quantitation for all the compounds.
Compounds with higher quantum yields had lower limits of detection, such as pyrene, while
compounds with lower quantum yield had higher limits of detection, such as 1 — naphthol. Benzo

[a] pyrene had lower limits of detection despite showing a lower quantum yield.
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Figure 56: Calibration plot of acenaphthene in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of acenaphthene in 75 % ethanol can be seen in Figure 56. Seven
points were used to construct the plot using an excitation wavelength of 290 nm and an emission
wavelength of 338 nm. The concentration of 0.0003 mg/mL yielded a fluorescence intensity of
5.3 x 10* CPS/mv while a concentration of 0.006 mg/mL yielded a fluorescence intensity of 7.0

x 10° CPS/mV. The R? value for this calibration plot was 0.998.
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Figure 57: Accuracy of calculations for limit of detection and quantitation of acenaphthene in 75

% ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed

using the calibration plots to determine the LoD and LoQ of acenaphthene in 75 % ethanol and

can be seen in Figure 57. The LoD calculated is 1.74 x 10* mg/mL and produces a fluorescence

intensity of 5.1 x 10* CPS/mV. The LoQ calculated is 5.80 x 10 mg/mL and produces a

fluorescence intensity of 9.2 x 10* CPS/mV.
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Figure 58: Calibration plot of anthracene in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of anthracene in 75 % ethanol can be seen in Figure 58. Seven points
were used to construct the plot using an excitation wavelength of 340 nm and an emission
wavelength of 425 nm. The concentration of 0.0003 mg/mL yielded a fluorescence intensity of
2.2 x 10* CPS/mV and a concentration of 0.007 mg/mL vyielded a fluorescence intensity of 3.9 x

10° CPS/mV. The R? value for this calibration plot was 0.999.
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Figure 59: Accuracy of calculations for limit of detection and quantitation of anthracene in 75 %
ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of anthracene in 75 % ethanol and can
be seen in Figure 59. The LoD calculated is 1.26 x 10 mg/mL and produces a fluorescence
intensity of 4.1 x 10* CPS/mV. The LoQ calculated is 4.18 x 10* mg/mL and produces a

fluorescence intensity of 5.6 x 10* CPS/mV.
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Figure 60: Calibration plot of benzo [a] pyrene in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of benzo [a] pyrene in 75 % ethanol can be seen in Figure 60. Seven
points were used to construct the plot using an excitation wavelength of 296 nm and an emission
wavelength of 404 nm. The concentration of 0.00003 mg/mL yielded a fluorescence intensity of
4.6 x 10* CPS/mv while a concentration of 0.00009 mg/mL yielded a fluorescence intensity of

1.4 x 10° CPS/mV. The R? value for this calibration plot was 0.994.
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Figure 61: Accuracy of calculations for limit of detection and quantitation of benzo [a] pyrene in
75 % ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of benzo [a] pyrene in 75 % ethanol
and can be seen in Figure 61. The LoD calculated is 6.39 x 10 mg/mL and produces a
fluorescence intensity of 1.2 x 10* CPS/mV. The LoQ calculated is 2.13 x 10> mg/mL and

produces a fluorescence intensity of 3.4 x 10* CPS/mV.
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Figure 62: Calibration plot of fluoranthene in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of fluoranthene in 75 % ethanol can be seen in Figure 62. Seven
points were used to construct the plot using an excitation wavelength of 308 nm and an emission
wavelength of 462 nm. The concentration of 0.0003 mg/mL yielded a fluorescence intensity of
6.0 x 10° CPS/mv while a concentration of 0.005 mg/mL yielded a fluorescence intensity of 9.8

x 10* CPS/mV. The R? value for this calibration plot was 0.998.
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Figure 63: Accuracy of calculations for limit of detection and quantitation of fluoranthene in 75
% ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of fluoranthene in 75 % ethanol and
can be seen in Figure 63. The LoD calculated is 1.77 x 10* mg/mL and produces a fluorescence
intensity of 5.1 x 103 CPS/mV. The LoQ calculated is 5.89 x 10* mg/mL and produces a
fluorescence intensity of 1.3 x 10* CPS/mV.
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Figure 64: Calibration plot of fluorene in 75 % ethanol in a standard quartz fluorescence cuvette.
The calibration plot of fluorene in 75 % ethanol can be seen in Figure 64. Seven points
were used to construct the plot using an excitation wavelength of 262 nm and an emission
wavelength of 303 nm. The concentration of 0.0001 mg/mL yielded a fluorescence intensity of
3.9 x 10* CPS/mv while a concentration of 0.00085 mg/mL yielded a fluorescence intensity of

2.4 x 10° CPS/mV. The R? value for this calibration plot was 0.998.
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Figure 65: Accuracy of calculations for limit of detection and quantitation of fluorene in 75 %

ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed

using the calibration plots to determine the LoD and LoQ of fluorene in 75 % ethanol and can be

seen in Figure 65. The LoD calculated is 3.76 x 10° mg/mL and produces a fluorescence

intensity of 2.2 x 10* CPS/mV. The LoQ calculated is 1.25 x 10 mg/mL and produces a

fluorescence intensity of 4.6 x 10* CPS/mV.
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Figure 66: Calibration plot of naphthalene in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of naphthalene in 75 % ethanol can be seen in Figure 66. Seven
points were used to construct the plot using an excitation wavelength of 286 nm and an emission
wavelength of 337 nm. The concentration of 0.0005 mg/mL yielded a fluorescence intensity of
1.1 x 10* CPS/mv while a concentration of 0.004 mg/mL yielded a fluorescence intensity of 8.8

x 10° CPS/mV. The R? value for this calibration plot was 0.998.

104



16000

14000 4 2 — 75 % Ethanol
.'| smunnmn | imit of Detection
I |“ = = = Limit of Quantification

12000 A i
)
o
©, 10000 -
2
2
= 8000 -
D
(&
[
D
2
5 6000 -
=]
LL

4000 -

2000

0 I I I I I I
300 320 340 360 380 400

Wavelength (nm)

Figure 67: Accuracy of calculations for limit of detection and quantitation of naphthalene in 75
% ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of naphthalene in 75 % ethanol and
can be seen in Figure 67. The LoD calculated is 1.30 x 10* mg/mL and produces a fluorescence
intensity of 3.2 x 103 CPS/mV. The LoQ calculated is 4.34 x 10* mg/mL and produces a
fluorescence intensity of 9.9 x 10° CPS/mV.
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Figure 68: Calibration plot of 1 — naphthol in 75 % ethanol in a standard quartz fluorescence
cuvette.
The calibration plot of 1 — naphthol in 75 % ethanol can be seen in Figure 68. Seven
points were used to construct the plot using an excitation wavelength of 296 nm and an emission
wavelength of 368 nm. The concentration of 0.001 mg/mL yielded a fluorescence intensity of 9.8

x 10® CPS/mv while 0.009 mg/mL yielded a fluorescence intensity of 6.2 x 10* CPS/mV. The R?

value for this calibration plot was 0.985.
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Figure 69: Accuracy of calculations for limit of detection and quantitation of 1 — naphthol in 75

% ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed

using the calibration plots to determine the LoD and LoQ of 1 — naphthol in 75 % ethanol and

can be seen in Figure 69. The LoD calculated is 9.36 x 10* mg/mL and produces a fluorescence

intensity of 1.2 x 10* CPS/mV. The LoQ calculated is 3.12 x 10° mg/mL and produces a

fluorescence intensity of 2.6 x 10* CPS/mV.
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Figure 70: Calibration plot of 2 — naphthol in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of 2 — naphthol in 75 % ethanol can be seen in Figure 70. Seven
points were used to construct the plot using an excitation wavelength of 264 nm and an emission
wavelength of 358 nm. The concentration of 0.0005 mg/mL vyielded a fluorescence intensity of
2.0 x 10* CPS/mv while a 0.005 mg/mL yielded a fluorescence intensity of 1.5 x 10° CPS/mV.

