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The use of spectrofluorometers to examine nanomaterials is quite popular using
either fluorescence or synchronous measurements. However, understanding how a
material’s optical properties can influence spectral acquisition are of great importance to
accurately characterize nanomaterials. This dissertation presents a series of computational
and experimental studies aimed at enhancing the quantitative understanding of
nanoparticle interactions with matter and photons. This allows for more reliable
spectrofluorometer based acquisition of nanoparticle containing solutions.

Chapter I presents a background overview of the works described in this
dissertation. Correction of the gold nanoparticle (AuNP) inner filter effect (IFE) on
fluorophore fluorescence using PEGylated AuNPs as an external reference method is
demonstrated in Chapter II. The AuNP IFE is corrected to quantify tryptophan
fluorescence for surface adsorbed proteins. We demonstrate that protein adsorption onto
AuNPs will only induce ~ 20% tryptophan fluorescence reduction instead of the
commonly assumed 100% reduction.

Using water Raman intensities to determine the effective path lengths of a

spectrofluorometer for correction of fluorophore fluorescence is discussed in Chapter III.



Using Ni(NO3)2 and K>Cr207 as Raman IFE references, the excitation and emission path
lengths are found to exhibit chromophore and fluorophore independence, however path
lengths are spectrofluorometer dependent.

Finally, ratiometric resonance synchronous spectroscopy (R2S») is discussed in
Chapter IV. Using a combination of UV-vis and R»S; spectroscopy, the optical cross
sections of a wide range of nanomaterials were determined. Also on-resonance
fluorescence in solution is demonstrated for the first time. The nanoparticles discussed
range from photon absorbers, scatterers, simultaneous photon absorbers and scatterers, all

the way to simultaneous photon absorbers, scatterers, and emitters.
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CHAPTER I

INTRODUCTION

1.1 Fluorescence and Spectrofluorometers

The typical spectrofluorometer has an instrumental setup for detection at a 90°
angle compared to the 180° detection for absorption spectroscopy. This instrument
configuration allows for detection of both fluorescence and scattering with limits of
detection approximately three orders of magnitude lower than absorbance spectroscopy.
Figure 1.1 illustrates a partial energy-level diagram or Jablonski diagram, that represents
the typical energy transitions that occur for fluorescence molecules. The heavier lines of
So, S1, and S represent the lowest vibrational state of each electronic state while the
lighter lines are higher energy vibrational states. Molecules can absorb photons of a
given frequency while at their lowest energy electronic state, ground state (So), to any
number of excited electronic states (denoted S; and Sz). Regardless of frequency that
corresponds to photon absorption, fluorescence emission can only occur once the
molecules have relaxed to the lowest electronic excited state (ground vibrational energy
level of S1). Stokes-shifted fluorescence emission results when the molecule is excited at
a higher frequency relative the emission frequency. Resonance fluorescence results when
emission occurs at the same frequency as the excitation frequency. There is a lack of
information available on resonance fluorescence for species in solution and most

information pertains to resonance fluorescence for dilute atomic vapors.>* The lack of



information on resonance fluorescence for species in solution is possibly due to the fact
that off-resonance or Stokes-shifted fluorescence can arise from a multitude of excitation
frequencies with fluorescence detection due to emission/relaxation at a variety of
different vibrational ground states. However, the energy distribution of the processes
responsible for resonance fluorescence require that excitation and emission frequencies
exactly match. As demonstrated in Chapter 4, this can account for the drastic decrease in
resonance fluorescence quantum yields compared to Stokes-shifted fluorescence quantum

yields.

S, _%
- W _‘ o -
S, — .

Resonance

Fluorescence
Fluorescence

AL

S0 ¥y Y

Figure 1.1  Fluorescence Jablonski diagram.

Both Raman and Rayleigh scattering can be detected using a spectrofluorometer.
The energy level diagram depicted in Figure 1.2 illustrates the energy changes that occur
for both Raman and Rayleigh scattering processes.! The most important note for

scattering processes is that molecules are excited to a short-lived, unobservable virtual
2



state. Meaning that each virtual state has an associated energy but no direct measurement
of its energy is possible. The difference between Rayleigh and Raman scattering stem
from the difference between the excitation photons and the scattered photons. Rayleigh
scattering is detected when the frequency difference is zero while Raman scattering is

detected at frequencies greater than or less than that of the excitation frequency.

Rayleigh Stokes Raman Anti-Stokes Raman
Scattering Scattering Scattering
Virtual, — = ===== - — = - - -
State e e T -
3
Ground 2
Electronic 1 h 4 h 4
State 0 A 4 A 4

Figure 1.2  Raman and Rayleigh scattering energy diagram.

Resonance light scattering (RLS) observed in the literature from nanomaterials or
aggregated species in solutions are the most commonly encountered scattering spectra
acquired using spectrofluorometers.’® Most RLS data contains inherent interferences
pertaining to the solvent medium and instrumental artifacts as demonstrated in the
experimental data acquired in Figure 1.3. The series of peaks centered at 467 nm are
characteristic of instrumental artifacts due to the excitation monochromator of a Horiba
Fluoromax-4 spectrofluorometer. Therefore, our group developed a ratiometric
resonance synchronous spectroscopy (R2S2) technique that utilizes a solvent spectrum as

3



an internal reference to correct for these interferences. This allowed for the acquisition of
resonance scattering or resonance fluorescence.’ The R2S; technique can be used on any
spectrofluorometer while in synchronous mode set to a 0 nm wavelength offset in which

the excitation and detection wavelengths are the same.

o5 S 5.0
22 ] 218 B ©
o
x Y. =
%) 0 <
o 1 Q. o8l 2.5
é 3?0 § g?O 0 B 0.0
400 600 800 400 600 800 400 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 1.3  Resonance synchronous spectra (RSz) of water and AuNPs in water to
determine the ratiometric resonance synchronous spectra (R2S2) of AuNPs.

Notes: Resonance synchronous spectra (RS>) of water (A) and AuNP dispersed in water
(B), respectively. (C) AuNP R»S; spectra without instrumental or solvent artifacts.

1.2 Gold Nanoparticles

Colloidal gold nanoparticles (AuNP) are a suspension of nanometer-sized gold
particles and their use in stained glass dates back to over 2000 years.! AuNP research
did not pick up until after Michael Faraday’s discovery that colloidal gold has different
properties than bulk gold.!! AuNPs with diameters ranging from 10-90 nm exhibit an
intense red color due to localized surface plasmon resonance (LSPR) from the collective
oscillation of conduction electrons across the nanoparticle (NP) excited by incoming
photons from an electromagnetic field at visible wavelengths.!>!> The oscillation of
conduction electrons upon interacting with an electromagnetic field is depicted in Figure
1.4.1> AuNPs with a particle size around 10 nm in diameter have a strong UV-vis
extinction maximum around 520 nm in aqueous solution due to their LSPR. As the NP

4



diameter increases, the LSPR band red-shifts due to electromagnetic retardation in larger

particles.

Metal
sphere

Figure 1.4  Schematic representation of plasmon oscillation for a metal sphere, where
the displacement of the conduction electron cloud is relative to the nuclei.

Through theoretical and experimental studies, the AuNP LSPR is known to be a
contribution of both photon absorption and scattering in which the AuNP absorption and
scattering cross-section changes according to the size, shape, and composition of the
NP.!®!® The general theory of light scattering induced by spherical particles was
originally developed by Mie.!”** The scattering cross-section of a particle with radius
“r” much smaller than the wavelength of light (more accurately 2zr << J), varies as %,
while the absorption cross-section varies as 7°. Therefore, as the radius of the
nanoparticle increases, the scattering cross-section drastically increases as shown in Eq.
1.1." Where oscan is the NP scattering cross-section and m is the ratio of refractive
indices of the particle and the medium in which the particle is dispersed.

_1287° |’ 1]
RV P

(2
Eq. 1.1



1.3 Near- and Far-Field Effects

AuNPs exhibit both near- and far-field effects on fluorophore fluorescence.
AuNP near-field effects (NFE) typically come into play if the fluorophore is in direct
contact with or within ~10 nm of the AuNP surface.?!?*?*»?* NFEs range from surface
resonance energy transfer (SET) and Forster resonance energy transfer (FRET) to static
and dynamic quenching. NFEs can either result in fluorophore fluorescence reduction or
enhancement.?*»?32¢ Static and dynamic quenching are characteristic of a fluorophore
directly in contact to the NP surface. AuNP induced static or dynamic quenching results
when the AuNP acts as a quencher to reduce the fluorophore fluorescence. Static
quenching occurs when the fluorophore is chemically or physically bound to the AuNP
surface while dynamic quenching occurs upon collision of the fluorophore with the
AuNP surface.?” FRET and SET occur when the AuNP LSPR band overlaps with the
emission band of a fluorophore allowing the excited-state fluorophore to interact with
free electrons of the metal. FRET involves the non-radiative transfer of excitation energy
from an excited donor fluorophore to a proximal ground-state acceptor in which the
AuNP acts as the acceptor.”® Therefore, AuNP FRET reduces the fluorophore
fluorescence. SET can increases the fluorophore fluorescence intensity by altering the
fluorophore’s quantum yield based on the fluorophore’s proximity to the surface.?’
FRET and SET efficiencies are dependent on the distance separating the fluorophore
from the NP surface. FRET and SET efficiencies follow a sixth and fourth power
dependence, respectively. As shown in Eq. 1.2 and 1.3, ¢ represents energy transfer
efficiency, d represents the distance separating the fluorophore from the NP surface, and

do represents the distance at which energy transfer efficiency is 50%. Therefore, FRET

6



efficiency diminishes at shorter distances compared to SET efficiencies. Despite
extensive experimental and theoretical works on the various NP NFEs, quantitative
decoupling of the contribution of individual NFEs to the overall NP induced fluorescence
signal variation is currently impossible. This is especially true for fluorophores in large
molecules such as proteins in which different fluorophores in the same protein molecule
can experience different NP NFEs.?® The current understanding of NP NFEs on
fluorophore fluorescence is investigated through the collective or ensemble averaged

effect.

1
¢FRET = —d
1+(—)°
d, Eq. 1.2
1
Pser =——— Eq. 1.3
1+(—)*
d

0

The NP far-field effects (FFEs) refer to interactions that can change fluorescence
signals of all fluorophores in solution, regardless of fluorophore and nanoparticle
distance.’0313233:34 AyNP far-field effects are subcategorized into either inner filter
effects (IFE) or multipath effects (MPE). IFE is well-known in fluorescence and Raman
spectroscopy and is attributed to the attenuation of excitation and emission light
intensities induced by photon absorbers in the sample solution that can cause spectral
distortion and nonlinearity between fluorescence signal intensity and fluorophore
concentration.’!*>*? IFE results from photon absorption that can reduce the number of

excitation photons that reach the fluorophore and/or reduce the number of emission

7



photons that reach the detector. IFEs are an inherent issue for all fluorophores since
photon absorption must occur to induce fluorescence emission. The effect of IFEs on a
simple fluorophore (2-aminopurine) in solution is illustrated in Figure 1.5. Even though
the absorbance is linearly related to molecular concentration, the corresponding
fluorescence emission does not exhibit a linear relation at high fluorophore

concentrations.

o :
§ (A)]  1.2HB) é - "
3 2038 ?8’ .

Q < c
2 0.4 @
2
300 400 0 60 120 180 = 300 400 0 80 120 180
Wavelength(nm) [2-AP] (uM) L Wavelength(nm) [2-AP] (uM)

Figure 1.5  UV-vis and fluorescence measurements for 2-aminopurine.

Notes: (A) UV-vis and (C) fluorescence spectra for solutions containing 2-aminopurine.
(B) and (D) illustrate peak absorbance and peak fluorescence intensities for spectra
shown in (A) and (C) respectively.

Correcting the AuNP IFE is critically important since AuNPs exhibit broad
spectrum absorption from 200 to 600 nm. Modelled UV-vis extinction spectra for
AuNPs of 10, 30, 50, and 70 nm diameter are shown in Figure 1.6. The UV-vis spectra
are broken into their absorbance and scattering counterparts. UV-vis spectral acquisition
can detect both absorbance and scattering. For solutions that are known to only absorb
light, the corresponding spectra have a y-axis label of absorbance. However, solutions
such as nanoparticles are known to both absorb and scatter light and the corresponding
UV-vis spectra have a y-axis label of extinction. As illustrated in Figure 1.6, even when

the AuNP diameter is as large as 70 nm, the absorbance component in UV-vis



measurements is still significant with ~ 70% of the LSPR extinction peak attributed to
photon absorption. Therefore, the larger AuNPs can significantly impose IFEs on
fluorescence measurements. Correction for IFE becomes vital when the photon

5 43-47

absorbing species has a UV-vis absorbance above 0.0 . Over the past 50 years,

there has been a substantial amount of research aimed at correcting fluorescence IFE.*44%
3¢ However, many of these correction strategies utilize specialized instrumentation or

tedious mathematical manipulation. A simpler correction scheme that is broadly

applicable is highly desirable.

—
(=]

(A) (B) (C) (D)

Extinction
[=)
[4)]

©
o

30 540 720 360 540 720 360 540 720 360 540 720
Wavelength (nm)  Wavelength (nm)  Wavelength (nm)  Wavelength (nm)

Figure 1.6 ~ Computationally modelled AuNP UV-vis spectra for AuNPs of different
diameters.

Notes: Extinction, absorption, and scattering spectra for AuNPs with particle diameters
of (A) 10 nm, (B) 30 nm, (C) 50 nm, and (D) 70 nm, respectively. Extinction,
absorbance, and scattering are shown in red, black, and blue lines, respectively.