The R? value for this calibration plot was 0.999.
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Figure 71: Accuracy of calculations for limit of detection and quantitation of 2 — naphthol in 75
% ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of 2 — naphthol in 75 % ethanol and
can be seen in Figure 71. The LoD calculated is 1.44 x 10* mg/mL and produces a fluorescence
intensity of 1.0 x 10* CPS/mV. The LoQ calculated is 4.79 x 10 mg/mL and produces a
fluorescence intensity of 2.0 x 10* CPS/mV.
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Figure 72: Calibration plot of phenanthrene in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of phenanthrene in 75 % ethanol can be seen in Figure 72. Seven
points were used to construct the plot using an excitation wavelength of 294 nm and an emission
wavelength of 366 nm. The concentration of 0.0004 mg/mL yielded a fluorescence intensity of
2.7 x 10* CPS/mv while a concentration of 0.0025 mg/mL yielded a fluorescence intensity of 1.4

x 10° CPS/mV. The R? value for this calibration plot was 0.999.
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Figure 73: Accuracy of calculations for limit of detection and quantitation of phenanthrene in 75
% ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of phenanthrene in 75 % ethanol and
can be seen in Figure 73. The LoD calculated is 4.97 x 10> mg/mL and produces a fluorescence
intensity of 6.9 x 103 CPS/mV. The LoQ calculated is 1.66 x 10 mg/mL and produces a
fluorescence intensity of 1.3 x 10* CPS/mV.
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Figure 74: Calibration plot of 9 — phenanthrol in 75 % ethanol in a standard quartz fluorescence
cuvette.
The calibration plot of 9 — phenanthrol in 75 % ethanol can be seen in Figure 74. Seven
points were used to construct the plot using an excitation wavelength of 304 nm and an emission
wavelength of 389 nm. The concentration of 0.0007 mg/mL yielded a fluorescence intensity of

6.9 x 10* CPS/mv while a concentration 0.006 mg/mL yielded a fluorescence intensity of 4.2 x

10° CPS/mV. The R? value for this calibration plot was 0.999.
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Figure 75: Accuracy of calculations for limit of detection and quantitation of 9 — phenanthrol in

75 % ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of 9 — phenanthrol in 75 % ethanol and
can be seen in Figure 75. The LoD calculated is 1.44 x 10* mg/mL and produces a fluorescence
intensity of 3.5 x 10* CPS/mV. The LoQ calculated is 4.81 x 10* mg/mL and produces a

fluorescence intensity of 5.8 x 10* CPS/mV.
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Figure 76: Calibration plot of pyrene in 75 % ethanol in a standard quartz fluorescence cuvette.
The calibration plot of pyrene in 75 % ethanol can be seen in Figure 76. Seven points
were used to construct the plot using an excitation wavelength of 334 nm and an emission
wavelength of 372 nm. The concentration of 0.00007 mg/mL yielded a fluorescence intensity of
8.9 x 10* CPS/mv while a concentration of 0.0008 mg/mL yielded a fluorescence intensity of 7.3

x 10° CPS/mV. The R? value for this calibration plot was 0.991.

114



Fluorescence Intensity (CPS)

Figure 77: Accuracy of calculations for limit of detection and quantitation of pyrene in 75 %

3e+5
|
= e 75 % Ethanol
3645 i sunmnnn | mit of Detection
i A = = = [jmit of Quantification
n i
I 1
il i!
2e+5 - = |
P
okt
TR
TR
2e+5 i
T ,‘I’ ]
it
B %
1e+5 - E': = \
B 5.0 W
E H L] - o r ‘
E :{-'.r - L \‘
Se+4 "
l -l.-- ‘
] ". \\
" 'l. -
' ll.--:-}
0 ——H_'_
340 380 400 420 440 460 480
Wavelength (nm)

ethanol in a standard quartz fluorescence cuvette.

using the calibration plots to determine the LoD and LoQ of pyrene in 75 % ethanol and can be

An emission spectrum was generated to test the accuracy of the calculations performed

seen in Figure 77. The LoD calculated is 6.14 x 10° mg/mL and produces a fluorescence

intensity of 5.6 x 10° CPS/mV. The LoQ calculated is 2.05 x 10 mg/mL and produces a

fluorescence intensity of 2.2 x 10° CPS/mV.
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Figure 78: Calibration plot of 1 — pyrenol in 75 % ethanol in a standard quartz fluorescence
cuvette.

The calibration plot of 1 — pyrenol in 75 % ethanol can be seen in Figure 78. Seven points
were used to construct the plot using an excitation wavelength of 268 nm and an emission
wavelength of 409 nm. The concentration of 0.0002 mg/mL yielded a fluorescence intensity of
6.0 x 10* CPS/mv while a concentration of 0.0008 mg/mL yielded a fluorescence intensity of 2.3

x 10° CPS/mV. The R? value for this calibration plot was 0.997.
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ethanol in a standard quartz fluorescence cuvette.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots to determine the LoD and LoQ of 1 — pyrenol in 75 % ethanol and can

be seen in Figure 79. The LoD calculated is 3.69 x 10 mg/mL and produces a fluorescence

intensity of 1.1 x 10* CPS/mV. The LoQ calculated is 1.23 x 10* mg/mL and produces a

fluorescence intensity of 3.5 x 10* CPS/mV.
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VI.  Cuvette Cleaning

For accurate and precise measurements, it was necessary to clean the standard quartz
fluorescence cuvettes scrupulously. When measurements of samples first began, cleaning was
minimal, and was done by rinsing with de-ionized water and 75 % ethanol. After several UV —
Vis scans of several different sample types, it was apparent that cross contamination between
samples was occurring. To eliminate this contamination NoChroMix was used. NoChroMix is a
white crystalline, inorganic oxidizer (likely potassium persulfate) packaged in pre-measured,
hermetically sealed pouches. When mixed with sulfuric acid, it forms a strong cleaning solution
which chemically cleans glassware without leaving residue on the glass surface, removing stains
and deposits, and rinses freely.® Cuvettes were soaked in solution overnight, removed and
soaked in de-ionized water for 30 minutes. They were then rinsed with 75 % ethanol before use.
To ensure that this cleaning technique was sufficient measurements of 75 % ethanol alone were
taken. Residual amounts of sample were still present in absorption scans. A more powerful
cleaning method was needed.

The Horiba Fluorolog-3 Spectrophotometer operation manual has a chapter describing how
to optimize data. The first page of the chapter describes cuvette preparation which included
cleaning sample cells systematically before use to diminish background influences.!’ This
process includes soaking cuvettes in a 50 % aqueous solution of nitric acid for 24 hours, rinsing
with deionized water, cleaning with Alconox and a test tube brush, re-rinsing with de-ionized
water, soaking in concentrated nitric acid, and rinsing a final time. This method was performed,
and absorbance spectra of 75 % ethanol were measured. There was no apparent residual
contamination of samples. However, this method is very time consuming and tedious.

To save time while still removing all contamination a new method for cuvette cleaning was
developed. This method is similar to the Horiba operations manual, however some steps have
been eliminated or condensed.!” Cuvettes were soaked in a 50 % aqueous nitric acid solution for
8 — 12 hours. They were removed from solution and rinsed with de-ionized water using a cuvette

washer. The all-plastic washer replaces old-fashioned devices that are often more fragile than the
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cuvettes themselves.!® The mouth of the inverted cuvette is pressed against the rubber cushion to
induce suction. De — ionized water is poured into the funnel and is forcibly sprayed into the
cuvette and drained into the flask. Continued pressure on the cuvette creates an airflow which
dries it. The cuvettes are then soaked in concentrated nitric acid for an additional hour and re —
rinsed using the cuvette washer. Before the sample is introduced, the cuvette is gently rinsed
with 75 % ethanol. It is important to note that only one sample type can be used per cleaned
cuvette, i.e. only naphthalene at varying concentration can be placed in one cuvette while another
cuvette must be used to hold pyrene. This method works very well to eliminate all
contamination. Variations of this procedure were tested however some amounts of residual

contamination can be found. This method was developed to optimize both cleaning and time.
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VIl.  MicroMax Plate Reader
There were several obstacles to address before any data could be collected with the plate
reader. Many of the issues faced were due to the fiber optic assembly. When using the plate
reader, both the excitation and emission signals must travel through the fiber optic cable all while
making sure that the signal accurately focused on the sample and not the top or the bottom of the
microwell plate itself.}” In addition, the types of plates used were also a factor that needed to be
addressed. Minimization of background scattering signals was a priority to minimize spectral
distortion. Due to the volatility of the solvent used for preparation of all the samples, an adhesive
plastic film cover was employed to minimize evaporation of the solvent. These issues were
addressed below.
I. Fiber Optic Positioning
Horiba Scientific's MicroMax 384 Microwell-Plate Reader Operation Manual describes

the calibration and alignment of the MicroMax 384. The manual is vague on the exact placement
of the fiber optic assembly as seen in Figure 80.1" Determination of an optimal position for the
assembly was done by preparing a 100 nM sample of fluorescein in 0.1 N NaOH according the
manual directions. The microwell plate was filled to a maximum volume of 200 pL and placed in
the MicroMax. Within the FluorEssence program the monochromators were set to 485 nm and
513 nm for excitation and emission of fluorescein respectively. The signal was recorded
continuously, and the fiber optic cable was moved up and down to obtain the maximum signal
intensity. Once this signal was found, the fiber optic cable was held in position with a screw on
the assembly. The assembly and screw were taped in place to minimize movement of the fiber
optic cable. Additional studies were performed to guarantee that the placement of the assembly

was correct. The results of these studies can be found in the following sections.
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Figure 80: Positioning variance of fiber optic cable in MicroMax microwell plate reader. Photo
courtesy of Lauren M. Ridley-Hoffman.

ii. Microwell Plates

In addition to being vague on the placement of the fiber optic assembly, there was an
uncertainty regarding the type of microwell plates that should be used. In order to produce
accurate results as compared to a standard quartz fluorescence cuvette, several plates were tested.
An optimal microwell plate would produce a background (blank with no solvent) signal similar
(as low as) to the same conditions in a cuvette. The first plates suggested by Horiba were made
of black polystyrene, including the bottom of the well. Horiba states that background, auto —
fluorescence and inter-well crosstalk are improved with Nunc Black or White microplates. Black
microplates were recommended for florescence measurements.'® The recommended plates had
large background scattering with solvent (75 % ethanol), compared to a standard quartz
fluorescence cuvette. Intensity of signal for the black plate was approximately 45,000 CPS, while

the average intensity of signal in a standard quartz fluorescence cuvette is approximately 660
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CPS. To attempt to minimize this background scatter, glass bottom plates were explored. Glass
bottom plates have well walls made of black polystyrene, while the bottom of the well is made
with glass and are flat bottomed versus round like an all-black polystyrene plate. Several of these
plates were tested and the results can be seen in Figure 81. Types of glass bottom plates included
a shallow well plate where the well was square but not deep and could hold 300 pL, while the
deep well plate had a circular well that was deeper in height, but could only hold 200 uL of
solution.?% 2t When compared to the average background scatter signal of a standard quartz
fluorescence cuvette of 660 CPS, the shallow well plate showed an average signal of 25,000 CPS
while the deep well plate had an average signal of 4,000 CPS. Although not an exact match for
signal in the cuvette due to the assembly and inner workings of the fiber optic cable, the deep
well glass bottom plate was chosen as the best for use.

Several additional studies were performed to ensure that the best plate was chosen.
Figures 82 and 83 show several reproducibility studies of the microwell plate. Figure 82 shows
the background scatter of the same plate using three different wells of solvent (75 % ethanol)
only. It can be seen here that even a change in well will have a change in background scatter.
Additional study was done using the standard 100 nM fluorescein to ascertain the source of this
error. The results can be seen in Figure 83. It was determined that at the max peak of intensity of
fluorescein (which was measured to be 517 nm, not the 513 nm which the Horiba manual had
stated) the average signal intensity over all 96 wells was 174,200 CPS and had a + 10,500 CPS
standard deviation and a 6% RSD. This % RSD was within the error of an Eppendorf pipette??
(the % RSD for a typical Eppendorf pipette is 5 — 10 %). The variability between wells is within
this deviation. It appears that the key source of error is due to the pipette used for sample transfer
and not the plate or wells themselves. As Eppendorf-type pipets are the ones most commonly
used by environmental and biological scientists, improving on this error via other types of pipets

or syringes is not useful to the goals at hand.
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Figure 83: Reproducibility between wells of the same deep well glass bottom microwell plate
using a standard solution of fluorescein (100 nM in 0.1 N NaOH) filled using an Eppendorf
pipette.

iii.  Well Fill Depths

Once the correct plates were chosen and the Eppendorf pipette error was determined, the
effects of fill volume were investigated. Each well can hold a maximum of 200 uL, however, the
optimal fill volume for maximum signal was unknown. Several tests were performed to
determine the optimal fill volume. Figures 84 and 85 show studies using 1 — naphthol. Fill
volumes from 85 pL to 200 pL with a 5 pL interval were tested. The slit was varied as well to
maximize signal intensity. The effect of adhesive plastic film covers relative to open top plates
was also investigated. Film covers were used to prevent evaporation of solvent when running
lengthy experiments (See the next section for the discussion of the film covers). Figure 84 shows
the intensity of signal for a covered plate and an uncovered plate. It can be seen in this graph
between 120 pL and 125 L the uncovered plate reaches a maximum signal and plateaus at
higher fill volumes. For the same fill volume, the covered plate showed a decrease in signal
intensity and plateaus at low intensity for fill volumes above 125 pL. It can be determined from
this graph that at approximately 125 pL one can expect to see the greatest signal of 1 — naphthol

in a covered or uncovered plate. Figure 85 is a three — dimensional graph showing intensity of
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signal as a function of fill volume and slit width on both covered and uncovered plates. It
becomes very apparent on this graph that at approximately 125 pL fill volume there is a strong
signal intensity at all slit widths. This confirms that the previously determined fill volume of 125
ML yields the most intense signal.

To further confirm a fill volume of 125 uL, the same studies were performed using 1 —
pyrenol. The main difference between 1 — naphthol and 1 — pyrenol is their quantum yields. 1 —
Naphthol has a very low quantum yield of 0.065 while the quantum yield of 1 — pyrenol is 0.69,
a ten times higher quantum efficiency. Figure 86 shows the intensity of signal between a covered
plate and an uncovered plate. It can be concluded that between 125 uL and 130 pL the
uncovered plate reaches a maximum signal and plateaus at higher fill volumes. In the same fill
volume region, the covered plate shows a decrease in signal intensity and plateaus at low
intensity for higher fill volumes. Figure 87 is a three — dimensional graph showing intensity of
signal as a function of fill volume and slit width on both covered and uncovered plates. It can be
determined from this graph that due to the higher quantum yield of 1 — pyrenol there are several
more fill volumes and slit widths that would produce high intensity emission signals, including
125 uL. However, to accommodate the full range of quantum yields and all compounds of study,

125 pL was chosen as the fill volume for all remaining data collections.
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Iv. Optical Film Plate Covers

The optical film covers play a very significant role in the collection of data. Using a
solvent with a low boiling point means that evaporation will happen rapidly at room
temperatures. Once it was decided that film covers needed to be used, a small sample was
acquired from Applied Biosystems. Once these were consumed, a new larger batch was
purchased from VWR. Upon use, it was noticed that the same concentrations of compounds
that had previously shown data were no longer showing any signal. Since the only difference
was the type of film covered purchased, the absorbance of each film was tested. Both film
manufacturers state that their films are made for Real Time PCR, with a high optical clarity,
and are optimized for fluorescent DNA detection.?® 24 In order to test the optical clarity and
fluorescence optimization, a small rectangular piece of film was cut and applied to a standard
quartz fluorescence cuvette and a UV — Vis spectrum was generated for both types of film
and compared to the absorbance of a blank cuvette. Figure 88 shows the results. Since the
compounds of study mainly absorb photons between 260 nm and 400 nm, the VWR brand of
film purchased absorbs light in this same region. Therefore, any light coming through the
fiber optic cable was being absorbed before reaching the sample in the plate. The Applied
Biosystems film absorbs less light than even the cuvette in the region of concern and was

used for all remaining data collections.
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V. Excitation and Emission Spectrum

The emission and excitation spectra of all compounds were measured using the microwell
plate as the sample holder (Figures 89 — 100). Full excitation and emission spectra were
measured using concentrations of samples producing signals less than 1 x 106 counts per second
(CPS) and have been normalized using the maximum signal intensity for both the excitation and
emission. Monochromator positions for both excitation and emission remained consistent from
standard quartz fluorescence cuvette to microwell plate. However, the range of wavelengths
scanned was decreased (Tables 12 and 13). The microwell plate showed a large background
scatter signal at the beginning of all scans. To eliminate the presence of this large band, scans
were run according to cuvette parameters, but graphs were generated without using some of the
recorded data to show peaks caused only by fluorescence of the compounds. This discrepancy
between excitation and emission wavelength ranges in the cuvette and the plate are caused by
compounding factors. The fiber optic cable will always cause some distortion of the transmitted
through it in both directions. These factors contribute to the difference in ranges between the
cuvette and the plate. Any other differences in emission and excitation spectra between a
standard quartz fluorescence cuvette and a glass bottom microwell plate are due to the loss of
light intensity greater optical light path. Signal intensities for the same concentration of sample
will always be lower in the microwell plate since any excitation and emission signal must travel
through the fiber optic cable and an extra focusing lens twice before reaching the sample and

detector.
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Compound Lex(NM)  Aem (nm) (range)

Acenaphthene 290 319-360
Anthracene 340 365-455
Benzo [a] pyrene 296 390-460
Fluoranthene 308 375-550
Fluorene 262 280-400
Naphthalene 286 300-380
1 — Naphthol 296 306-580
2 — Naphthol 264 330-430
Phenanthrene 294 330-450
9 — Phenanthrol 304 350-470
Pyrene 294 350-475

1 - Pyrenol 268 375-475

Table 12: Optimum Emission Parameters in a microwell plate.