Most of the current literature investigating nanoparticle interfacial phenomena
using fluorescence, either does not consider the NP FFE or the only NP FFE considered
is the fluorescence inner filter effect (IFE) imposed by NPs.3231:57:9859 In the latter cases,
the NPs were commonly treated as molecular chromophores and their FFE on
fluorophore fluorescence was corrected on the basis of the UV-vis extinction of the NP-
containing solutions without considering the NP scattering contribution to the UV-vis

9



extinction.’”*%? The AuNP multipath effect (MPE) results from photon scattering off
the NP surface that increases the path length of photons in the solution medium.
Scattering of emitted photons should have no significant effect on the number of photons
reaching the detector since the distribution of the total number of photons in the cuvette is
dominated by the number of excitation photons. However, scattering of excitation
photons can have two competing effects (Scheme 1.1). On one hand, scattering of
excitation photons reduces the number of photons that can interact with fluorophores in
solution of the probed volume, reducing the detected fluorescence intensity (Scheme 1.1
(A)).®! On the other hand, it can increase the possibility of individual excitation photons
to interact with fluorophores in solution by scattering excitation photons back and forth
(Scheme 1.1 (B)).52% The latter effect is termed the multipath effect (MPE) because it

enhances the fluorescence signal through the NP multiplicative scattering effect.

10



(B) ) *
Excitation . o, Excitation

—_—
W
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Beam Photon Photon
* *
Nonemitting Emitting
Fluorophore Fluorophore

Scheme 1.1  Illustration of the competing dual effects (reducing and enhancing) of light
scattering NPs on fluorophore fluorescence.

Notes: (A) Reducing fluorescence intensity by reducing the number excitation photon
interactions with fluorophores at the probed volume. (B) Enhancing fluorescence
emission by increasing the number of excitation photon interactions with fluorophores in
the probed volume. (C) Enhancing fluorescence emission by simulated emission induced
by scattering of emission photons. For the sake of simplicity, the NPs were assumed to
be pure scatterers, and the fluorescence detection was at a 90-degree collection as
commonly used in commercial spectrofluorometers.

Figure 1.7 illustrates the relation of AuNP absorption and scattering cross-
sections as a function of NP diameter as calculated using Mie Theory.%* The effect of
AuNP scattering on spectrofluorometer measurements becomes increasingly significant
as the AuNP diameter increases thereby increasing the AuNP MPE. Light absorption at
the fluorescence excitation and emission wavelengths invariably reduce fluorescence
intensities, and the degree of signal attenuation can be understood straightforwardly on

the basis of Beer’s Law. However, the effect of light scattering on fluorescence signals is

11



highly complicated and depends on instrument geometry and the light scattering

efficiency at the excitation and emission wavelengths,®!6:18.24.65

o

"

cross section (nrnz)
\\
o

)
.
vau,
it

102 s ! Au spheres in water -
3 absorption [532 nm;

S scattering (532 nm
,' / : absorption (633 nm
g scattering (633 nm

e,

103
100

diameter (nm)

Absorption and scattering cross-sections for AuNPs as a function of AuNP
diameter calculated using Mie Theory and two different excitation

wavelengths.®*

Figure 1.7

Notes: The bold lines pertain to calculations using a 532 nm excitation wavelength. The
lighter lines pertain to using a 633 nm excitation wavelength. Solid lines and dashed
lines represent absorption cross-sections and scattering cross-sections, respectively.

As illustrated in Scheme 1.1, photon scattering in solution can lead to two
competing effects resulting in either fluorescence reduction or enhancement. Scattering
of excitation photons away from fluorophores in solution or scattering of emission
photons away from the fluorescence detector would exhibit fluorescence reduction.

Fluorescence can be enhanced by increasing the number of photon interactions with
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fluorophores. Following this train of thought, two enhancement possibilities are the most
likely as outlined in Scheme 1.1. First, the number of excitation photon interactions with
fluorophores in solution can increase (Scheme 1.1 (B)). Secondly, fluorescence
enhancement can occur due to stimulated emission induced by scattered emission photon
interactions with other fluorophores already in their excited-state (meaning the emission
photon energy matches the energy of the excited state fluorophore) (Scheme 1.1 (C)).5
Stimulated emission is the same phenomenon that occurs in lasers. An electron at an
excited-electronic state interacts with an incoming photon for which the quantum energy
is equal to the energy difference between its present level and lower ground state level.
This incoming photon causes the excited state electron to drop down to ground state
stimulating the release of an emission photon of equal energy as the incoming photon as
shown in Figure 1.8.°7 The effect of scattering from a turbid medium on fluorophore
fluorescence has been previously investigated, however, the correction methods
implemented require special instrumentation capable of acquiring reflectance or complex
modelling to estimate the photon path in the medium.>®® It is vital to quantitatively

understand NP absorption and scattering to accurately probe fluorophore fluorescence in

the presence of AuNPs.

13



1 1

incident photon 2 VaVed
W AE = hV ‘st I " W
E, I 1
v
— E, —— Eq
Excited-State  Photon Interaction Stimulated
with electron Emission

Figure 1.8  Partial energy diagram illustrating stimulated emission.

Notes: An incoming photon interacts with an excited state electron stimulating the
relaxation of excited electron down to ground state with the release of two emission
photons.

The effect of nanoparticles (NP) on fluorophore fluorescence can be highly
complicated depending on the type of NP and the structure of the fluorophore-containing
molecules. This is especially true when considering protein tryptophan fluorescence on
AuNPs where both fluorescence enhancement and quenching has been proposed in

literature3%-40-69-7>

with large discrepancies in the degrees of fluorescence enhancement or
quenching factors.”> One common belief is that AuNPs induce static or dynamic
fluorescence quenching.’”-’>7¢%2 Sych quenching is commonly modelled with the Stern-

Volmer equation to estimate the AuNP/protein binding rate or binding affinity constants.

The Stern-Volmer equation is shown in Eq. 1.4.
FO
7:1+1<SV[Q] Eq. 1.4

Where Q is the quencher or AuNP concentration, Fy is the fluorophore fluorescence

without a quencher present, and F'is the fluorophore fluorescence intensity in the
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presence of quencher. The Stern-Volmer constant or binding constant (Ksy) is

F
extrapolated by linear fitting 70 as a function of AuNP concentration (/Q]).

The Stern-Volmer equation is applicable when monitoring the binding of simple
molecular species with AuNPs. However, protein/AuNP binding can alter protein
fluorophore fluorescence through multiple pathways such as changing the protein

778386 modifying the quantum yields of protein

secondary and tertiary conformations,
fluorescence,®” or by charge and energy transfer.””’! A protein fluorophore in direct
contact with the NP surface will have its fluorescence drastically reduced due to charge-
transfer induced static quenching. However, a protein-conjugated fluorophore in close
vicinity to (but not in direct contact with) the NP can have its fluorescence intensity
enhanced or reduced, depending on the competitive electromagnetic enhancement of
AuNP and fluorescence signal attenuation due to the Forster resonance energy
transfer, 38:46,58.60.88.89
Mechanistic understanding of the effect of NPs on fluorophore fluorescence is
exceedingly challenging due to the fact that NPs can modify fluorophore fluorescence
concurrently through multiple near- and far-field effects.®>*! Presented in the proceeding
chapters are a series of experimental and computational studies aimed at mechanistically
understanding nanoparticle interactions with matter and photons to increase the reliability
of spectrofluorometer based measurements. AuNP surface effects on fluorophore
fluorescence have been evaluated using PEGylated AuNPs as an external reference for

AuNP FFEs. Secondly, systematic evaluation of water Raman IFE has allowed for

determination of a spectrofluorometer’s effective path lengths. Lastly, the RS>
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technique was used to determine the optical cross-sections such as extinction, scattering,
and on-resonance fluorescence cross-sections of a variety of nanomaterials. These
studies provide critical information increasing the understanding of NP optical properties
and their effects on fluorophores in solution regardless of direct interaction with the NP

surface.
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CHAPTER 1II

A GENERALIZED MODEL ON THE EFFECTS OF NANOPARTICLES ON

FLUOROPHORE FLUORESCENCE IN SOLUTION

This work has been previously published: Zhang, D.; Nettles, C. B. A
Generalized Model on the Effects of Nanoparticles on Fluorophore Fluorescence in

Solution. J. Phys. Chem. C, 2015, 119, 79417948

2.1 Abstract

Nanoparticles (NP) can modify fluorophore fluorescence in solution through
multiple pathways that include fluorescence inner filter effect (IFE), dynamic and static
quenching, surface enhancement, and fluorophore quantum yield variation associated
with structural and conformational modifications induced by NP binding. The latter three
effects are termed the collective near-field effect as 1) they affect only fluorophore
fluorescence in molecules close to the NPs, and 2) it is impossible to differentiate these

effects with steady-state fluorescence measurements. A generalized model (

o / Fy" =(1+ K[NPJ)/(1+ K/NP] S)was developed for determination of the NP
collective near-field effect S on the fluorophore fluorescence in the surface-adsorbed
molecules. The popular Stern-Volmer equation ( £y / Fy" =1+ K/NPJ] ) used in
current fluorescence studies of NP interfacial interactions is a special case of this
generalized model, valid only under situations in which the surface-bound molecules are

completely fluorescence inactive (5=0). In addition, we excluded the possibility of NPs
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inducing significant dynamic fluorescence quenching under realistic experimental
conditions on the basis of a simple dynamic quenching calculation (Eq. 2.1).
Furthermore, using an external reference fluorescence IFE correction method developed
in this work, we demonstrated that gold nanoparticles (AuNPs) only slightly attenuate,
but do not completely quench the fluorescence signal of the protein bovine serum
albumin (BSA) on AuNP. This result undermines the reliability of the BSA/AuNP
binding constants calculated using the Stern-Volmer equation in earlier studies of
BSA/AuNP interfacial interactions. The methodology and insights provided in this work
should be of general importance for fluorescence study of nanoparticle interfacial

interactions.

2.2 Introduction

The effect of nanoparticles (NP) on fluorophore fluorescence can be highly
complicated depending on the types of NP and the structure of the fluorophore-containing
molecules. Taking protein tryptophan fluorescence on plasmonic gold NPs (AuNPs) as
examples, both fluorescence enhancement and quenching has been proposed in

literature, 3406975

and there are large discrepancies in the degrees of fluorescence
enhancement or quenching factors.”” One common belief is that AuNPs induce static or
dynamic fluorescence quenching.’”-*>7¢82 Such quenching is commonly modelled with
the Stern-Volmer equation to estimate the AuNP/protein binding rate or binding affinity
constants.

Despite its popularity, the general applicability of the Stern-Volmer equation for

fluorophore interactions with NPs is highly questionable. Indeed, the Stern-Volmer

equation is applicable only in situations in which fluorophore fluorescence is completely
18



quenched in the dynamic and static fluorophore/quencher complex. Such a scenario is
unlikely to occur for general NPs such as silica, graphene, two-dimensional nanosheets,
or plasmonic AuNPs. Using protein binding to AuNPs as an example again, AuNPs can
alter protein fluorophore fluorescence through multiple pathways. First, protein binding

778386 modifying

with AuNP can change protein secondary and tertiary conformations,
the quantum yields of protein fluorescence.®” This effect is well-known for protein
tryptophan fluorescence. Second, AuNPs can change fluorophore fluorescence through
charge and energy transfer.’””! When a protein fluorophore residue is in direct contact
with the NPs, its fluorescence activity should be drastically reduced due to charge-
transfer induced static quenching. However, when a protein-conjugated fluorophore is
in close vicinity to, but not in direct contact with the NP, its fluorescence intensity can be
enhanced or reduced, depending on the competitive electromagnetic enhancement of
AuNP, and fluorescence signal attenuation due to the Forster resonance energy

38:46,58.60.88.89 The degree of fluorescence enhancement or reduction of individual

transfer.
fluorophores in a specific protein molecule depends on parameters such as fluorophore-
AuNP distance, the molecule orientation relative to AuNP surface, polarization of photon
excitations, and the optical spectral features of the fluorophore and AuNPs 23707

There are further complications in the NP effect on protein fluorescence in that
each protein can contain multiple intrinsic tryptophan fluorophores or externally labeled
fluorophores. The distances between the NP and individual protein fluorophores are
likely different from one to another. Therefore, individual fluorophores in the same

protein can experience different degrees of fluorescence signal perturbations induced by

NPs. The experimentally measured fluorescence signal modification induced by NPs is
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an ensemble measurement of the overall effect of NPs on each individual fluorophore in
all protein molecules.

All the effects described above are NP near-field effects because they only change
the fluorescence intensity in molecules that are in direct contact or extremely close
vicinity to the NP surfaces. It is currently impossible to disentangle individual
contributions of these different near-field effects on fluorophore fluorescence. Therefore,
these effects are referred to as the collective NP surface effect that contains the combined
contribution of all the NP near-field effects.

Besides the collective NP surface effect, NPs also modify fluorophore
fluorescence through the fluorescence inner filter effect (IFE). IFE is well-known in
fluorescence and Raman spectroscopy and is attributed to the attenuations of excitation
and emission light intensities induced by photon absorbers and scatterers in the sample
solution.*!*>*? Critically, fluorescence IFE is in play for all fluorophores in the NP-
containing solution regardless of whether or not the fluorophore is adsorbed onto NPs. In
addition, all NPs can impose strong fluorescence IFE on the fluorophore fluorescence.
This is because NPs are invariably drastically stronger light scatters than molecular
species because the scatter cross-section is proportional to the 6™ power of the particle
size. In addition, many NPs including plasmonic AgNPs and AuNPs, semiconductor
quantum dots, and graphene are stronger light absorbers. As such, the fluorescence IFE
effects induced by these NPs are even more prominent. Unfortunately, the fluorescence
IFE has been overlooked in many recent reports on the fluorescence study of NP

interfacial interactions.387%-88,89.98
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The goal of this study is to develop a quantitative understanding of the effect of
NPs on the fluorophore fluorescence by disentangling the collective NP surface effect
from the fluorescence signal variation induced by NP-imposed fluorescence IFE. We
first excluded the possibility of NPs inducing any detectable dynamic fluorophore
fluorescence quenching on the basis of a simple calculation shown in Eq. 2.1 where a NP
concentration as high as 10 uM is required to induce dynamic quenching. Therefore
illustrating that the use of the Stern-Volmer equation to derive the fluorophore/NP
binding rates is not reliable. We then derived a general model for determination of the
collective NP surface effect on the fluorescence signal for the surface adsorbates, and
demonstrated the condition under which this general model can be simplified into the
popular Stern-Volmer equation. An example application of the generalized model is
demonstrated by quantifying the collective AuNP surface effect on tryptophan
fluorescence in protein bovine serum albumin (BSA). This study revealed that the
AuNPs only attenuate, but do not completely eliminate fluorescence signal of the surface
adsorbed BSA on the AuNPs with particle sizes of 10, 30 and 50 nm in diameters. For
the sake of simplicity, we used the notation of A/B in the text to represent the mixture

solution of A and B.

2.3 Experimental
2.3.1 AuNP synthesis and characterization

Both in-house synthesized and commercial AuNPs were used in this work. The
in-house AuNPs were prepared using the citrate reduction method and it has an average
size of 13 nm in diameter.” The concentration of the prepared AuNPs was 10.5 nM,

calculated using the molar extinction coefficient of 2.7 x 103 M~ cm™! for 13 nm AuNPs
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and the UV—vis spectrum of the as-synthesized AuNPs.!® The commercial citrated-
reduced 10 nm, 30 nm, and 50 nm AuNP were obtained from Nanocomposix. AuNP
concentrations and particle sizes were provided by the vendor, but the particle size was

verified in-house with UV-vis measurements and TEM images (Figure 2.1).
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Figure 2.1  UV-visible and TEM characterization of 10, 13, 30, and 50 nm AuNPs.

Notes: (A)-(D) UV-vis spectra of AuNPs with diameters of 13 nm, 10 nm, 30 nm, and 50
nm, respectively. (E)-(H) TEM images of AuNPs with diameters of 13 nm, 10 nm, 30

nm, and 50 nm, respectively.

2.3.2 AuNP PEGylation

Two types of PEGylated AuNPs (p2kAuNPs and p3ocAuNPs) were used in this
work, which were prepared with thiolated polyethylene glycol (PEG) with average
molecular weight of 2,000 g/mol and 30,000 g/mol. respectively. Before use, the PEG
molecules were dialyzed against water. pAuNP stock solutions was prepared by the
addition of 5 mL of 120 uM PEG-SH to 10 mL of AuNPs and mixture solution were

them kept at 4 °C refrigerator for at least 12 h before use within one week.

22



233 Preparation of BSA/AuNP, BSA/pAuNP, and BSA controls

BSA concentration is kept constant at 1 uM in all the examples, but the AuNP
concentrations of the 13 nm AuNPs in the BSA/AuNPs and BSA/pAuNP samples varies.
The BSA/AuNP and BSA/pAuNP samples were prepared in parallel so that the BSA and
AuNP concentrations and AuNP sizes in the two sets of parallel samples were identical.
Four types of BSA controls were prepared and evaluated in which the solvents were
nanopure water, centrifugation supernatant of colloidal AuNPs, 30 uM PEG solution and
centrifugation supernatant of PEGylated AuNPs. Since all the controls have essentially
identical BSA fluorescence spectra (Figure 2.2), only the BSA dissolved in nanopure
water is used in subsequent experiments as the control for evaluation of the effect of
AuNP and pAuNP on the BSA fluorescence. All fluorescence measurements were
conducted with a Horiba Fluoromax 4 spectrofluorometer using a standard 4 mL 1 cm x 1
cm cell path length. The amount of BSA adsorbed onto the AuNPs and pAuNPs were
estimated by fluorescence quantification of BSA in the centrifugation supernatant in the
AuNP/BSA or pAuNP/BSA samples. The centrifugations were conducted using a Fisher
Scientific Marathon 21000R centrifuge at 9000 rpm for 75 min at 15 °C or until the
AuNP LSPR peak (~520 nm) was no longer detectable in the supernatant. All the UV-vis
and fluorescence measurements were conducted within one day of the sample

preparations.
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Figure 2.2 Fluorescence spectra of 1 uM BSA in different solvents.

Notes: Fluorescence spectra of 1 uM BSA dissolved in water (BSA/H>0), centrifugation
supernatant of colloidal AuNPs (BSA/AuNPy,p), centrifugation supernatant of PEGylated
AuNPs (BSA/pAuNPsyp), and 30 puM PEG with molecular weight of 2,000 g/mol
(BSA/PEGu)..

24 Theoretical Considerations
24.1 NP-induced dynamic fluorescence quenching

One common belief in recent literature is that NPs induce dynamic fluorescence
quenching.”®%2%° However, such a possibility can be readily ruled out with a simple
calculation that incorporates the experimental conditions employed in the literature as
shown in Eq. 2.1. Dynamic fluorescence quenching is due to the formation of transient
fluorophore/quencher complexes that lead to non-radiative relaxation of the excited
fluorophore.?’* Mathematically, the degree of dynamic fluorescence quenching can be

expressed with Eq. 2.1 where /,and /,, are the fluorescence intensities of the sample

without and with quencher,* 7, is the fluorescence lifetime without the quencher, /Q]

represents the quencher concentration, k. is the rate constant of fluorophore/quencher
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collision, and Kj is the dynamic quenching efficiency, that is, the probability that such

collisions lead to complete non-radiative relaxation of the excited fluorophores.

f—Z:I+kC K,t,[0O] (3.1)
In order to achieve effective dynamic quenching, the quencher and fluorophore-
containing molecules have to be highly mobile so they can have a high collision rate
constant (large k.) and each collision has to have high a probability to induce non-
radiative fluorophore relaxation (K, close to 1, for example). Even under these
conditions, the quencher molecules have to be at a relatively high concentration (/Q] is
mM or above).**65% This is because dynamic quenching has to compete with the
fluorescence process that usually occurs on a nanosecond (10” s) timescale. However,
in typical NP/ligand binding experiments, especially with NPs that have high optical
activity such as light absorption and scattering, the NP concentration is commonly in the

39.41,72.73.7681.82.8689 Eor example, the highest AuUNP concentration used in

low nM range.
protein/AuNP binding experiments is usually significantly below 10 nM in order to avoid
excess AuNP-imposed fluorescence IFE and ensure the viability of UV-vis
measurements. Furthermore, the NP diffusion coefficient is inevitably much smaller than
that for small molecule fluorescence quenchers because of the much larger size of the
NPs. Assuming (1) the dynamic fluorescence quenching in NP/fluorophore solutions is
entirely diffusion-limited (K, = 1, every collision leads to non-radiative relaxation of the
excited fluorophore), and (2) the k. for NP/fluorophore collision rate constant is as large

as 1 x10'" M's™! (the highest collision rate for common small molecules in aqueous

solution),* the minimum NP concentration that can lead to detectable dynamic
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fluorescence quenching is ~100 uM. Further assumptions used for this calculation
include (1) the fluorophore fluorescence life-time in the fluorophore-containing molecule
is 10 ns, (2) relative errors in fluorescence measurements are significantly smaller than
0.01, which is significantly better than practical fluorescence measurement, and (3) the
NP diffusion coefficient is as high as that for oxygen and tryptophan in water *+101-102
Considering that NP concentrations used in practical NP binding experiments are usually
in low nM, more than four orders of magnitude lower than this threshold concentration,
and the collision rate between NP and fluorophore should be significantly smaller than

that for oxygen and tryptophan, the possibility for NPs to induce significant dynamic

fluorescence quenching is entirely negligible.

2.4.2 Effect of NPs on fluorophore fluorescence in solution

The exclusion of the possibility for NPs to induce significant dynamic
fluorescence quenching enables us to use Eq.2.2 to model the effect of NPs on
fluorophore fluorescence in NP-containing solutions. The first term in parenthesis on the
right-hand side of this equation is for fluorophores adsorbed onto NPs, and the second

term is for fluorophores that are away from the NP surface.

LTS S o <P T VLI
Foobsd MXFN £ ki Xr 7

(3.2)

Here F20*/ Fy™ is the ratio of the experimental measured fluorescence intensity
of the samples with and without NPs. F, ; defines the collective NP surface effect on the
fluorescence signal of fluorophore 7 in surface-adsorbed molecule k. To ensure the

general applicability of Eq. 2.2 to systems where each surface adsorbate (such as protein)
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can contain multiple fluorophores, we assumed that each molecule contains N
fluorophores and NP binding can have a different effect on the fluorescence intensities of

individual fluorophores. The P, ;value can be smaller or larger than, or equal to 1,

corresponding to situations where the NP quenches, enhances, or has no significant near-

field effect, respectively, on the fluorescence signal of the specified fluorophore. M is the

total number of fluorophore-containing molecules in the sample. Y represents the
fraction of the fluorophore-containing molecules adsorbed onto the NPs and is calculated
by division of AuNP-fluorophore supernatant fluorescence (AuNP/BSA or pAuNP/BSA)
by fluorophore control fluorescence (H2O/BSA). Only the fluorophores in NP-bound
molecules experience fluorescence signal perturbation induced by the collective NP

surface effect that includes FRET, surface plasmonic resonances, and NP-binding-

induced structural and conformational modifications. #,, and #, represent the

fluorescence IFE in the sample solutions with and without NPs, respectively. Both the
fluorophore-containing molecules and NPs can impose fluorescence IFE, while the latter

attenuates fluorescence intensity of molecules in solution regardless of whether they are

attached to or away from the NPs. Each 7 can take any value between 0 and 1,

corresponding to fluorescence IFE from high to low, respectively. Although, 7, is
commonly approximated as 1 (no IFE) when the total UV-vis absorbance of the sample at
the fluorescence excitation and the emission wavelengths is less than 0.05.46°

Eq. 2.2 can be simplified into Eq. 2.3 in which F;” and F;*"are the

fluorescence intensities of the NP-containing and NP-free samples after correcting their

fluorescence IFE by using Eq. 2.4 and 2.5, respectively
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S represents the ensemble-averaged collective NP surface effect on all the
fluorophores in the surface adsorbates. It is critical to note that the value of S can be
larger, smaller, or equal to 1, corresponding to situations where the NP enhances,
reduces, or has no significant effect on the fluorescence signal of the molecular
adsorbates on NPs.

Using the assumption that ligand binding with NPs can be described with an

equilibrium chemical reaction (Eq. 2.7a and 2.7b) in which K., is the equilibrium binding

constant between a NP and fluorophore-containing molecule M, one can determine )

with Eq. 2.8b. The latter equation can be derived with simple mathematical manipulation

on the basis of the mathematic definition of K.;. =
(A) NP+F = F—NP

_[F-NP]

® "~ e

(3.7)
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[F - NP]

) “r T F] + [F —NP]
_ K, [NP]
(B) Xr = W (2.8)

Eq. 2.9 is derived by substitution of )}y in Eq. 2.3 with that defined by Eq. 2.8b,

and with a simple mathematic manipulation.

Focorr B 1 + Keq [NP]
For 1+K,[NP] S

(3.9)

AuNP

Critically, Eq. 2.9 can be reduced to the popular Stern-Volmer equation
Fy" /F o =1+ K/NPJ] when all fluorophores in all the surface-bound molecules are

entirely fluorescence inactive (S=0). The model described in Eq. 2.9 is more broadly
applicable than the Stern-Volmer equation for modeling the effect of NPs on fluorophore
fluorescence as it has no constraint on the degree of fluorescence enhancement or
quenching imposed by NPs on fluorophores in surface-bound molecules. Furthermore,
the fluorescence IFE is explicitly considered in the generalized model. This is in contrast
to the Stern-Volmer equation in which fluorescence signal reduction is entirely attributed
to complete dynamic and static quenching.

The generalized model described in Eq. 2.9 and the Stern-Volmer equation
facilitate conceptual understanding of the effect of NPs on fluorophore fluorescence.
However, using these models to predict the NP binding constants or assemble-averaged
collective NP surface effect of fluorophore fluorescence is extremely challenging in
practical NP binding experiments. This is because the NP concentration in the Eq. 2.9

and in the Stern-Volmer equation is the equilibrium concentration of ligand-free NPs, but
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not the total NP concentration used in most of the existing literature 0:41:72.76-82

Unfortunately, it is currently impossible to determine the equilibrium concentration of
free NP (without bound ligands) in NP binding experiments.

Using the concentration of total NPs as the concentration of ligand-free NPs in the
Stern-Volmer equation or the general model of Eq, 2.9 can be highly problematic because
this approximation may be valid only when the NP concentration is much higher than the
concentration of ligand molecules. However, in practical fluorescence studies of NP
binding experiments, the NP concentration is usually much lower than that of the ligand
to avoid excess NP-induced fluorescence IFE. As an example, the AuNP concentration
is usually more than two orders of magnitude lower than that of protein in the
fluorescence studies of protein/AuNP binding.*!:7679:8182 [t is_therefore, unreliable to use
the total NP concentration to determine the NP/protein binding equilibrium constants.