Compound Aem(NM) A ex (NmM) (range)
Acenaphthene 338 260-315
Anthracene 425 260-365
Benzo [a] pyrene 403 260-388
Fluoranthene 462 260-380
Fluorene 317 260-314
Naphthalene 337 260-300
1 — Naphthol 370 260-330
2 — Naphthol 358 260-350
Phenanthrene 366 260-300
9 — Phenanthrol 389 260-375
Pyrene 416 260-350
1 — Pyrenol 438 260-375

Table 13: Optimum Excitation Parameters in a microwell plate
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Figure 89: Emission and excitation spectra of acenaphthene in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of acenaphthene in 75 % ethanol can be seen in
Figure 89 at a concentration of 0.005 mg/mL. The excitation spectrum is observed between 260
and 315 nm. The emission spectrum is observed between 319 and 360 nm. There are no shifts in
maximum peak wavelength in the spectrum observed in the plate when compared to the
spectrum observed in the cuvette. However, differences in the resolution of the spectrum are
apparent due to the lower signal produced when using the fiber optic assembly. The peak at an
excitation wavelength of 290 nm in the cuvette is barely visible in the plate. Since this peak was
used as the excitation of choice to generate the emission spectrum, it is apparent that the lower

signal intensity has no apparent effects on the emission spectrum itself.
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Figure 90: Emission and excitation spectra of anthracene in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of anthracene in 75 % ethanol can be seen in
Figure 90 at a concentration of 0.004 mg/mL. The excitation spectrum is observed between 260
and 365 nm. The emission spectrum is observed between 365 and 455 nm. While using the plate,
an excitation peak at 374 nm has been eliminated due to signal noise with use of the fiber optic

assembly. The removal of this peak has no effect on the emission spectrum as it is not the peak

of maximum intensity.
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Figure 91: Emission and excitation spectra of benzo [a] pyrene in 75 % ethanol in a microwell

plate.

The excitation and emission spectrum of benzo [a] pyrene in 75 % ethanol can be seen in
Figure 91 at a concentration of 0.00006 mg/mL. The excitation spectrum is observed between
260 and 388 nm. The emission spectrum is observed between 390 and 460 nm. There are no
shifts in peak placement in the spectrum observed in the plate when compared to the spectrum
observed in the cuvette. However, differences in the resolution of the spectrum are apparent. The

small broad peak at an emission wavelength of 452 nm in the cuvette is now complicated by

noise and is undistinguishable as a peak in the plate.
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Figure 92: Emission and excitation spectra of fluoranthene in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of fluoranthene in 75 % ethanol can be seen in

Figure 92 at a concentration of 0.005 mg/mL. The excitation spectrum is observed between 260
and 380 nm. The emission spectrum is observed between 375 and 550 nm. There are no shifts in
peak placement in the spectrum observed in the plate when compared to the spectrum observed
in the cuvette. However, differences in the resolution of the spectrum are apparent. The emission
spectrum of fluoranthene in the cuvette is smooth with on peak and two small shoulders flanking.
The major peak is still seen at 465 nm, but the second shoulder at 484 nm has disappeared with

the addition of noise from the lower signal intensity.
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Figure 93: Emission and excitation spectra of fluorene in 75 % ethanol in a microwell plate.

The excitation and emission spectrum of fluorene in 75 % ethanol can be seen in Figure
93 at a concentration of 0.007 mg/mL. The excitation spectrum is observed between 260 and 314
nm. The emission spectrum is observed between 280 and 400 nm. There are no shifts in peak

placement or resolution in the spectrum observed in the plate when compared to the spectrum
observed in the cuvette.

138



12 12
1.0 - 10
Hm
L] ]
Ny
LY
i .
n ¥ L]
- L]
08 - E: 08
i U, mn = Excitation
u :- " ..
I a=wy  =es== Emission
[ n
H t :
06 H ~ 06
n [ |
[ | | ]
n [}
™ [ |
- .
H =
[] am
04 -l == 04
] [ ]
= "
H -
- [ ]
= [ ]
= ]
0.2 . = ~ 02
r & .
: : .' ]
'. ] L
H - s
" T
0.0 T T T T T T T 0.0
260 280 300 320 340 360 380
Wavelength (nm)

Figure 94: Emission and excitation spectra of naphthalene in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of naphthalene in 75 % ethanol can be seen in
Figure 94 at a concentration of 0.005 mg/mL. The excitation spectrum is observed between 260
and 300 nm. The emission spectrum is observed between 300 and 380 nm. There are no shifts in
peak placement in the spectrum observed in the plate when compared to the spectrum observed
in the cuvette. However, differences in the resolution of the spectrum are apparent. The shoulder
at an excitation wavelength of 285 nm now is a sharp peak. In addition, a small peak has formed
at an excitation wavelength of approximately 268 nm. Changes are due to the noise produced by

the fiber optic assembly.
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Figure 95: Emission and excitation spectra of 1 — naphthol in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of 1 — naphthol in 75 % ethanol can be seen in
Figure 95 at a concentration of 0.04 mg/mL. The excitation spectrum is observed between 260
and 330 nm. The emission spectrum is observed between 306 and 580 nm. There are no shifts in

peak placement in the spectrum observed in the plate when compared to the spectrum observed

in the cuvette. However, differences in the resolution of the spectrum are apparent. The shoulder

found at an excitation wavelength of 306 nm has been lost.
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Figure 96: Emission and excitation spectra of 2 — naphthol in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of 2 — naphthol in 75 % ethanol can be seen in
Figure 96 at a concentration of 0.006 mg/mL. The excitation spectrum is observed between 260
and 350 nm. The emission spectrum is observed between 330 and 430 nm. There are no shifts in
peak placement in the spectrum observed in the plate when compared to the spectrum observed
in the cuvette. However, differences in the resolution of the spectrum are apparent. The peak and
shoulder seen in the emission spectrum at 352 nm and 345 nm respectively are difficult to

observe with the additional noise. The structure of the emission spectrum has no effect on the

overall appearance of the EEM spectrum.
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Figure 97: Emission and excitation spectra of phenanthrene in 75 % ethanol in a microwell plate.

The excitation and emission spectrum of phenanthrene in 75 % ethanol can be seen in
Figure 97 at a concentration of 0.0025 mg/mL. The excitation spectrum is observed between 260
and 300 nm. The emission spectrum is observed between 330 and 450 nm. There are no shifts in
peak placement or resolution in the spectrum observed in the plate when compared to the

spectrum observed in the cuvette.
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Figure 98: Emission and excitation spectra of 9 — phenanthrol in 75 % ethanol in a microwell
plate.

The excitation and emission spectrum of 9 — phenanthrol in 75 % ethanol can be seen in
Figure 98 at a concentration of 0.004 mg/mL. The excitation spectrum is observed between 260
and 375 nm. The emission spectrum is observed between 350 and 470 nm. There are no shifts in
peak placement or resolution in the spectrum observed in the plate when compared to the
spectrum observed in the cuvette. There is an additional peak apparent in the excitation spectrum

at 358 nm that has no effect on the emission spectrum.
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Figure 99: Emission and excitation spectra of pyrene in 75 % ethanol in a microwell plate.

The excitation and emission spectrum of pyrene in 75 % ethanol can be seen in Figure 99
at a concentration of 0.0008 mg/mL. The excitation spectrum is observed between 260 and 350
nm. The emission spectrum is observed between 350 and 475 nm. There are no shifts in peak
placement or resolution in the spectrum observed in the plate when compared to the spectrum
observed in the cuvette. The excitation spectrum however shows a change in the maximum peak.
When looking at the spectrum observed in a cuvette the maximum peak observed is at an
excitation wavelength of 272 nm, while the second intense peak appears at and excitation
wavelength of 334 nm. When looking at the spectrum observed in a plate, the maximum peak

observed is at an excitation wavelength of 334 nm and the second intense peak appears at an

excitation wavelength of 272 nm. This “flip” of intensities could be due to the fluorescence of
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precipitate formation on the walls and bottom of the well. Pyrene does not readily dissolve in 75

% ethanol, therefore the potential for precipitation is greater.
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Figure 100: Emission and excitation spectra of 1 — pyrenol in 75 % ethanol in a microwell plate.
The excitation and emission spectrum of 1 — pyrenol in 75 % ethanol can be seen in

Figure 100 at a concentration of 0.0008 mg/mL. The excitation spectrum is observed between
260 and 375 nm. The emission spectrum is observed between 375 and 475 nm. There are no
shifts in peak placement or resolution in the spectrum observed in the plate when compared to
the spectrum observed in the cuvette. The excitation spectrum however shows a change in peak
intensity. When looking at the spectrum observed in a cuvette the peak observed is at an
excitation wavelength of 345 nm has an intensity of 0.4744 arbitrary units while the same peak
when observed in the spectrum produced in a plate shows and intensity of 0.9525 arbitrary units.