Even without determining the fluorophore/NP binding constant and the free NP
concentration, one can still quantify the ensemble-averaged collective NP surface effect
on the fluorescence signal of fluorophores in surface-bound molecules by using Eq. 2.10
The latter is equivalent to Eq. 2.9 and it is derived by rearranging Eq. 2.3. Eq. 2.10
implies that one has to be able to reliably correct the fluorescence IFE in the NP-free and
NP-containing samples, and the fraction of fluorophore-containing molecules attached
onto the NP surface in order to determine the collective NP surface effect (enhancing,
quenching, or complete eliminating) on the fluorescence signal of the fluorophores in the

molecules located on the NP surfaces,

o Fa (g )

(3.10)
XrEy
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2.5 Results and Discussion

Example application of Eq. 2.10 for determination of the NP surface effect on
fluorophore fluorescence was demonstrated for BSA adsorbed onto AuNPs. The effect
of AuNPs on BSA tryptophan fluorescence has been one of the most popular systems for
studying the effect of NP binding on protein fluorescence.””’>"7828 Unfortunately, in
many of these studies, the NP-induced fluorescence IFE effect has not been considered,
or deemed insignificant without experimental verification. In addition, dynamic
fluorescence quenching has been commonly invoked in those studies as the main

pathway for AuNP induced protein tryptophan fluorescence signal reduction,’®8%8

even
though the AuNP concentrations used in those reports is far below the concentration
threshold needed for producing dynamic fluorescence quenching.

In this work, we developed and validated a new method for correction of
fluorescence IFE in BSA/AuNP samples by using samples prepared with BSA mixed
with PEGylated (BSA/pAuNP) as the external references. The performance of this
external reference method were compared with that of two popular mathematical
fluorescence IFE removal methods used in recent literature.*®#*% The key theoretical
foundation of this external reference method is the fact the BSA adsorption is kinetically
restricted onto the PEGylated AuNPs (pAuNP), therefore the pAuNP can only change the
BSA fluorescence through the AuNP-imposed fluorescence IFE. The latter was
experimentally confirmed with our control experiments shown below. The collective

AuNP surface effect on tryptophan fluorescence of the BSA adsorbed onto the AuNPs

were quantified for AuNPs with particle sizes of 10 nm, 30 nm, and 50 nm in diameter
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2.5.1 Correction of fluorescence IFE effect

Figure 2.3(A)-(C) show the UV-Vis spectra of a series of BSA/AuNP,
BSA/p2kAuNP, and BSA/p3okAuNP solutions using 13 nm AuNPs, respectively.
p2kAuNP and p3okAuNP refer to the AuNPs that were PEGylated with thiolated
polyethylene with molecular weight of 2,000 g/mol and 30,000 g/mol, respectively. The
UV-vis spectra of the BSA/AuNP solutions are very similar to their corresponding
BSA/p2kAuNP and BSA/p3ocAuNP samples that contain the same amount of BSA and
AuNPs. Therefore, the fluorescence IFE in the BSA/AuNP samples should be very
similar to that in their corresponding BSA/pAuNP samples. This is because the
fluorescence IFE is caused by photon adsorption and scattering, the significance of which
is measured by the sample UV-vis spectrum. Importantly, fluorescence intensities of the
centrifugation supernatants of the BSA/p2kAuNP and BSA/p3okAuNP solutions are almost
entirely independent of the pAuNP concentration, confirming that there is no BSA
adsorption onto AuNPs that are PEGylated by either 2,000 g/mol or 30,000 g/mol PEG-
SH. The slight deviation in fluorescence intensity for the supernatant pAuNP containing
solutions can be attributed to changes in the AuNP localized surface plasmon resonance
band upon passivation with PEG which could alter that absorbance efficiency of AuNPs.
In contrast, the fluorescence intensity in the centrifugation supernatants of BSA/AuNP
samples decreases monotonically with increasing NP concentration (Figure 2.3(G)),
showing the BSA adsorption onto AuNPs. These experimental data indicate that
observed fluorescence signal variation of the BSA/AuNP samples are due to the
combined effect of the NP-induced fluorescence IFE effect and the collective NP surface
effect, while that in BSA/p2kxAuNP and BSA/p30kAuNP is due only to the NP-induced
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fluorescence IFE. It is important to note that since the highest AuNP concentration used
in this study is below 10 nM, it is impossible for NPs to induce any detectable dynamic

fluorescence quenching in any of the AuNP- and pAuNP-containing samples.

Fobsd

pAuNP

1 paunp :W% (3.11)

pAuNP changes BSA fluorescence only through AuNP-induced fluorescence IFE effect.
Therefore, one can determine the fluorescence IFE in the BSA/pAuNP samples on the
basis of the fluorescence signal variation induced by PEGylated AuNPs as shown with
Eq. 2.11. Mathematically, Eq. 2.11 can be obtained from Eq. 2.2 by eliminating the first
term in the right-hand side of the equation, and setting 7= 0 in the second term. This is
because no BSA is adsorbed onto the PEGylated AuNPs (Figures 2.3(H) and 2.3(I)).

The fluorescence IFE in the AuNP-free samples is negligible because of their low UV-vis
absorbance (A < 0.05) in the BSA control solution (Figure 2.3(A)). 7= 1 in this case.
Furthermore, since UV-vis spectra of BSA/AuNP samples are highly similar to those of

their corresponding BSA/p2kAuNP or BSA/p3okAuNP samples, one can set

N aune = Npaunp- Consequently, the IFE- corrected fluorescence intensity in BSA/AuNP

samples can be calculated with Eq. 2.12 by replacing # 4,y in Eq. 2.11 with 77, ,,xp

calculated with Eq. 2.4.

AuNP — Jrobsd_© AuNP (3.12)
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Figure 2.3  UV-vis and fluorescence spectra of a series of BSA/AuNP, BSA/p2kAuNP,
and BSA/p3ocAuNP solutions.

Notes: (A), (B), and (C) UV-vis spectra obtained with BSA/AuNP, BSA/p>kAuNP, and
BSA/p3okAuNP, respectively. (D), (E), and (F) Fluorescence spectra for samples shown
in (A), (B), and (C), respectively. (G), (H), and (I) Fluorescence spectra of the centrifuge
supernatants of (D), (E), and (F), respectively. The data plotted in the same column were
acquired with the same set of samples. The BSA and AuNP concentrations in the
corresponding BSA/AuNP, and BSA/pok AuNP, and BSA/p3ok AuNP samples are exactly
the same. The concentration of BSA is 1 uM in all the samples, but the AuNP
concentration increases from 0, 1.11, 1.77, 2.89, 3.56, 4.24, 5.32, to 6.99 nM as shown by
the arrows in plots (A) to (F). The inset in (G), (H), and (I) shows the fluorescence
intensities as a function of AuNP concentration in the fluorescence spectra obtained with
the centrifugation supernatants of BSA/AuNP, BSA/p2kAuNP, and BSA/p3ox AuNP,
respectively. Error bars represent one standard deviation of three independent
measurements. 13 nm AuNPs were used for all samples.
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The data shown in Figure 2.3 indicates both BSA/p2kAuNP and BSA/p3okAulNP
can serve as the external reference for correcting the fluorescence IFE effect in the
BSA/AuNP samples because no BSA adsorption were observed in these two samples. In
this work, we use BSA/p2kAuNP as the external reference for correcting the fluorescence
IFE effect in the BSA/AuNP solutions, and the BSA/p3ocAuNP samples were used as
independent validation samples for evaluation of the performances of the external
reference method and two mathematical methods employed in recent literature.*34
Those mathematical techniques correct the fluorescence IFE effect on the basis of UV-vis
absorbance of the samples and the instrumental setup of the spectrofluorometer.
However, independent validation of those methods has, to our knowledge not been
possible for correcting NP-imposed fluorescence IFE.

Eq. 2.13 and Eq. 2.14 describe the two literature mathematical methods that are
evaluated in this work. Eq.2.13 is for the fluorescence spectra obtained with the standard
4 mL cuvette with path length of 1 cm, while Eq. 2.14 considered the photon excitation
and collection geometries in the spectrofluorometer.3®*+ A, and A, are the UV-vis

absorbances at the fluorescence excitation and emission wavelength of the fluorescence

sample, while d, g, and s in Eq. 2.14 are instrument specific parameters (Figure 2.4).%8

corr
FAuNP _ IOO'SAX+O'5Am

Fobsd (3.13)

Fwe _ 23d A, 0.0, 2354,
Fod 1107 1-1074"

(3.14)

35



Cuvette

’ d .
d=1.0cm
S :' Excitation laser s=0.1cm
g g= 0.4cm
Emission

Figure 2.4  Instrumental parameters d, g, and s for the fluorescence IFE correction
using Eq. 14.

Notes: Top view of 3 mL fluorescence cuvette used to determine values of d, g, and s
used in Eq. 14 to correct for AuNP IFE.

Near perfect fluorescence IFE corrections were achieved in the BSA/p3okAuNP
samples by using the BSA/p2kAuNP samples as the external references as shown in
Figure 2.5B. This is because the IFE-corrected BSA fluorescence intensities in the
BSA/p3okAuNP samples are entirely independent (within measurement error) of the
AuNP concentration. This result is consistent with the fact that BSA cannot be adsorbed
onto the PEGylated AuNPs and fluorescence signal reduction induced by the p3okAuNPs
is due exclusively to the AuNP-imposed fluorescence IFE. This data provides critical
validation of the external reference method. In contrast, the two mathematical methods
described with Eq. 2.13 and Eq. 2.14 under-correct the fluorescence IFE in
BSA/p3okAuNP samples (Figure 2.5(C and D)), especially for the samples that contain
relatively high AuNP concentrations. The IFE- corrected fluorescence intensities of the

BSA/p3okAuNP samples are significantly lower than the fluorescence intensities of their
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centrifugation supernatants (Figure 2.3(1)). The latter are entirely independent of the
AuNP concentrations. Indeed, if these mathematical correction models are correct, the
PEGylated AuNPs have to quench the tryptophan fluorescence in BSA molecules that are
dispersed in solution. Such an event is impossible given BSA and pAuNP concentrations
used in these samples. The possibility that PEG induces BSA tryptophan fluorescence

quenching has also been experimentally excluded (Figure 2.2).
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Figure 2.5  Comparison of IFE correction methods for BSA/p3ocAuNP (13 nm)
samples using either our external reference method, Eq. 2.13, or Eq. 2.14.

Notes: (A) as-acquired and (B), (C), and (D) IFE-corrected fluorescence spectra obtained
for BSA/p3ocAuNP using either the external reference method devised in this work, or
mathematical methods described by Eq. 2.13 and 2.14, respectively. (E-H) Fluorescence
intensities as a function of the AuNP concentration for spectra as shown in A-D,
respectively. The external references used for correcting the fluorescence IFE in
BSA/p30kAuNP are the BSA/ pokAuNP samples. UV-vis spectra from Figure 2.3C were
used for mathematical correction of fluorescence IFE in Eq. 2.13 and Eq. 2.14. The dash
line represents the fluorescence intensities for perfect IFE correction. Each standard
derivation was calculated from three independent measurements.
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2.5.2 Collective AulNP effect on BSA tryptophan fluorescence

The effect of AuNPs on the tryptophan fluorescence signal in the surface adsorbed BSA
were investigated for AuNPs with particle sizes of 10 nm, 30 nm, and 50 nm in diameter.
For each BSA/AuNP sample, a different set of BSA/pAuNP samples were prepared as
the external reference to correct the fluorescence IFE in their corresponding BSA/AuNP
samples. The BSA concentrations, and AuNP sizes and concentrations in the BSA/AuNP
samples are identical to their respective counterparts in their corresponding BSA/pAuNP
external references. This is critical to ensure the fluorescence IFE in each BSA/AuNP
sample and its corresponding BSA/pAuNP external reference are the same.

Figure 2.6 shows the UV-vis and fluorescence spectra obtained with the BSA/AuNP and
their corresponding BSA/p2kAuNP external reference. The fact that the fluorescence
intensity of the supernatant of BSA/p2kAuNP is identical to the fluorescence intensity of
the BSA control confirms no BSA adsorption to the PEGylated AuNPs of different
particle sizes. Furthermore, the UV-vis spectra of the BSA/AuNP and their
corresponding BSA/p2kAuNP are highly similar, which justifies using BSA/p2kAuNP as

an external reference for correcting the fluorescence IFE in BSA/AuNP samples.
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Figure 2.6  UV-vis and fluorescence spectra for BSA/AuNP and BSA/p2kAuNP
external references using 10, 30, or 50 nm diameter AuNPs.

Notes: (A), (B), and (C) UV-vis spectra obtained with (red) BSA/AuNP and (black)
BSA/p2kAuNP. AuNP sizes are (A) 10 nm, (B) 30 nm, and (C) 50 nm diameter,
respectively. (D), (E), and (F) Fluorescence spectra obtained with (blue) BSA control,
(red) BSA/AuNP, (green dash) BSA/pkAuNP, and (black) centrifugation supernatant of
BSA/p2kAuNP. (G), (H), and (I) Fluorescence spectra obtained with (black)
centrifugation supernatant of BSA/AuNP, (blue) BSA control, and (red) the IFE-
corrected BSA/AuNP fluorescence spectra. BSA concentration is 1 uM in all samples,
and the AuNP concentrations are 1.13, 0.12, and 0.043 nM for the 10 nm, 30 nm, and 50
nm AuNPs, respectively.