This increase of intensity could be due to the fluorescence of precipitate formation on the walls
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and bottom of the well. 1 — pyrenol does not readily dissolve in 75 % ethanol, therefore the

potential for precipitation is greater.
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Vi. Emission-Excitation Matrices (EEMS)

High resolution excitation — emission matrices (EEMs) of all compounds were measured
using the range of excitations and emission previously optimized and can be found in Table 14.
Differences from a standard quartz fluorescence cuvette varied in the range of wavelengths
recorded to minimize background scatter signal, decrease the presence of first and second order
Rayleigh bands, and decrease Raman bands.? ® Both a contour and three — dimensional mesh
plots of each EEM have been reported below (Figures 101 — 124). Intensity units are listed as
counts per second (CPS) relative to the R1 detector that measures lamp intensity variations as a
function of wavelength in millivolts (mV). Three — dimensional scans show optimal excitation
and emission in one spectra. Further, the additional data offers better information for
identification and analysis.” This provides more separation and therefore better detection and
characterization of different types of fluorescent compounds. Comparison of two — dimensional
excitation and emission spectra with the three — dimensional EEMs show no variations in
compound fluorescence.2 As mentioned in the introduction first order and second order Rayleigh
scattering can be seen in some compounds due to the overlapping of wavelengths scanned in the

excitation and emission monochromators.?®
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Compound Name

A ex (NnM) (range)

A em (NM) (range)

Acenaphthene 260-315 319-360
Anthracene 260-365 365-455
Benzo [a] pyrene 260-388 390-460
Fluoranthene 260-380 375-550
Fluorene 260-314 280-400
Naphthalene 260-300 300-380
1 — Naphthol 260-330 306-580
2 — Naphthol 260-350 330-430
Phenanthrene 260-300 330-450
9 — Phenanthrol 260-375 350-470
Pyrene 260-350 350-475

1 — Pyrenol 260-375 375-475

Table 14: Optimum EEM Parameters in a microwell plate.
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Figure 101: Contour plot of acenaphthene in 75 % ethanol in a microwell plate.
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Figure 102: Three — dimensional mesh plot of acenaphthene in 75 % ethanol in a microwell

plate.
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The EEM spectrum of acenaphthene in 75 % ethanol is shown in Figures 101 and 102. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (1.29 x 10°%) can be seen at an excitation
wavelength of 290 nm and an emission wavelength of 321 nm. The intensity of signal is slightly
shifted in the plate when compared to the signal in the cuvette. The maximum intensity is seen at
an excitation wavelength of 288 nm in the cuvette. The cause of this shift is the decrease of

signal in the plate.
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Figure 103: Contour plot of anthracene in 75 % ethanol in a microwell plate.
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Figure 104: Three — dimensional mesh plot of anthracene in 75 % ethanol in a microwell plate.
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The EEM spectrum of antrancene in 75 % ethanol is shown in Figures 103 and 104. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (6.63 x 10°) can be seen at an excitation
wavelength of 377 nm and an emission wavelength of 424 nm. The most intense signal
placement in the plate and the cuvette differ drastically from each other. The excitation
wavelengths are 377 and 356 nm in the plate and the cuvette respectively, while the emission
wavelengths are 424 and 399 nm in the plate and the cuvette respectively. The change is due to
first order Rayleigh scattering present in the cuvette at an excitation wavelength of
approximately 375 — 380 nm. The plate shows additional first order Rayleigh scattering in this

same region, however, the peak at an emission of 424 overpowers the scattering signal.
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Figure 105: Contour plot of benzo [a] pyrene in 75 % ethanol in a microwell plate.
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Figure 106: Three — dimensional mesh plot of benzo [a] pyrene in 75 % ethanol in a microwell

plate.
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The EEM spectrum of benzo [a] pyrene in 75 % ethanol is shown in Figures 105 and 106.
In the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (1.05 x 10°) can be seen at an excitation
wavelength of 367 nm and an emission wavelength of 404 nm. The most intense signal
placement in the plate and the cuvette differ from each other. The excitation wavelengths are 367
and 296 nm in the plate and the cuvette respectively. The change is due to first order Rayleigh
scattering present in the plate at the excitation wavelength of 367 nm adding to the fluorescence

signal and therefore having a larger intensity then at the excitation wavelength of 296 nm.
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Figure 107: Contour plot of fluoranthene in 75 % ethanol in a microwell plate.
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Figure 108: Three — dimensional mesh plot of fluoranthene in 75 % ethanol in a microwell plate.
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The EEM spectrum of fluoranthene in 75 % ethanol is shown in Figures 107 and 108. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (1.26 x 10°) can be seen at an excitation
wavelength of 358 nm and an emission wavelength of 404 nm. The most intense signal
placement in the plate and the cuvette differ from each other. The excitation wavelengths are 358
and 286 nm in the plate and the cuvette respectively. This change is due to the increase of
excitation signal in the plate versus the cuvette which could be due to fluorescence of precipitate
formation in the plate. Fluoranthene does not readily dissolve in 75 % ethanol, therefore there is
an increase of dissolution. First order Rayleigh scattering can be seen in the plate at an emission
of 355 nm — 450 nm. Second order Rayleigh scattering can be seen in the plate at an emission of

500 nm — 600 nm.
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Figure 109: Contour plot of fluorene in 75 % ethanol in a microwell plate.
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Figure 110: Three — dimensional mesh plot of fluorene in 75 % ethanol in a microwell plate.
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The EEM spectrum of fluorene in 75 % ethanol is shown in Figures 109 and 110. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal (4.4 x 107) can be seen at an excitation wavelength of 297
nm and an emission wavelength of 399 nm. The most intense signal placement in the plate and
the cuvette differ from each other. The excitation wavelengths are 297 and 261 nm in the plate
and the cuvette respectively, while the emission wavelengths are 299 and 302 in the plate and the
cuvette respectively. This only a minor difference when you take into consideration that the
second most intense signal occurs at the same placement as in the cuvette and an excitation
wavelength of 261 nm and an emission wavelength of 302 nm at an intensity of 1.55 x 10’

CPS/mV.
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Figure 111: Contour plot of naphthalene in 75 % ethanol in a microwell plate.
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Figure 112: Three — dimensional mesh plot of naphthalene in 75 % ethanol in a microwell plate.
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The EEM spectrum of naphthalene in 75 % ethanol is shown in Figures 111 and 112. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (5.50 x 10°) can be seen at an excitation
wavelength of 275 nm and an emission wavelength of 322 nm. The intensity of signal is slightly
shifted in the plate when compared to the signal in the cuvette. The maximum intensity is seen at
an emission wavelength of 321 nm in the cuvette. The cause of this shift is the decrease of signal

in the plate.
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Figure 113: Contour plot of 1 — naphthol in 75 % ethanol in a microwell plate.

8e+5
o
o
e 6e+5
2
&
i< 4e+5
c
=]
2
o 2e+5
0 330

Figure 114: Three — dimensional mesh plot of 1 — naphthol in 75 % ethanol in a microwell plate.
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The EEM spectrum of 1 — naphthol in 75 % ethanol is shown in Figures 113 and 114. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (4.22 x 10°%) can be seen at an excitation
wavelength of 261 nm and an emission wavelength of 536 nm. The most intense signal
placement in the plate and the cuvette differ drastically from each other. The excitation
wavelengths are 261 and 295 nm in the plate and the cuvette respectively, while the emission
wavelengths are 536 and 464 nm in the plate and the cuvette respectively. This change of
maximum intensity is due to the decrease of signal intensity between the plate and the cuvette.
Second order Rayleigh scattering can be seen in 1 — naphthol at an emission of 525 nm — 600

nm.
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Figure 115: Contour plot of 2 — naphthol in 75 % ethanol in a microwell plate.
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Figure 116: Three — dimensional mesh plot of 2 — naphthol in 75 % ethanol in a microwell plate.
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The EEM spectrum of 2 — naphthol in 75 % ethanol is shown in Figures 115 and 116. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (5.56 x 10°) can be seen at an excitation
wavelength of 274 nm and an emission wavelength of 348 nm. The most intense signal
placement in the plate and the cuvette differ slightly from each other. The excitation wavelengths
are 274 and 273 nm in the plate and the cuvette respectively, while the emission wavelengths are
348 and 355 nm in the plate and the cuvette respectively. This change of maximum intensity is
due to the decrease of signal intensity between the plate and the cuvette. First order Rayleigh can

be seen at an emission of 320 nm — 350 nm.
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Figure 117: Contour plot of phenathrene in 75 % ethanol in a microwell plate.
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Figure 118: Three — dimensional mesh plot of phenanthrene in 75 % ethanol in a microwell

plate.
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The EEM spectrum of phenanthrene in 75 % ethanol is shown in Figures 117 and 118. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (8.02 x 10°) can be seen at an excitation
wavelength of 260 nm and an emission wavelength of 347 nm. The most intense signal
placement in the plate and the cuvette differ slightly from each other. The emission wavelengths
are 347 and 346 nm in the plate and the cuvette respectively. This change of maximum intensity

is due to the decrease of signal intensity between the plate and the cuvette.
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Figure 119: Contour plot of 9 — phenanthrol in 75 % ethanol in a microwell plate.
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Figure 120: Three — dimensional mesh plot of 9 — phenanthrol in 75 % ethanol in a microwell

plate.
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The EEM spectrum of 9 — phenanthrol in 75 % ethanol is shown in Figures 119 and 120.
In the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (2.66 x 10°) can be seen at an excitation
wavelength of 275 nm and an emission wavelength of 369 nm. The most intense signal
placement in the plate and the cuvette differ drastically from each other. The excitation
wavelengths are 275 and 260 nm in the plate and the cuvette respectively, while the emission
wavelengths are 369 and 387 nm in the plate and the cuvette respectively. This change of
maximum intensity is due to the decrease of signal intensity between the plate and the cuvette.

Rayleigh scattering lines can be observed at an emission of 350 nm — 380 nm.
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Figure 121: Contour plot of pyrene in 75 % ethanol in a microwell plate.
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Figure 122: Three — dimensional mesh plot of pyrene in 75 % ethanol in a microwell plate.
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The EEM spectrum of pyrene in 75 % ethanol is shown in Figures 121 and 122. In the
contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color shown
in the legend. The most intense signal (1.48 x 10°) can be seen at an excitation wavelength of
334 nm and an emission wavelength of 372 nm. The most intense signal placement in the plate
and the cuvette differ slightly from each other. The excitation wavelengths are 334 and 272 nm
in the plate and the cuvette respectively. The change in the maximum peak intensity placement is
not of much consideration when looking at the excitation spectrum observed in a plate, the
maximum peak observed is at an excitation wavelength of 334 nm and the second intense peak
appears at an excitation wavelength of 272 nm. This “flip” of intensities could be due to the
fluorescence of precipitate formation on the walls and bottom of the well. Pyrene does not
readily dissolve in 75 % ethanol, therefore the potential for precipitation is greater. The second
maximum peak in the EEM spectrum in the plate has an intensity of 1.07 x 10° CPS/mV at an

excitation wavelength of 272 nm and an emission wavelength of 372 nm.
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Figure 123: Contour plot of 1 — pyrenol in 75 % ethanol in a microwell plate.
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Figure 124: Three — dimensional mesh plot of 1 — pyrenol in 75 % ethanol in a microwell plate.
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The EEM spectrum of 1 — pyrenol in 75 % ethanol is shown in Figures 123 and 124. In
the contour plot, the intensity of the fluorescence signal (CPS/mV) corresponds to the color
shown in the legend. The most intense signal (6.69 x 10°) can be seen at an excitation
wavelength of 347 nm and an emission wavelength of 386 nm. The most intense signal
placement in the plate and the cuvette differ slightly from each other. The excitation wavelengths
are 347 and 277 nm in the plate and the cuvette respectively. The change in the maximum peak
intensity placement is not of much consideration when looking at the excitation spectrum
observed in a plate, the maximum peak observed is at an excitation wavelength of 347 nm and
the second intense peak appears at an excitation wavelength of 277 nm. This “flip” of intensities
could be due to the fluorescence of precipitate formation on the walls and bottom of the well.
Pyrene does not readily dissolve in 75 % ethanol, therefore the solubility of 1 — pyrenol is likely
to be lower, increasing the potential for precipitation. The second maximum peak in the EEM
spectrum in the plate has an intensity of 6.47 x 10° CPS/mV at an excitation wavelength of 277

nm and an emission wavelength of 386 nm.
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Vii. Limits of Detection and Quantitation

Calibration plots for each compound were made with the concentrations adjusted because
of the variation in quantum yields. Low quantum yield fluorophores produced higher
concentrations for calibration than high quantum yield fluorophores. It is useful to think of the
quantum yield as the equivalent of the extinction coefficient in absorption spectroscopy. The
signal intensity of the highest peak from the emission spectra was used in the plot. Calibration
plots for each compound were used to determine both the limit of detection (LoD) and the limit
of quantitation (LoQ).'*Calibration plots can be seen in odd numbered Figures 125 — 147. LoD
and LoQ were determined by Equation 5 and 6. Limits of detection range from 7.7 x 10 and 8.2
x 10" mg/mL while limits of quantitation range from 2.6 x 10®° and 2.7 x 102 mg/mL. The
accuracy of the limits of detection and quantitation were also tested and can be seen in even
numbered Figures 126 — 148. The method for calculating the LoD and LoQ for each compound

IS on the conservative side, underestimating a true concentration for detection and quantitation.
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Compound Slope Intercept R?
Acenaphthene | 3.87 x 10 | 1.69 x 10° | 0.998
Anthracene 2.05x10° | 1.76 x 10° | 0.997
Benzo [a] pyrene | 5.33 x 107 | 2.09 x 10° | 0.992
Fluoranthene 9.81x10° | 1.57 x 10? | 0.998
Fluorene 455 x10° | 2.20 x 10* | 0.991
Naphthalene 8.02 x 10° | 4.33 x10% | 0.994
1 — Naphthol 1.28 x 10° | 1.29 x 10° | 0.981
2 — Naphthol 484 x10° | 1.45x10% | 0.998
Phenanthrene 3.44 x 10° | 6.55 x 10% | 0.999
9 — Phenanthrol 243 x 108 | 3.99 x 10% | 0.993
Pyrene 1.35x 107 | 5.39 x 10* | 0.989
1 - Pyrenol 8.37 x 10° | 2.97 x 10 | 0.999

Table 15: Calibration plot analysis of PAHs and metabolites in 75 % ethanol in a microwell
plate.

Table 15 shows the regression analysis of the calibration plots including the slope,
intercept, and r? value.'? Correlation of the slope (r? value) for most of the compounds were 0.99.
1 — Naphthol was the only compound that showed a lower correlation of 0.981. This lower
correlation can be explained by the quantum yield of 1 — naphthol. It has the lowest quantum
yield of the compounds tested therefore it was the hardest to regulate the intensity of signal at

low concentrations.
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Compound LoD (mg/mL) | LoQ (mg/mL)
Acenaphthene 3.8x10* 1.3x 103
Anthracene 3.8x10* 1.3x10%
Benzo[a]pyrene 7.7 x10° 2.6 x10°
Fluoranthene 3.5x10* 1.2x10%
Fluorene 8.8 x 10* 2.9x107
Naphthalene 5.7 x10% 1.9 x 103
1 — Naphthol 8.2x103 2.7 x 107
2 — Naphthol 4.2 x10* 1.4 x 103
Phenanthrene 1.3 x 10 4.2 x10%
9 — Phenanthrol 5.5x 10% 1.8 x 10
Pyrene 1.3 x 10 4.2 x10*
1 — Pyrenol 4.2 x10° 1.4 x 10

Table 16: Limits of detection and quantitation values of PAHs and metabolites in 75 % ethanol
in a microwell plate.

Table 16 shows the values of limit of detection and quantitation for all the compounds.
When comparing the limits of detection found using a standard quartz fluorescence cuvette and a
microwell plate, limits of detection of eight of the compounds of study were on the same order of
magnitude (10™%). Fluorene, 1 — naphthol , phenanthrene, and pyrene all had limits of detection
that were an order of magnitude larger in the plate versus the cuvette. That means that for those

four compounds, you were able to detect lower concentrations in the cuvette.
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125: Calibration plot of acenaphthene in 75 % ethanol in a microwell plate.

The calibration plot of acenaphthene in 75 % ethanol can be seen in Figure 125. Seven
points were used to construct the plot using an excitation wavelength of 290 nm and an emission
wavelength of 338 nm. The concentration of the samples tested range from 0.002 mg/mL
producing a fluorescence intensity of 8.7 x 102 CPS/mV to 0.009 mg/mL producing a
fluorescence intensity of 3.6 x 10* CPS/mV. When compared to the calibration plot produced in
the cuvette, both R? values are 0.998 although concentrations of the sample used are higher in the

plate due to the loss of signal intensity when using the fiber optic cable.
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Figure 126: Accuracy of calculations for limit of detection and quantitation of acenaphthene in
75 % ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of acenaphthene in 75 % ethanol and can be seen in
Figure 126. The calculated LoD was 3.80 x 10 mg/mL and produced a fluorescence intensity of
3.2 x 10° CPS/mV. The calculated LoQ was 1.27 x 10° mg/mL and produced a fluorescence
intensity of 6.6 x 103 CPS/mV. The emission spectrum in the plate shows some additional noise
when compared to the spectrum generated in the cuvette, however the spectrum is intact and

clearly visible.
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Figure 127: Calibration plot of anthracene in 75 % ethanol in a microwell plate.

The calibration plot of anthracene in 75 % ethanol can be seen in Figure 127. Seven
points were used to construct the plot using an excitation wavelength of 340 nm and an emission
wavelength of 425 nm. The concentration of the samples tested range from 0.0008 mg/mL
producing a fluorescence intensity of 3.5 x 102 CPS/mV to 0.009 mg/mL producing a
fluorescence intensity of 2.0 x 10* CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.999 in the cuvette and 0.997 in the plate. This is a minimal

decrease in the precision of the calibration.
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Figure 128: Accuracy of calculations for limit of detection and quantitation of anthracene in 75
% ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of anthracene in 75 % ethanol and can be seen in Figure
128. The calculated LoD was 3.82 x 10 mg/mL and produced a fluorescence intensity of 2.5 x
10® CPS/mV. The calculated LoQ was 1.27 x 10 mg/mL and produced a fluorescence intensity
of 4.4 x 10° CPS/mV. The emission spectrum in the plate shows some additional noise when
compared to the spectrum generated in the cuvette, as well as showing that the limit of detection

produced is much closer to baseline signal in the plate versus the cuvette.
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Figure 129: Calibration plot of benzo [a] pyrene in 75 % ethanol in a microwell plate.