BSA adsorption onto AuNPs was observed for AuNPs of all three different sizes. The
fraction of BSA adsorbed was calculated on the basis of the fluorescence intensity
difference between the BSA control and the centrifugation supernatants of each

BSA/AuNP solution (Figure 2.6(G, H, and I)). Using the fluorescence-IFE corrected
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fluorescence intensity of the BSA/AuNP samples, the effect of AuNPs on the tryptophan
fluorescence intensity of the surface adsorbed protein is quantified (Figure 2.7). The
most notable conclusion is that AuNPs have neither drastically enhanced nor quenched
the tryptophan fluorescence in the surface adsorbed BSA. Indeed, the value of collective
AuNP surface effect S on the fluorescence signal of the protein adsorbates is very
modest, which varies from 0.70 + 0.02 to 0.99 £ 0.05 for the AuNPs of the three
difference sizes. This indicates that the fluorescence activity of the protein adsorbed onto
AuNPs are only slightly modified, but not completely quenched as assumed in much of
the recent literature. The fact that protein molecules on AuNP can remain fluorescence
active undermines the general applicability of the Stern-Volmer equation for fluorescence

study of protein binding to AuNPs.

0.0l

10 30 50
AuUNP diameter (nm)

Figure 2.7  Collective AuNP surface effect on tryptophan fluorescence in BSA
adsorbed onto AuNPs of different particle sizes.

Notes: Standard deviation is calculated from three independent measurements.
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2.6 Conclusions

In summary, a generalized model was developed for conceptual understanding of
the effect of NPs on fluorophore fluorescence in solution. This model explicitly

considered the NP- and fluorophore-imposed fluorescence IFE. The popular Stern-
Volmer equation ( £ / Fy" =1+ K/NP] ) used extensively in literature is a special case

of this generalized model, valid only under situations in which the surface-bound
molecules are completely fluorescence inactive (S=0). An example application of this
generalized model is demonstrated with BSA protein adsorbed onto AuNPs. The fact
that AuNP binding only attenuates, but does not eliminate the protein tryptophan
fluorescence undermines the reliability of using the Stern-Volmer equation to study the
protein/AuNP binding constant and dynamic quenching kinetics. The methodology and
insights provided in this work should be of general importance for nanoscience research

given the popularity of fluorescence spectroscopy in studying NP interfacial phenomena.
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CHAPTER III

USING WATER RAMAN INTENSITIES TO DETERMINE THE EXCITATION AND
EMISSION PATH LENGTHS OF SPECTROFLUOROMETERS FOR

CORRECTING FLUORESCENCE INNER FILTER EFFECT

This work has been previously published: Nettles, C. B.; Hu, J.; Zhang, D. Using
Water Raman Intensities to Determine the Effective Excitation and Emission Path
Lengths of Fluorophotometers for Correcting Fluorescence Inner Filter Effect. Anal.

Chem., 2015, 87, 4917-4924

3.1 Abstract

Fluorescence and Raman inner filter effects (IFE) cause spectral distortion and
nonlinearity between spectral signal intensity with increasing analyte concentration.
Convenient and effective correction of fluorescence IFE has been an active research goal

for decades. Presented herein is the finding that fluorescence and Raman IFE can be

d. A .+d A .
=10 """ when the effective

reliably corrected using the equation 171 obsd
excitation and emission path lengths d, and d,, of a spectrofluorometer are determined by
simple linear curve-fitting of Raman intensities of a series of water Raman reference
samples that have known degrees of Raman IFEs. The path lengths derived with one set
of Raman measurements at one specific excitation wavelength are effective for correcting

fluorescence and Raman IFEs induced by any chromophore or fluorophore, regardless of

the excitation and emission wavelengths. The IFE-corrected fluorescence intensity can
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be linearly correlated to fluorophore concentration even when the sample UV-vis
absorbance is a high as ~5 (normalized to 1 cm cuvette). This water Raman-based
method is easy to implement. It doesn’t involve complicated instrument geometry
determination or mathematical data manipulation. This work should be of broad
significance to physical and biological sciences given the popularity of fluorescence

techniques in analytical applications.

3.2  Introduction

Fluorescence is one of the most broadly used techniques in physical and
biological sciences. One well-known problem in fluorescence measurements is,
however, the fluorescence inner filter effect (IFE) that can cause fluorescence spectral
distortion and nonlinearity between fluorescence signal intensity and fluorophore
concentration. Fluorescence IFE occurs whenever there are photon absorbers and

37:41,58,76,103 and it is in effect even without extrinsic

scatterers in the sample solution,
molecular or nanoparticle-based light absorbers or scatterers. This is because
fluorophores must absorb excitation photons in order to emit. The fluorescence IFE can
be deemed insignificant only in samples for which the total UV-vis absorbance at the
fluorescence excitation and emission wavelengths are significantly smaller than 0.05.43
This imposes a significant constraint on the general applicability of this otherwise highly
convenient technique. Indeed, without reliable fluorescence IFE correction, it is
essentially impossible to get reliable fluorescence acquisition for fluorophores that have
relatively low fluorescence quantum yields and for studying chromophore-fluorophore

interactions. For the latter case, the chromophore can change fluorophore fluorescence

through static and dynamic quenching, and fluorescence IFE.
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It has been long realized that the degree of the fluorescence IFE is related to the
sample UV-vis absorbance at the excitation and emission wavelengths, and the effective
excitation and emission path lengths of the spectrofluorometers.3”:#4464%104 While UV-
vis absorbance of the samples can be determined straightforwardly from the sample UV-
vis spectrum, determination of the effective excitation and emission path length of a
spectrofluorometer is a nontrivial task.!® Figure 3.1 shows a typical instrument
configuration of a spectrofluorometer in which the emitted photons are collected with a
90 degree angle relative to the excitation beam. The optical pathways for the excitation
and emission photons at one specific sampling point in solution can be significantly
different from their respective counterparts at another sampling point in the same sample.
Therefore, the degrees of excitation and emission intensity attenuation due to the

fluorescence IFE can differ from one sampling point to another.

Cuvette

d
Source | SI Excitation laser >
g

Emission

Figure 3.1  Sampling geometry in a typical spectrofluorometer.>®

Notes: d, s, and g are the cuvette length, photon excitation beam width, and the nominal
emission beam path length, respectively.

" 0.54,+0.54,
[obsd =10 3.1)
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Numerous fluorescence IFE correction methods have been proposed in the past
several decades.*-658105-111 Bgq 3 1 and 3.2 describe two example methods that appear
most frequently in recent literature, presumably because of their relative

44.58,00.82,105,112,113 - obsd a4 Jco'" gre the fluorescence intensities before and after

simplicity.
the IFE correction. Ay and A4,, are the UV-vis absorbance of the fluorescence samples at
the excitation and emission wavelengths, respectively. Eq. 3.1 is used for correcting the
fluorescence IFE in spectra obtained with a 1 cm x 1 cm fluorescence cuvette.** In this
case the effective excitation and emission path lengths are both assumed to be 0.5 cm.
The correction parameters of d, s, and g in Eq. 3.2 are the cuvette length, photon
excitation beam width, and the nominal emission beam path length (Figure 3.1).

These methods are conceptually simple and applied extensively in recent

41:43.44.60.82,105.106.112 However, independent and robust evaluation of the

literature.
reliability of these fluorescence IFE correction methods is challenging. This is because
of the difficulty in preparing the standards that have known degrees of fluorescence IFE.
Indeed, besides fluorescence IFE, there are many competitive photochemical and
physicochemical processes that can change fluorophore fluorescence. Examples of such
processes include fluorescence photobleaching, fluorophore/fluorophore interactions

114-118

through n-m stacking or other intermolecular interactions, and dynamic or static

fluorescence quenching induced by solvent impurities including oxygen.!'!%12°
As demonstrated later and in Chapter 2, neither method produces satisfactory

results when applied to independent validation samples that have a known degree of
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Raman IFE. Indeed, besides cuvette size and the nominal excitation and emission photon
beam sizes that are considered in Eq. 1 and 2, there are many other instrument parameters
that affect the fluorescence IFE but are impossible to characterize.**1% For example,
imperfections in the optics and optical alignments can change the excitation and emission
angles, which inevitably modify the fluorescence IFE. Photon energy distributions across
the excitation and emission beam should also affect the average fluorescence IFE
experienced by the fluorophore in solution. Therefore, fluorescence IFE-correction
methods derived on the basis of measurable instrumental parameters such as the ones

described in Eq. 2 are unlikely to be effective for reliable fluorescence IFE correction.

Icorr
_ deAx/L+dmAm/L
[obsd - (3-3)

Reported herein is a performance-based method for determination of the effective
excitation and emission path lengths (dy and d,, in Eq. 3.3) of spectrofluorometers for
correcting fluorescence and Raman IFEs. L in Eq. 3.3 is the path length of the UV-vis
cuvette used for taking the UV-vis spectra of the fluorescence sample to determine the
sample UV-vis absorbance at the fluorescence excitation and emission wavelengths (A
and 4,). For applications in which UV-vis acquisitions are conducted with a 1 cm
cuvette, one can directly apply the UV-vis absorbance A and 4, to determine the
effective fluorescence excitation and emission path lengths in cm. For convenience, we
hereafter drop the L term in Eq. 3.3 and use Eq. 3.4 instead. It is emphasized that in this
case Ay and 4, are implicitly normalized by the UV-vis path length (4/L). Normalization

is important to ensure that the exponent term in Eq. 3.4 is unitless.
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Mathematically, Eq. 3.4 is very similar to Eq. 3.1 and 3.2. However, it differs
significantly from the latter ones in its underlying principle and method for determination
of path length parameters. d, and d, in Eq. 3.4 are determined by optimization of the
Raman IFE correction for a series of chromophore-containing solutions. Since the
presence of a chromophore has negligible effect on the water concentration, the water
Raman signal reduction in chromophore-containing solutions can be fully attributed to
the Raman IFE induced by chromophore UV-vis absorption at the Raman excitation and
scatter wavelengths. The latter should be true as long as the chromophore is diluted
enough so that it has no significant effect on the water Raman cross-section. Also, the
chromophore Raman signal should be negligible in comparison to the water Raman
signal. These conditions can easily be met considering the fact that the concentration of
water is an aqueous solution is ~55 M. In contrast, the chromophore concentration is
most commonly below 10 mM in practical UV-vis and fluorescence measurements.

The origin of the Raman IFE is exactly the same as that for fluorescence IFE, that
1s, attenuation of excitation and Raman or fluorescence photon intensity by light
absorbers and scatters in sample solutions. Therefore, the effective path lengths derived
from water Raman measurements are directly applicable for correcting the fluorescence
IFE, as long as the instrument configuration of the spectrofluorometer remains unchanged
during water Raman and fluorescence measurements. The key advantage to using water
Raman, instead of fluorophore fluorescence, to determine the effective excitation and

emission path lengths for a spectrofluorometer is that the degree of water Raman IFE in a
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chromophore-containing sample can be reliably quantified by dividing the water Raman
control signal (no chromophore) by that of the chromophore-containing signal. This is
in stark contrast to the fluorescence method for which it is impossible to conduct
fluorescence-IFE-free measurements. The latter is due to the fact that the fluorophore has
to absorb photons in order to emit. No such photon absorption is involved in
chromophore-free water Raman samples. Furthermore, water Raman measurements are
much more robust than fluorescence acquisition. Unlike fluorescence signals that can be
susceptible to light and environmental oxygen, there is no water Raman photobleaching
or static/dynamic quenching.

Using water Raman to correct fluorescence signal variations has been
demonstrated before.!?!"!>* These corrections are mainly for compensating fluorescence
signal variation induced by the fluctuations in excitation laser power and detector photon
energy collection, as well as, for normalizing the fluorescence cuvette or instruments
from different vendors.!?!"'?* However, using Raman IFEs to determine the effective
path lengths of spectrofluorometers for fluorescence IFE correction has, to our

knowledge, not been demonstrated.

3.3 Theoretical Considerations

I and I°>*? in Eq. 3.4 are the Raman intensities of the water control
(chromophore-free), and chromophore-containing sample, respectively. 4. and A, are the
path length-normalized UV-vis absorbance of the chromophore-containing sample at the
excitation and Raman photon wavelengths. Each UV-vis spectra has individual 4. and
Am values corresponding to the excitation and Raman wavelengths, respectively. Since

all these variables are experimentally measurable, one may think at first glance that it is
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possible to determine the values of dx and d» with two or more water Raman samples that
contain only one chromophore in solution with different chromophore concentrations.
This approach is however, problematic because the 4, and A are linearly related to each
other (4, =k A,) if the water Raman samples contain only one chromophore or a
chromophore mixture in which the chromophore concentration ratio doesn’t change.

This can be understood by Beer’s Law in which the absorbance of a chromophore at one
wavelength is always directly proportional to its absorbance at another wavelength since
that molecule’s molar absorptivity or extinction coefficient are determined based on the
absorbance wavelength. Under this condition, Eq. 3.5 is equivalent to Eq. 3.2 in which dx

and d,, can’t be independently quantified.

ICOI”I"

[obsd -

mA,
10™ (3.5)

Such collinearity can be readily resolved by including two or more chromophores

in the water Raman samples in which the chromophore concentration ratio differs from

each other. Defining o as the water Raman correction factor £, i as the index of the

chromophore-containing sample, one can derive Eq. 3.6 from Eq. 3.4 with simple

mathematical manipulation.

_ A .
——t=d +d,— 3.6
crd, (3.6)
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With this approach, the effective excitation and emission path lengths are the

: . : : . . . logF, .
intercept and slope in the linear equation obtained by linear fitting of f9871 as a function

X,

3.4  Experimental
34.1 Reagents

K>Cr207 was obtained from Fisher Scientific. Ni(NO3)2, Mercaptobenzimidazole
(MBI), 2-aminopurine (2-AP), and Coomassie Brilliant Blue R (CBBR) were obtained

from Sigma-Aldrich. All solutions were prepared with nanopure water (18 m< cm).

34.2 UV-vis, Raman, and fluorescence measurements

All UV-visible measurements were conducted with a Shimadzu UV-2550 UV-vis
spectrophotometer and with samples contained in 1 cm x 1 cm cuvettes. The Raman and
fluorescence spectra were acquired with a Horiba Jobin Yvon FluoroMax-4
spectrofluorometer. Unless stated otherwise, all Raman and fluorescence spectra were
acquired with a 1 cm % 1 cm fluorescence cuvette, and the excitation and emission
monochromator slit width in the spectrofluorometer were kept at 5 nm (default setting).
Two fluorescence cuvettes were used in this work, and their sizes are 1 cm x 1 cm and 1

cm % 0.17 cm, respectively.

343 Error Propagation for Linear Fit of Water Raman Data

All water Raman measurements were conducted in triplicate allowing for

calculation of standard deviation of the mean (s) for /" and I°*“. Error propagation was
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calculated for F; or I°7/I°** using sg, = F;( \/ (Lomy2 4 (22859ya  Brror propagation was

jcorr Jobsd

calculated for log(F;) using Siog(r,) = 2.303(logF;) (sf,).

3.5  Results and Discussion
3.5.1 Determination of the effective path lengths using water Raman IFE

The two chromophores used for determining the effective excitation and emission
path lengths of the spectrofluorometer used in this work are Ni(NO3)2 and K>Cr207.
Figure 3.2 shows the UV-vis and Raman spectra of the Ni(NO3), and K>Cr,O7 mixture
solutions. When Raman excitation and Raman photon wavelengths are in the region
where the chromophore absorbs, the water Raman signal intensity monotonically
decreases with increasing chromophore concentration. This is evident from the
experimental data obtained when the Raman excitation wavelength is set at 300 nm
(Figure 3.2B). However, when the excitation wavelength moves to 482 nm at which
neither Ni(NO3)2 nor K>Cr,07 is a strong light absorber, the water Raman intensity can
be deemed independent of the chromophore concentration (Figure 3.2(C)). These results
conclusively demonstrate that the Raman signal reduction in these chromophore-

containing samples observed in Figure 3.2B is indeed due exclusively to the Raman IFE.
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Figure 3.2  Determination of water Raman effective path length using Ni(NO3)> and
K2Cr207 chromophores to induce inner filter effects.

Notes: (A) UV-vis spectra of a series of Ni(NO3), and K>Cr,O7 mixture solutions. The
Ni(NO3)> concentration was held constant at 1.54 mM, but K>Cr,0O7 concentration varied
from 0, 0.005 mM, 0.01 mM, 0.02 mM, 0.05 mM, and 0.1 mM. The black dashed and
solid vertical lines indicate the excitation and water Raman photon wavelengths for the
Raman spectra acquired with an excitation wavelength of 300 nm. The red dashed and
solid lines indicate the excitation and water Raman photon wavelengths for Raman
spectra acquired with an excitation wavelength of 482 nm. (B) and (C): Raman spectra
obtained with Ni(NO3)2 and K>Cr,0O7 mixture solutions with excitation wavelength of 300
nm and 482 nm, respectively. The black spectrum is acquired with the water control.
(D) Curve-fitting determination of the effective excitation and emission path length, dx
(intercept) and d (slope), using Eq. 3.6 and the experimental data shown in (A) and (B).
(E) Raman IFE corrected spectra of the Ni(NO3)> and K>Cr20O7 solutions. 5 nm excitation
and emission slit widths were used to obtain Raman spectra. Standard deviations were
calculated by propagation of error in log(F;), in which the error in F; was calculated from
three independent water Raman measurements.

The effective excitation and emission path lengths were successfully determined
through linear-curve fitting of the water Raman data shown in Figure 3.2. The slope and
the intercept from this curve-fitting are 0.549 + 0.009 and 0.460 + 0.003, respectively

(Figure 3.2), indicating that the effective excitation and emission path lengths of the
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spectrofluorometer are 0.460 cm and 0.549 cm, respectively. The fact that the IFE-
corrected water Raman intensity is totally independent of the chromophore concentration
used in these samples (inset in Figure 3.2(D)) indicates that the effective path lengths are
at least effective for correcting the water Raman IFE in the chromophore-containing
samples used for determining the path lengths.

Independent validation of the effective path lengths, 0.460 and 0.549, for
fluorescence and Raman IFE correction are first demonstrated with water Raman
measurements (Figure 3.3) in which the Raman IFE were induced by chromophore
Ni(NO3)2, mercaptobenzimidazole (MBI), and K>Cr2O7, respectively. Importantly, these
validation samples have completely different chromophore composition from the samples
used for the path length determination in Figure 3.2. Again, the IFE-corrected water
Raman intensities are independent of the chromophore concentration in all three series of
samples (Figure 3.3). This result indicates that the effective path lengths determined with
one set of water Raman measurements are totally effective for correcting the Raman IFE,
regardless of the chromophore and Raman excitation wavelength used. The latter

indicates that the effective path lengths are instrument-specific, but sample independent.
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Figure 3.3  Independent validation of effective path lengths determined in Figure 3.2
for correcting the water Raman IFE induced by K>Cr.O7, MBI, and
Ni(NO3)2, respectively.

Notes: (A), (D), and (G): UV-vis spectra of KoCr20O7, MBI, and Ni(NO3); solutions,
respectively. The dash and solid vertical line indicates the water Raman excitation and
scatter wavelengths, respectively. The concentration of the chromophore varies from 0 to
0.3 mM for K>Cr207, 0 to 19.8 uM for MBI, and 0 to 4.41 mM for Ni(NOs)>. (B), (E),
and (H) Raman spectra obtained with the samples shown in (A), (D), and (G),
respectively. The excitation wavelength for the Raman spectra in (B), (E), and (H) are
350 nm, 300 nm, and 300 nm, respectively. (C), (F), and (I) shows the Raman IFE
corrected spectra for the data shown in (B), (E), and (H), respectively. 5 nm excitation
and emission slit widths were used to obtain Raman spectra.
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3.5.2 Correction of fluorescence IFE

The effective path lengths obtained with the water Raman measurements are
directly applicable for correcting the fluorescence IFE in fluorescence spectra acquired
with the same spectrofluorometer. This conclusion is drawn from a series of fluorescence
measurements conducted with two examples fluorophores, 2-aminopurine (2-AP) and
Coomassie Brilliant Blue-R (CBBR). Figure 3.4 shows the UV-vis and fluorescence
spectra of 2-AP and CBBR as a function of fluorophore concentration. The peak
fluorescence intensities of the as-acquired spectra have a poor linear correlation to the
fluorophore concentration for both fluorophores. In contrast, their IFE-corrected
fluorescence intensities obtained by applying Eq. 3.4 with the effective path lengths
determined from the water Raman measurements have an excellent linear correlation to
fluorophore concentration. The fact that excellent IFE-correction is achieved for these
two fluorophores that differ in both their excitation and emission wavelengths provides
further evidence that the effective path lengths are instrument-specific, but sample-
independent. The fact that the same pair of effective excitation and emission path lengths
enables both reliable Raman and fluorescence IFE correction validates the hypothesis that
the origins of Raman and fluorescence IFE are the same.

Neither of the two previous example methods shown with Egs. 3.1 and 3.2 give
satisfactory results when they were applied for correcting the fluorescence IFE in the
same fluorescence spectral data shown in Figure 3.4. The difference between the
literature method described with Eq. 3.1 and the water Raman method devised in this
work is especially striking giving the similarity in the path length values used for the
correction. The effective excitation and emission path lengths obtained with the water
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Raman measurements (Figure 3.2) are 0.460 + 0.003 cm and 0.549 + 0.009 cm,
respectively, which are only ~ 10% smaller or larger than their respective counterparts
used in Eq. 3.1. Furthermore, the sum of dy and d,, from the water Raman method differs
only by 1% from that in Eq. 3.1. However, the performance of these two methods is
drastically different. The reason for this is that the path length parameters are in the
exponent term of correction Eq. 3.1 and 3.3. Consequently, small errors in path length
determination can lead to large error in fluorescence IFE correction. This result
highlights the critical importance of reliable determination of the effective path lengths

for effective fluorescence IFE correction.
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Figure 3.4  IFE correction applied to fluorescence measurements for model
fluorophores, CBBR and 2AP using correction equations 3.1, 3.2, or the
water Raman derived effective path lengths. .

Notes: Upper row is CBBR and lower row is 2AP. (A) and (E): UV-vis spectra of
fluorophores with increasing fluorophore concentration. Dashed lines indicate the
excitation wavelengths. (B) and (F): The as-acquired fluorescence spectra of samples
shown in (A) and (E), respectively. (C) and (G): IFE-corrected fluorescence spectra
using the effective path lengths obtained with the water Raman measurements shown in
Figure 3.2. (D) and (H). Correlation between peak fluorescence intensity as a function of
fluorophore concentration. Black dots: as-acquired fluorescence intensities, red and
green dots are for IFE-corrected intensities for which the corrections were performed
with Eq. 3.1 and Eq. 3.2, respectively. Blue dots: IFE-corrected intensities for which the
correction was performed using the method presented in this work. 5 nm excitation and
emission slit widths were used to obtain fluorescence spectra. Standard deviations were
calculated from three independent measurements.

353 Parameters affecting effective path lengths

The effective path lengths determined with the water Raman measurements
remain valid for correcting the fluorescence and Raman IFE as long as the instrumental
configuration of the spectrofluorometer remains unchanged during Raman and
fluorescence measurement acquisition. Indeed, the fluorescence and water Raman
spectra shown in the Figures 3.2, 3.3, and 3.4 were acquired within a ~ 6-month time

span. The fact that the Raman and fluorescence IFEs were reliably corrected for all these
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samples with the same set of effective path lengths highlights the robustness of this
water-Raman based method. However, changing the cuvette size and orientation (for
non-square cuvettes) changes the effective path lengths. Figure 3.5 shows the Raman
determination of the effective path lengths of the spectrofluorometer when a 1 cm % 0.17
cm fluorescence cuvette is used at two different orientations (Scheme 3.1). For
simplicity, we refer hereafter to the cuvette orientation as long or short excitation when
the non-square fluorescence cuvette is oriented such that nominal excitation path length is
larger or smaller than the emission path length (Scheme 3.1), respectively. Evidently, the
effective excitation and emission path lengths of the spectrofluorometer at these two
cuvette configurations are different from each other even though the only difference is in

the cuvette orientation.
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Figure 3.5  Water Raman determination of the effective path lengths for the
spectrofluorometer when a 1 cm x 0.17 cm fluorescence cuvette is used
with either a short excitation or long excitation orientation.

Notes: (A) and (B) water Raman spectra obtained with the same series of Ni(NO3); and
K>Cr,07 mixture solutions used in Figure 3.2. (A) is oriented with a long excitation
configuration, and (B) a short excitation. (C) curve-fitting determination of the excitation
and emission path lengths of the spectrofluorometer associated with the two orientations
of the fluorescence cuvette. (D) and (E): IFE-corrected water Raman spectra when the
cuvette was oriented with long or short excitation, respectively. (F) Correlation between
the water Raman intensity as a function of the sample UV-vis absorbance at the
excitation wavelengths. Black and red dots represent as-acquired data. Blue and pink
dots represent IFE corrected data. 5 nm excitation and emission slit widths were used to
obtain Raman spectra.

It is important to note that changing the cuvette orientation may or may not
change the water Raman intensity of the chromophore-free samples, but it has significant
effect on water Raman intensity of the chromophore-containing samples. The
significance of the effect of changing cuvette orientation on the water Raman signal
depends on the sampling geometry of the spectrofluorometer and the UV-vis spectral
feature of the samples. Scheme 3.1 shows two example instrument geometries in which

the beam is perfectly centered and aligned for all orientations. The first case is that the
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excitation and emission beam size are both smaller than the cuvette size (configuration
(A) and (B)). In these configurations, changing the cuvette orientation should have
negligible effect on the Raman signal of the chromophore-free samples. However, the
Raman signal of the chromophore-containing sample obtained with configuration (A)
should be significantly higher than that obtained with configuration (B) if the sample has
strong UV-vis absorbance only at the excitation wavelength. On the contrary, the Raman
signal of the chromophore-containing sample obtained with configuration (A) will be
smaller than that obtained with configuration (B) if the sample has strong UV-vis
absorbance only at the emission wavelength. This argument should also hold true for

fluorescence samples.

Short Long
(A) (B)

(©) (D)

— Excitation | Emission

Scheme 3.1  Illustration of example instrument configurations when a non-square
cuvette is oriented with short or long excitation.

Notes: A and C represent short excitation orientation. B and D represent long excitation
orientation.
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If one beam size is larger than the nominal excitation or emission path length of
the fluorescence cuvette as shown in Scheme 3.1 (C) and (D), changing the orientation of
the fluorescence cuvette can change water Raman intensity in both the chromophore-free
and chromophore-containing samples. Again, the long excitation orientation reduces the
IFE induced by sample absorption of the emission photons, while the short excitation
orientation minimizes the IFE induced by sample absorption of the excitation photons.
This characteristic is important for choosing cuvette orientation in practical fluorescence
measurements for instrumental reduction of the fluorescence IFE. For fluorescence
measurements conducted with excitation at a samples’ peak UV-vis wavelengths, taking
fluorescence with a cuvette’s short excitation orientation can be preferable for
concentrated samples.