The calibration plot of benzo [a] pyrene in 75 % ethanol can be seen in Figure 129. Seven
points were used to construct the plot using an excitation wavelength of 382 nm and an emission
wavelength of 404 nm. The concentration of the samples tested range from 0.00003 mg/mL
producing a fluorescence intensity of 3.8 x 103 CPS/mV to 0.00009 mg/mL producing a
fluorescence intensity of 6.8 x 102 CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.994 in the cuvette and 0.992 in the plate. This is a minimal

decrease in the precision of the calibration.
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in 75 % ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of benzo [a] pyrene in 75 % ethanol and can be seen in
Figure 130. The calculated LoD was 7.74 x 10 mg/mL and produced a fluorescence intensity of
2.5 x 10° CPS/mV. The calculated LoQ was 2.58 x 10° mg/mL and produced a fluorescence
intensity of 3.5 x 103 CPS/mV. The emission spectrum in the plate shows significant noise when

compared to the spectrum generated in the cuvette. The emission spectrum also has lost most of

its structure confirming correct calculations of LoD and LoQ.
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Figure 131: Calibration plot of fluoranthene in 75 % ethanol in a microwell plate.

The calibration plot of fluoranthene in 75 % ethanol can be seen in Figure 131. Seven
points were used to construct the plot using an excitation wavelength of 308 nm and an emission
wavelength of 462 nm. The concentration of the samples tested range from 0.002 mg/mL
producing a fluorescence intensity of 2.1 x 102 CPS/mV to 0.008 mg/mL producing a
fluorescence intensity of 7.8 x 10° CPS/mV. When compared to the calibration plot produced in
the cuvette, both R? values are 0.998 although concentrations of the sample used are higher in the

plate due to the loss of signal intensity when using the fiber optic cable.
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Figure 132: Accuracy of calculations for limit of detection and quantitation of fluoranthene in 75

% ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed

using the calibration plots LoD and LoQ of fluoranthene in 75 % ethanol and can be seen in

Figure 132. The calculated LoD was 3.50 x 10 mg/mL and produced a fluorescence intensity of

5.0 x 102 CPS/mV. The calculated LoQ was 1.17 x 10° mg/mL and produced a fluorescence

intensity of 1.3 x 103 CPS/mV. The emission spectrum in the plate shows significant noise when

compared to the spectrum generated in the cuvette. The emission spectrum also has lost most of

its fine structure.
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Figure 133: Calibration plot of fluorene in 75 % ethanol in a microwell plate.

The calibration plot of fluorene in 75 % ethanol can be seen in Figure 133. Seven points
were used to construct the plot using an excitation wavelength of 262 nm and an emission
wavelength of 303 nm. The concentration of the samples tested range from 0.005 mg/mL
producing a fluorescence intensity of 4.5 x 10* CPS/mV to 0.009 mg/mL producing a
fluorescence intensity of 6.2 x 10* CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.998 in the cuvette and 0.991 in the plate. This is a minimal

decrease in the precision of the calibration.
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Figure 134: Accuracy of calculations for limit of detection and quantitation of fluorene in 75 %

An emission spectrum was generated to test the accuracy of the calculations performed

showing that the calculations performed for fluorene were conservative.

185

using the calibration plots LoD and LoQ of fluorene in 75 % ethanol and can be seen in Figure
134. The calculated LoD was 8.77 x 10* mg/mL and produced a fluorescence intensity of 2.6 x
10* CPS/mV. The calculated LoQ was 2.92 x 10 mg/mL and produced a fluorescence intensity

of 3.5 x 10* CPS/mV. The emission spectrum in the plate intact and clearly visible, therefore
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Figure 135: Calibration plot of naphthalene in 75 % ethanol in a microwell plate.

The calibration plot of naphthalene in 75 % ethanol can be seen in Figure 135. Seven
points were used to construct the plot using an excitation wavelength of 286 nm and an emission
wavelength of 337 nm. The concentration of the samples tested range from 0.002 mg/mL
producing a fluorescence intensity of 2.2 x 102 CPS/mV to 0.008 mg/mL producing a
fluorescence intensity of 6.8 x 102 CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.998 in the cuvette and 0.994 in the plate. This is a minimal

decrease in the precision of the calibration.
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Figure 136: Accuracy of calculations for limit of detection and quantitation of naphthalene in 75

% ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of naphthalene in 75 % ethanol and can be seen in
Figure 136. The calculated LoD was 5.71 x 10 mg/mL and produced a fluorescence intensity of
8.9 x 102 CPS/mV. The calculated LoQ was 1.90 x 10° mg/mL and produced a fluorescence
intensity of 2.0 x 103 CPS/mV. The emission spectrum in the plate shows significant noise when
compared to the spectrum generated in the cuvette. The emission spectrum also has lost most of

its fine structure.
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Figure 137: Calibration plot of 1 — naphthol in 75 % ethanol in a microwell plate.

The calibration plot of 1 — naphthol in 75 % ethanol can be seen in Figure 137. Seven
points were used to construct the plot using an excitation wavelength of 296 nm and an emission
wavelength of 368 nm. The concentration of the samples tested range from 0.01 mg/mL
producing a fluorescence intensity of 2.6 x 103 CPS/mV to 0.07 mg/mL producing a fluorescence
intensity of 1.1 x 10* CPS/mV. When compared to the calibration plot produced in the cuvette,

the R? values are 0.985 in the cuvette and 0.981 in the plate. This is a minimal decrease in the

precision of the calibration.
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Figure 138: Accuracy of calculations for limit of detection and quantitation of 1 — naphthol in 75
% ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of 1 — naphthol in 75 % ethanol and can be seen in
Figure 138. The calculated LoD was 8.24 x 10 mg/mL and produced a fluorescence intensity of
2.3 x 10° CPS/mV. The calculated LoQ was 2.75 x 10 mg/mL and produced a fluorescence
intensity of 4.8 x 103 CPS/mV. The emission spectrum in the plate shows significant noise when

compared to the spectrum generated in the cuvette. The emission spectrum also has lost most of

its fine structure.
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Calibration plot of 2 — naphthol in 75 % ethanol in a microwell plate.

The calibration plot of 2 — naphthol in 75 % ethanol can be seen in Figure 139. Seven
points were used to construct the plot using an excitation wavelength of 264 nm and an emission
wavelength of 358 nm. The concentration of the samples tested range from 0.003 mg/mL
producing a fluorescence intensity of 1.6 x 102 CPS/mV to 0.009 mg/mL producing a
fluorescence intensity of 4.6 x 10° CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.999 in the cuvette and 0.998 in the plate. This is a minimal

decrease in the precision of the calibration.
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Figure 140: Accuracy of calculations for limit of detection and quantitation of 2 — naphthol in 75
% ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of 2 — naphthol in 75 % ethanol and can be seen in
Figure 140. The calculated LoD was 4.20 x 10 mg/mL and produced a fluorescence intensity of
3.5 x 102 CPS/mV. The calculated LoQ was 1.40 x 10° mg/mL and produced a fluorescence
intensity of 8.2 x 102 CPS/mV. The emission spectrum in the plate shows significant noise when
compared to the spectrum generated in the cuvette. The emission spectrum also has lost all of its

fine structure and is barely recognizable as the spectrum of 2 — naphthol at all.
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Figure 141: Calibration plot of phenanthrene in 75 % ethanol in a microwell plate.

The calibration plot of phenanthrene in 75 % ethanol can be seen in Figure 141. Seven
points were used to construct the plot using an excitation wavelength of 294 nm and an emission
wavelength of 366 nm. The concentration of the samples tested range from 0.001 mg/mL
producing a fluorescence intensity of 4.1 x 102 CPS/mV to 0.004 mg/mL producing a

fluorescence intensity of 1.4 x 10* CPS/mV. When compared to the calibration plot produced in

the cuvette, both R? values are 0.999.
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Figure 142: Accuracy of calculations for limit of detection and quantitation of phenanthrene in
75 % ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of phenanthrene in 75 % ethanol and can be seen in
Figure 142. The calculated LoD was 1.25 x 10 mg/mL and produced a fluorescence intensity of
1.1 x 103 CPS/mV. The calculated LoQ was 4.17 x 10* mg/mL and produced a fluorescence
intensity of 2.1 x 103 CPS/mV. The emission spectrum in the plate shows some additional noise
when compared to the spectrum generated in the cuvette, however the spectrum is intact and

clearly visible.
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Figure 143: Calibration plot of 9 — phenanthrol in 75 % ethanol in a microwell plate.