Changing the slit widths of the excitation and emission monochromators can
modify the effective excitation and emission path lengths of the spectrofluorometer.
Figure 3.6 shows an example water Raman determination and fluorescence validation of
the effective path lengths when the nominal excitation and emission slit widths are both
set to 2 nm, not 5 nm as that used for the data shown in Figures 3.2. However, the same
1 cm square cuvette was used in both cases. The effective excitation and emission path
lengths associated with the 2 nm slit width are 0.491 + 0.005 and 0.453 + 0.009 cm,
respectively, which are significantly different from their respective counterparts (0.549 +

0.009 and 0.460 £ 0.003 cm) associated for the 5 nm slit widths.
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Figure 3.6 = Water Raman determination of the effective path lengths of the
spectrofluorometer in which 2 nm slit widths for both the excitation and
emission monochromators were used for Raman acquistion.

Notes: (A) UV-vis, and (B) water Raman spectra obtained with the Ni(NO3), and

K>Cr,07 mixture solutions. (C) curve-fitting determination of the effective excitation and

emission path lengths of the spectrofluorometer. (D) IFE-corrected water Raman spectra

of the Ni(NO3)> and K>Cr,O7 mixture solutions. All Raman measurements were
conducted with a 1 cm X 1 cm square cuvette. 2 nm excitation and emission slit widths

were used to obtain Raman spectra.

There are two reasons why the effective excitation and emission path lengths of a
spectrofluorometer are related to the slit widths in the excitation and emission
monochromators. The first is that changing the monochromator slit widths modify the
excitation and emission beam sizes,'% which can also change photon energy distribution
across the excitation and emission beams. This can change the effective path lengths of
the spectrofluorometer. The second reason, which is likely more significant, is that the
monochromator slit widths are critically related to the fluorescence polychromatic effect.

The polychromatic effect refers to the fact that the experimentally measured light
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intensity of photons at a specified wavelength inevitably contain signal contribution from
photons with wavelengths close to the specified wavelength. Therefore, the
experimentally measured spectral intensities in all optical measurements at individual
wavelengths are only an approximation of their true intensities. The larger the slit width,
the more severe the polychromatic effect and the larger the deviation of the measurement
results from the true intensities.

Reducing the monochromator slit widths reduces the polychromatic effect, which
can drastically improve the reliability of the Raman and fluorescence IFE correction. For
example, with the 5 nm slit widths, the largest correction factor for the water Raman IFE
is ~5 for samples in a 1 cm square cuvette (Figure 3.3 (H)), while that for the 2 nm slit
widths is ~25 (Figure 3.6 (B)). When using 5 nm slit widths the wavelength accuracy for
selected excitation radiation deviates from the specified wavelength to much greater
extent than the wavelength accuracy accociated when using 2 nm slit widths. Therefore,
5 nm slit widths are less monochromatic compared to 2 nm slit widths. The reasons why
polychromatic effects have such a profound impact on the IFE correction are two-fold.
First, the accuracy of the effective path lengths determined using Eq. 3.6 relies entirely
on the reliability of the measured Raman and UV—vis absorbance of the water Raman
samples at specified wavelengths. Second, even when the effective path lengths are
perfectly correct, the IFE correction can still be erroneous for samples in which their
fluorescence, Raman, and UV—vis absorbance cannot be reliably determined. In other
words, polychromatic effects are critical for both path length determination and

applications for IFE correction.
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Besides slit widths, other instrument and sample parameters also affect the
polychromatic effect.! These include the effective path lengths associated with UV—vis
and fluorescence cuvettes, the spectral resolution of the monochromators of the
spectrophotometers, and the sample concentrations. For optimal IFE correction, one
should minimize the polychromatic effects in UV—vis and fluorescence spectroscopic
acquisitions. The polychromatic effect in UV—vis measurements is usually small in
comparison to fluorescence measurements. This is because the monochromator slit
widths in UV—vis measurements are usually 1 nm or smaller, but the slit widths used in
fluorescence spectroscopic analysis are usually in the range of 2 to 5 nm to ensure
adequate light throughput.

Small slit widths combined with a fluorescence cuvette with short path lengths
minimize polychromatic effects, which in turn enable optimal IFE corrections. Figure
3.7 shows the water Raman and fluorescence IFE correction for samples contained in a 1
cm %X 0.17 cm cuvette. The slit widths of both the excitation and emission
monochromators were kept at 2 nm for spectral acquisition. The IFE-corrected peak
fluorescence intensities of 2-AP exhibit excellent linear correction to the 2- AP
concentration from 5.9 nM all the way to 595 uM, spanning about 5 orders of magnitude.
Increasing the 2-AP concentration to 1 mM or above leads to deviation of the linearity
between IFE-corrected fluorescence intensity and 2-AP concentration. It is critical to
note that this deviation does not necessarily imply failure of the IFE-correction. At this
high fluorophore concentration, multiple physical and photochemical processes can
induce change in the 2-AP fluorescence quantum yield, making the fluorescence intensity
intrinsically nonlinear to fluorophore concentration.

64



S
* 6 (B) (C)
=
8 n 207ty = 0.514 + 0.149x
g o < |R*=0980
? 53 L 06
£L ] (o))
< ..ZE*E ks)
2 0l L 05} . .
e 325 350 00 04 08
~  Wavelength (nm) A TA

—
()

(E)

P

.
=

ntensity (370)

ntensity (370)

4
0

00 600

3 0
[2AP] (uM)

300 604
[2AP] (uM)

Absorbance
L

o
o

(o]

Fluorescence (MCPS)
o
(2]
Fluorescence (MCPS)

300 400 360 420 360 420
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Figure 3.7  Water Raman determination of Raman IFE path lengths for correction of 2-

aminopurine fluorescence IFE using a 1 cm % 0.17 cm cuvette and 2 nm slit
widths.

Notes: (A) UV-vis, and (B) Raman spectra of water Raman solutions of Ni(NO3), and
K>Cr,07 mixture solutions. The Ni(NO)3 concentration is 1.54 mM and the K>Cr207
concentration varied from 0, 0.01, 0.02, 0.05, 0.10, 0.20, 0.30, 0.50, and 1.0 mM. (C):
Curve-fitting determination of the effective excitation (intercept) and emission (slope)
path lengths of the spectrofluorometer. (D) UV-vis spectra of 2-AP solutions with
different concentrations, (E) as-acquired 2-AP fluorescence spectra. Inset: correlation
between the peak fluorescence intensity and 2-AP concentration. (F) IFE-corrected
fluorescence spectra. Inset: correlation between the IFE-corrected peak fluorescence
intensity versus 2-AP concentrations. All Raman and fluorescence measurements were
conducted with identical instrument configuration. The excitation and emission
monochromator slit widths are both 2 nm. The size of fluorescence cuvette is 1 cm X
0.17 cm, and it is oriented such that the nominal excitation path length is 0.17 cm. The
spectral integration time is 2 s for all fluorescence spectra.

As discussed in the introduction section, water Raman IFE should provide a far
more reliable estimator than fluorescence on the upper limit of the optical density of a
fluorescence sample for which its IFE can be reliably corrected. The highest collective
UV—vis absorbance at the excitation and emission wavelengths for the Ni(NO3). and

K>Cr20O7 mixture solution for which its Raman IFE was reliably corrected is 6.7. Since
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the peak UV—vis absorbance in common fluorescence samples are usually lower than 2,
the successful Raman IFE correction in water Raman samples with such high optical
density strongly suggests that this water path length determination method should be
totally adequate for fluorescence IFE correction in general fluorescence applications.

The effective path lengths are highly reproducible, indicating the rigidity of the
spectrofluorometer used in this work. The most common instrument parameters one
would change in fluorescence measurements include the excitation wavelength,
monochromator slit width, spectral integration time, and cuvette size and orientation.
The effective path lengths are independent of the spectral integration time. Preceding
experimental data indicates that the effective path length is mostly independent of the
excitation wavelengths. This is because the same pair of path lengths provide excellent
water Raman IFE correction as shown in Figure 3.3. We found that the effective
excitation and emission path lengths determined for a specific instrument configuration
(cuvette size, orientation, and slit width) remain valid for correcting fluorescence for at
least several months as long as the fluorescence spectra were taken with the specified
instrument configuration. The instrument configuration can be changed between the path
length determination and fluorescence measurements.

One can take advantage of the path length reproducibility to minimize the need
for repeated path length determinations. It can be advantageous to determine effective
path lengths associated with all foreseeable instrumental configurations for a specific
spectrofluorometer. Whenever needed, one can simply use the predetermined effective
path lengths for fluorescence IFE correction. New water Raman-based path length

determination is needed only when a new instrument configuration (cuvette size and
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orientation and slit width) is employed or the validity of the predetermined path lengths is
in doubt. The fact that the same set of water Raman samples can be used for
determination of the effective excitation and emission path lengths of a
spectrofluorometer at any instrument configuration is another key advantage of this water
Raman method. For convenience, one can prepare a series of water Raman standard
stock solutions and acquire and digitally store their UV—vis spectra. Whenever needed,
one can simply collect a new set of water Raman spectra with the existing stock water
Raman standards and then perform the linear curve-fitting to determine or verify the
effective path lengths. One example series of water Raman standards is the
Ni(NO3)2/K2Cr207 mixture solutions used in this work that are stable under ambient

conditions for at least several months.

3.6 Conclusions

A water Raman based method has been developed for determination of the
effective excitation and emission path lengths (d. and dy) of spectrofluorometers for

fluorescence IFE correction. The latter is achieved by applying the correction equation of

I /17754 = 1O A . The effective excitation and emission path lengths

determined with one set of water Raman measurements at one specific Raman excitation
wavelength are globally applicable for correcting fluorescence and Raman IFEs induced
by any chromophore in solution, regardless of excitation and emission wavelengths. The
effective path lengths were determined with simple linear curve-fitting. No complicated
instrument geometry characterization or difficult data manipulation is needed. The IFE-

corrected fluorescence intensities are linearly correlated to fluorophore concentration
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over 5 orders of magnitude (from 5.9 nM to 0.59 mM) for 2- aminopurine in a 1 cm X
0.17 cm fluorescence cuvette. The methodology provided in this work should be of
broad significance in physical and biological sciences given the simplicity of the IFE-
correction method and the popularity of fluorescence spectroscopy in analytical

applications.
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CHAPTER IV

UV-VIS RATIOMETRIC RESONANCE SYNCHRONOUS SPECTROSCOPY FOR
DETERMINATION OF NANOPARTICLE AND MOLECULAR

OPTICAL CROSS SECTIONS

This work has been previously published: Nettles, C. B.; Zhou, Y.; Zou, S.;
Zhang, D. UV-Vis Ratiometric Resonance Synchronous Spectroscopy for Determination

of Nanoparticle and Molecular Optical Cross Sections. Anal. Chem., 2016, 88, 2891-2898

4.1 Abstract

Demonstrated herein is a UV—vis Ratiometric Resonance Synchronous
Spectroscopic (R2S2, pronounced as “R-two-S-two” for simplicity) technique where the
R2S; spectrum is obtained by dividing the resonance synchronous spectrum of a NP-
containing solution by the solvent resonance synchronous spectrum. Combined with
conventional UV—vis measurements, this R2S> method enables experimental
quantification of the absolute optical cross sections for a wide range of molecular and
nanoparticle (NP) materials that range optically from pure photon absorbers or scatterers
to simultaneous photon absorbers and scatterers, simultaneous photon absorbers and
emitters, and all the way to simultaneous photon absorbers, scatterers, and emitters in the
UV—vis wavelength region. Example applications of this RS, method were
demonstrated for quantifying the Rayleigh scattering cross sections of solvents including

water and toluene, absorption and resonance light scattering cross sections for plasmonic
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gold nanoparticles, and absorption, scattering, and on-resonance fluorescence cross
sections for semiconductor quantum dots (Qdots). On-resonance fluorescence quantum
yields were quantified for the model molecular fluorophore Eosin Y and fluorescent
Qdots CdSe and CdSe/ZnS. The insights and methodology presented in this work should
be of broad significance in physical and biological science research that involves

photon/matter interactions.

4.2 Introduction

Photon interactions with nanoparticle (NP) chromophores and fluorophores have

been implicated in a broad range of NP applications including photocatalysis,'?>128

129-131 132-135

cancer therapy, solar energy harvesting, optoelectronics,'**13? biosensing, '4’-
144 and optical spectroscopy.'*>!*" A large number of NPs have been synthesized in
recent decades that differ in size, shape, and chemical composition. These NPs optically
range from pure photon absorbers that have negligible photon scattering, pure scatterers
that have no significant photon absorption, simultaneous photon absorbers and scatterers,
and all the way to simultaneous photon absorbers, scatterers, and emitters in the UV—vis
wavelength region. However, experimental characterization of the NP optical properties
remains a significant challenge in nanoscience research. This is especially true for NP
fluorophores for which there is currently no measurement technique capable of resolving
the interplay of NP photon absorption, scattering, and on-resonance fluorescence
emission.

While determination of the NP UV—vis extinction cross section is straightforward

with a simple UV—vis spectrophotometer, experimental decoupling of the NP absorption

and scattering contribution to the NP photon excitation is challenging. This is because
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photon absorption and scattering are highly convoluted processes. While photon
absorption invariably reduces the scattered photon intensity due to the sample inner filter
effect (IFE), the effect of photon scattering on the photon absorption is much more
complicated. Qualitatively, photon scattering can both reduce and increase the path
lengths of the individual photons inside the sample cell. The net effect of photon
scattering on NP photon absorption depends critically on the NP properties and
concentration as well as the geometry of the sample cell.

Determination of the NP absorption and scattering cross sections for NP
fluorophores is even more challenging in comparison to that of NP chromophores. This
is because the NP fluorophore can undergo on-resonance fluorescence that can be
mistakenly treated as resonance light scattering. The latter is a special case of Rayleigh
scattering and refers to photon scattering that occurs at the same wavelengths that the NP
absorbs, even though the resonance light scattering does not involve photon absorption.
In contrast, photon absorption must occur prior to on-resonance fluorescence by
molecular and NP fluorophores. On-resonance fluorescence refers to fluorescence
emission at the wavelength identical to that of the absorbed photon. While there is
extensive work on molecular and nanoparticle resonance light scattering,>!*%1% there is
essentially no quantitative information on fluorophore on-resonance fluorescence.