The calibration plot of 9 — phenanthrol in 75 % ethanol can be seen in Figure 143. Seven
points were used to construct the plot using an excitation wavelength of 304 nm and an emission
wavelength of 389 nm. The concentration of the samples tested range from 0.002 mg/mL
producing a fluorescence intensity of 5.1 x 102 CPS/mV to 0.008 mg/mL producing a
fluorescence intensity of 2.0 x 10* CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.999 in the cuvette and 0.993 in the plate. This is a minimal

decrease in the precision of the calibration.
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Figure 144: Accuracy of calculations for limit of detection and quantitation of 9 — phenanthrol in
75 % ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of 9 — phenanthrol in 75 % ethanol and can be seen in
Figure 144. The calculated LoD was 5.53 x 10 mg/mL and produced a fluorescence intensity of
1.7 x 103 CPS/mV. The calculated LoQ was 1.84 x 10 mg/mL and produced a fluorescence
intensity of 4.9 x 103 CPS/mV. The emission spectrum in the plate shows significant noise when
compared to the spectrum generated in the cuvette. The emission spectrum also has lost all of its

fine structure and is barely recognizable as the spectrum of 9 — phenanthrol at all.
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Figure 145: Calibration plot of pyrene in 75 % ethanol in a microwell plate.

The calibration plot of pyrene in 75 % ethanol can be seen in Figure 145. Seven points
were used to construct the plot using an excitation wavelength of 334 nm and an emission
wavelength of 372 nm. The concentration of the samples tested range from 0.0005 mg/mL
producing a fluorescence intensity of 6.7 x 102 CPS/mV to 0.0015 mg/mL producing a
fluorescence intensity of 2.0 x 10* CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.991 in the cuvette and 0.990 in the plate. This is a minimal

decrease in the precision of the calibration.

196



7000

6000 -

5000 ~

4000 ~

3000

Fluorescence Intensity (CPS)

2000

1000 -

_--—-”

]

[
-
S
L)
(11

"aa
...I
[ ]

-

e~

¢
o=

o,

75 5 Ethanol
smamunn | jmit of Detection
Limit of Quantification

340

Figure 146: Accuracy of calculations for limit of detection and quantitation of pyrene in 75 %

360

ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of pyrene in 75 % ethanol and can be seen in Figure
146. The calculated LoD was 1.27 x 10 mg/mL and produced a fluorescence intensity of 1.8 x
10° CPS/mV. The calculated LoQ was 4.25 x 10 mg/mL and produced a fluorescence intensity
of 5.8 x 10° CPS/mV. The emission spectrum in the plate shows some additional noise when

compared to the spectrum generated in the cuvette. The emission spectrum in the plate also lacks
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some of the fine structure as previously seen in the emission spectrum.
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Figure 147: Calibration plot of 1 — pyrenol in 75 % ethanol in a microwell plate.

The calibration plot of 1 — pyrenol in 75 % ethanol can be seen in Figure 147. Seven
points were used to construct the plot using an excitation wavelength of 268 nm and an emission
wavelength of 409 nm. The concentration of the samples tested range from 0.0005 mg/mL
producing a fluorescence intensity of 4.1 x 102 CPS/mV to 0.0015 mg/mL producing a
fluorescence intensity of 1.2 x 10* CPS/mV. When compared to the calibration plot produced in
the cuvette, the R? values are 0.997 in the cuvette and 0.999 in the plate. 1 — pyrenol was the only
compound to show an increase in the correlation factor between the plate and the cuvette, which

confirms the conclusion that the plate reader method is viable.
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Figure 148: Accuracy of calculations for limit of detection and quantitation of 1 — pyrenol in 75

% ethanol in a microwell plate.

An emission spectrum was generated to test the accuracy of the calculations performed
using the calibration plots LoD and LoQ of 1 — pyrenol in 75 % ethanol and can be seen in
Figure 148. The calculated LoD was 4.18 x 10 mg/mL and produced a fluorescence intensity of
3.8 x 102 CPS/mV. The calculated LoQ was 1.39 x 10 mg/mL and produced a fluorescence
intensity of 1.2 x 103 CPS/mV. The emission spectrum in the plate shows significant noise when
compared to the spectrum generated in the cuvette. The emission spectrum also has lost all of its

fine structure and is barely recognizable as the spectrum of 1 — pyrenol at all.

199



The calculated LoDs and LoQs in the plate are much closer to actual figures of merit.
Since concentrations of samples used to generate calibration plots in both the cuvette and the
plate did not differ greatly, the decrease in signal intensity is attributed to the loss of signal in the
fiber optic assembly. This loss was expected before the method was developed, therefore there is

no questions raised by the data collected.
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Chapter 5
Conclusions

Results show that standard fluorescence cuvettes yield the lowest LoD and LoQs,
however the microwell plate is only one order of magnitude less sensitive for most compounds
studied. This is largely due to the optical losses in the fiber optic transmitting the excitation light
to the sample, and returning the emission to the photomultiplier detector. Normal fluorescence
measurements are optically configured as right angle (emission spectra is collected 90° from
excitation wavelength) or front face detection (small angle). No intervening optics other than
high quality front face mirrors are used to steer the light, and the path lengths are minimized.
Microwells present an optically similar arrangement to front face detection, however, the
excitation light must travel through an approximately 1 m fiber optic cable before striking the
sample, then the emitted light must return to the detector through the same fiber optic. The losses
in imperfect light transmission through the fiber optic cable is the primary reason for the loss of
sensitivity. However, for the purposes of biomonitoring and screening, this loss is acceptable.

The advantages to using the microwell plates are still considerably high. A standard
fluorescence quartz cuvette costs ca $200, while a microwell plate is $20 for 96 samples.
Cleaning is also an issue while using a cuvette. Standard cleaning procedures call for the use of
nitric acid and can take up to 8 hours of soaking time. This task is both time consuming and
dangerous especially given the high number of individual samples needed for accurate
biomonitoring. Once a microwell plate has been fully used it can easily be discarded as waste.

Another notable difference is that with a cuvette one must continuously change samples.
While using the microwell plate the spectrofluorometer can be set to multiple spectroscopic
protocols on as many as 96 samples without user intervention.

EEMs is an excellent way to measure PAHSs for biomonitoring as it gives you a
considerably larger amount of data to work with. This will play a significant role while looking

at mixtures of compounds. Most real-life samples with have more than one compound or
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metabolite present. Collection of data is made easier with the use of a microwell plate and gives
more data at a faster rate as compared to a standard fluorescence cuvette.

The principle challenges in this work were the need to investigate compounds that were
of limited analytical interest in the past, and to develop a new method of sample handling for
EEMSs. Hydroxylated PAH compounds have not been significant fluorescence analytical targets
when not coupled to prior chromatographic steps,?2 particularly in the extraction matrix of 75%
aqueous ethanol previously established by the colleagues investigating menhaden and Killifish. It
is critical to develop methods for biomonitoring such metabolites in the wild, as it has been
found that these species are what is found in biological tissue.*> Biomonitoring of human
subjects, principally through urine samples, focuses on hydroxylated PAHs such as 3-
hydroxybenzo[a]pyrene® and 1-hydroxypyrene.’s

Multidimensional analysis necessitates the measurement of many samples, which in
fluorescence is difficult using quartz cuvettes as it has been found that PAHs and hydroxylated
PAHSs are problematic materials to remove (vide supra). The microwell plate is an ideal sample
holder for such measurements as each “cell” is used once, along with the ability afforded by the
automation of spectral measurement. Mahmoud, et. al. have shown the value of microwell
plates in the analysis of omeprazole in quality control environments using single wavelength
monitoring of a charge transfer sensitized reaction.

Most techniques reported used some sort of preconcentration step, such as absorption
onto a nylon membrane,* solid phase extraction,® chemical derivatization®® or adsorption onto a
solid phase.* While such methods yield very low LoDs and LoQs, they are not often practical in
a biomonitoring situation. Flow cell or sipper sampling methods suffer from the same issues as
cuvettes, in that they will absorb PAH and PAHM compounds.

The current work reports LoDs and LoQs for one-way data (signal vs known
concentration), but as multiway data analyses become ubiquitous, definitive methods of
calculating similar figures of merit become more problematic.'>*® A review of the literature
shows that modern fluorescence analyses seek to employ the second order advantage of EEMs
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and deconvolution by computational methods such as PARAFAC.*1>16.17 The importance of
multi-way techniques has even led to four-way analyses combining excitation and emission with
time by following the Fenton degradation of large PAHs.8

In the present work, the focus was on direct analysis of lightly processed fish tissue
extracts and developing the microwell plate as a sample holder for one-way and two-way data
collection. Fewer manipulations of the sample minimize error. The microwell plate automates
sample measurement. Further, microwell plate sampling eliminates fouling of the sample cell by
analytes since it is only used once. The Environmental Protection Agency sets a maximum
contaminant level (MCL) of 200 ng/L for benzo[a]pyrene (a marker for PAH contamination) of
drinking water.'® Generally, to achieve LoQ and LoQ sensitivities in this range, preconcentration
and extraction techniques are required.*®

The simple method presented here does not achieve those levels. For benzo[a]pyrene, the

LoD and LoQ levels using cuvettes are 6.40 x 10° ng L™t and 2.10 x 10* ng L, respectively. In
the microwell plate, the LoD and LoQ levels are 7.70 x 10° ng L™t and 2.60 x 10* ng L%,
respectively. Clearly these sensitivities are both conservative, and amenable to improvement. For
example, preconcentration on a nylon membrane and multiway analysis can substantially

improve sensitivities, and will be investigated in subsequent work.
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