Presented herein is the development and validation of a Ratiometric Resonance
Synchronous Spectroscopic (R2S2) method for experimental determination of NP and
molecular optical cross sections that includes the material’s extinction, absorption,
scattering, and on-resonance fluorescence emission cross sections. The model NPs

include commercial plasmonic gold nanoparticles (AuNPs) with ~10, ~30, and ~50 nm
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diameters, toluene soluble CdSe fluorescence quantum dots (Qdots) with a diameter of
~2.5 nm, and water-soluble CdSe/ ZnS core—shell Qdots with a particle size of ~10 nm
diameter. Molecular chromophore K>Cr,07 and fluorophore Eosin Y were also used to
model NP photon absorbers and simultaneous photon absorbers and emitters,
respectively. Polystyrene nanoparticle (PSNP) beads with ~100 nm diameter were used
to approximate NP photon scatterers that have negligible UV—vis absorption. The
inclusion of this relatively large set of model NPs enables critical evaluation of the

general applicability of this R2S> method.

4.3 Theoretical Considerations

It is commonly assumed that scattered photon intensity is linearly related to the
concentration of the scatterers (Isca = KC). However, this equation is only applicable to
situations in which the NPs are approximately pure photon scatterers with no significant
photon absorption and emission. Otherwise, a large deviation occurs if the NPs or other
components in the NP containing solution absorb photons in the wavelength region of
interest. This photon absorption induces sample IFE that have been documented
extensively in Rayleigh, Raman, surface enhanced Raman, and fluorescence
spectroscopic measurements, 32333354

Scattered and on-resonance fluorescence photons can be determined with a
conventional spectrofluorometer in resonance synchronous spectral acquisition mode in
which the excitation and emission wavelength are set to be identical during the entire

synchronous spectral acquisition (wavelength offset = 0). For solutions containing NPs

that are simultaneous photon absorbers, scatterers, and on-resonance emitters, the
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resonance synchronous spectral intensity ( / 1‘;?21” (1)) can be expressed as Eq. 4.1. The

resonance synchronous intensity for the solvent alone is represented with Eq. 4.2.

[ (A) = 1, (VKA Cy,, 05 (A) + Crp0am (D) + Corp0 o (A)]1077

Sca

4.1)

Sca

1 ,ﬁng(/l) =1, (DK(A)Cs,, 05 (A) 4.2)

I,.(A) is the excitation light intensity at the specified wavelength, deyis the

effective path length of the excitation photons inside the cuvette that is related to

parameters such as the cuvette geometry, instrument alignment, and monochromator slit

width. Cson and Cyp are the solvent and NP concentrations, respectively. oso'(L),

Sca

oae (M), oo (1) are the solvent and NP scattering cross sections and NP on-resonance

fluorescence emission cross section, respectively. K(A) is the instrument photon
collection efficiency and detector quantum yield. E(A) is the solution UV—vis extinction
at the specified wavelength. n() is the absorption fraction of the extinction, E(A), at the
specified wavelength. n() is 1 if the photon extinction is due entirely to photon
absorption and 0 if due entirely to scattering. Eqs 4.1 and 4.2 were derived on
considerations similar to our previous publication that discussed in Chapter 3 where
sample IFE on Raman measurements was used to determine the effective path lengths for
correcting the sample IFE in fluorescence measurements.”* We demonstrated there and
latter in this work that the path length, des; 1s instrument-specific and independent of the

excitation and emission wavelengths.
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Dividing Eq. 4.1 with Eq. 4.2 leads to Eq. 4.3 in which / ;f;z (A) is the

experimentally observed R>S; of the solution that contains simultaneous photon

scatterers, absorbers, and on-resonance emitters.

Solu
Iis _{ R NPwSm(ﬂ)wmm»} LN

0[79 ( )
R S S 1 Sol
” Rgzv CSolvo-Sc(’)av(ﬂ’)

obs Cp o2+l (A
log I3/3 () = log{n e ;)FE( ’)}—n(ﬁ)w)de,, @
Solv Sca

As implied in Eq. 4.3 and manifested by experimental data shown later in this
work, the interplay of photon absorption, scattering, and emission can induce drastic
deviation of linearity between the experimental R»S» spectral intensity versus NP
concentration and cause distortion of the R2S» spectra as a function of NP concentration.
However, such deviation and spectral distortion can be corrected once the correct n(A) is

known. Eqs 4.5a or 4.5b are derived from Eq. 4.3 for calculating the IFE-corrected R»S»
spectrum (/¢ (4)). Evidently, the IFE-corrected R»S intensity is linearly proportional

to the NP concentration with a baseline intensity of 1.

A) Ii5 () =I5, (A0™ 70
corr 6 ca l + 0O ﬂ,
(B) I¥g (A)=1+Cyp— () SOIVOFE( ) (4.5)

Solv Sca (/1)

The effective path length, defr, in the above equations can be reliably quantified on
the basis of sample IFE imposed by molecular chromophores such as K>Cr,O7 on water
Rayleigh scattering. This is analogous to our recent work using water Raman scattering

to determine the effective path lengths for Stokes-shifted fluorescence spectroscopy
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mentioned in Chapter 3.3* In this case, Eq. 4.4 can be simplified into Eqs 4.6 or 4.7 on

the basis of the following considerations. First, K2Cr207 has no detectable fluorescence
activities (o5 s(A) = 0). Second, the Rayleigh scattering cross section of Cr,07*

likely similar to water, but the chromophore concentration (<1 mM) is drastically smaller
than that of water (~55 M). As a result, the logarithm term in the right-hand-side of Eq.
4.4 is approximately 0. This, combined with the fact that n =1 and A(L) = E(L), leads to

the conversion of Eq. 4.4 into Eqs 4.6 or 4.7. The latter shows the effective instrument
path length is the slope of the linearly fitted curve of the logarithm of 1/ /5 obs 5,(4) asa

function of the chromophore UV—vis absorbance at the specific wavelength.

[ () = 135, (10720 (46)

GSCa T(A)+ GOFE (4)

Sol
Salv Sfav(j’)

116;2);2 (A =1+Cy, 4.7)

Once the effective photon path length is quantified, one can determine the

G:]cl; (7”) + GOFE( )

experimental n(A) and -
Sa (M)

values through a two-parameter fitting of the

experimental RS, spectral intensity as a function of the NP concentration and its UV-vis
extinction intensity. The n(A) value enables the decoupling of the NP photon absorption
and scattering contributions to the NP extinction spectrum. Eqs 4.8 and 4.9 are derived

on the basis of the definition of n(A) and the UV—vis extinction cross sections (G, (1)).

Na is Avogadro’s constant.

E()

() =MW (M) = n(K)N C

(4.8)
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O (M) = (1 =L))o () (4.9)

The solvent Rayleigh scattering cross section can be readily determined using the
NP external reference method by combining UV—vis and R>S> measurements of a NP
photon scatterer that have negligible photon absorption and photon emission. For a pure
NP photon scatterer, Eq. 4.3 is simplified into Eq. 4.10. Since the absolute scattering
cross section of a pure NP scatterer is equivalent to its NP extinction cross section, one
can conveniently quantify the absolute solvent Rayleigh scattering cross section using Eq.

4.11.

Iobs (i) — 1 PGSca (/1)

R,S Sol
7 Solv Scoav(/l)

GSOIV()«) _ E(A‘)
- (I(I){b;SQ (7\‘) 1)C"Solv

(4.10)

(4.11)

One can also determine the solvent Rayleigh scattering cross section using a
solvent external reference technique by measuring the R2S> spectra between the targeted
solvent and a solvent with known Rayleigh scattering cross section. Mathematically, the
R2S: spectrum between two solvents can be represented with Eq. 4.12 that is derived

from Eq. 4.2, and the Rayleigh scattering of the target solvent can be calculated with Eq.
4.13 in which ,152232 (l) is the R»S; intensity between the two solvents (Solv. 1 and 2).

This solvent external reference method is simpler in comparison to the NP reference

technique discussed in the preceding section.

Il ¥ (/1) olvlo-gc(‘)alv1 (ﬂ’) / CSolv20§:zfvz (/1) (412)
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Sca

It is noted that using resonance synchronous spectroscopy for detecting the
Rayleigh scattering and resonance light scattering has been demonstrated before.>!%130
However, in these applications, the solvent and possible on-resonance fluorescence
contribution to the detected synchronous spectra have been neglected. In contrast, the
R2S> method provides a systematic approach to quantitatively decouple the interplay of

photon absorption, scattering, and on-resonance emission of photon absorbers, scatterers,

and emitters in the same sample.

4.4 Experimental
4.4.1 Reagents

Toluene, K2Cr207, and Eosin Y were obtained from Sigma-Aldrich. AuNPs with
diameters of 10, 30, and 50 nm were purchased from Nanocomposix. CdSe (2.5 nm) and
CdSe/ZnS (10 nm) Qdots were purchased from NN-Lab Crystal Corporation.
Polystyrene beads (PSNPs, 100 nm) were obtained from Polysciences, Inc. All solutions

were prepared with nanopure water (18 M€ cm) unless otherwise stated.

4.4.2 UV-vis, Stokes-shifted fluorescence, and resonance synchronous
measurements

All UV-visible measurements were conducted with a Thermo Scientific Evolution
300 UV-vis spectrophotometer. UV-vis acquisition was conducted with samples
contained in a 1 cm x 1 cm quartz cuvette and a scan rate of 120 nm/min. All resonance
synchronous and Stokes-shifted fluorescence measurements were acquired using a

Horiba FluoroMax-4 spectrofluorometer. Resonance synchronous spectra were acquired
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by setting the offset to 0 nm between the excitation and detection wavelength. All
synchronous spectra were acquired with a 1 cm x 1 cm fluorescence cuvette, excitation
and detection monochromator slit widths of 1 nm, and the spectral integration time of 0.3
s for the entire spectral wavelength range from 300 to 800 nm.

In order to obtain the Stokes-shifted fluorescence spectrum in the UV—vis region
from 300 to 800 nm without spectral interference from excitation photons, two Stokes-
shifted fluorescence spectra were acquired for each fluorophore. The first spectrum is
acquired with excitation wavelength of 290 nm, and emission was monitored from 300 to
500 nm. The second one is taken with an excitation of 400 nm, and the emission spectra
was monitored from 450 to 795 nm. The two Stokes-shifted fluorescence spectra were
then combined to give the Stokes-shifted fluorescence emission spectrum from 300 to

800 nm.

4.4.3 Computational Simulations

In the theoretical calculations, since the molecular and nanoparticle fluorophores
are all small (equal or smaller than 10 nm in diameter), their indices of refraction were
obtained from experimental UV-vis spectra using Kramer-Kronig transformation
method."®! Once the indices of refraction of the nanoparticles were obtained, their

scattering, absorption, and extinction spectra were calculated using Mie theory.!*?

4.5  Results and Discussion
4.5.1 NP photon scatter

One can quantify the absolute scattering cross section of a NP photon scatterer

directly on the basis of the NP UV—vis extinction spectrum. The combined NP UV—vis
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and RoS» spectral measurements, however, provide a simple way for quantifying the
solvent Rayleigh scattering cross section as shown in Eq. 4.11 with the experimental data
obtained with the surface-modified water-soluble polystyrene NPs (PSNPs) (Figure 4.1).
These PSNPs have a nominal diameter of 100 nm, and they can be approximated as pure
NP photon scatterers with no detectable fluorescence activity or UV—vis absorptivity in
the detected wavelength range. This approximation is justified on the observation that
the experimental R»S; intensity of the PSNP at four different wavelengths are all linearly
related to the NP concentration. If the PSNP has any significance photon absorption, the
R>S; intensity will deviate from the linear dependence of the NP concentration as
predicted with Eq. 4.3 and as shown later with the experimental data obtained with NP

photon absorbers.
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Figure 4.1  Combined UV-vis and RS, determination of PSNP and water Rayleigh
scattering cross-sections.

Notes: (A), (B), and (C) Concentration dependent PSNP UV-vis extinction spectra, as-
acquired resonance synchronous spectra, and R2S; spectra, respectively. Inset in (B) is
the solvent water resonance synchronous spectrum. (D) RoS» spectral intensity as a
function of the PSNP concentration at four different wavelengths. (E) and (F) show the
Rayleigh scattering cross-section as a function of excitation wavelength for PSNP and
solvent, respectively. The curves in black are the experimental Rayleigh scattering cross-
sections, and the red curves are obtained by curve-fitting the experimental data with the

equation of 6 = o/A* and the o values are shown in the plots.

The experimental scattering cross sections for both PSNPs and water are exactly
proportional to the reciprocal of the fourth power of the wavelength. This indicates that
both PSNPs and water molecules predominantly undergo conventional Rayleigh
scattering that is characterized by its 1/A* law, but with no significant contribution of Mie
scattering for which the scattering cross section is approximately wavelength
independent. Using water as the solvent external reference and the R>S» spectral
measurement as described in Eq. 4.13, we have also quantified the Rayleigh scattering
cross section for toluene (Figure 4.2) which is the solvent for quantifying the optical

cross sections of toluene-soluble CdSe Qdots. The wavelength dependence of the toluene
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scattering cross section also follows the equation of 6(A) = a/A*. The o value for toluene

is 4.3 x 107 cm®, which is about 150 times larger than that for water.
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Figure 4.2  Determination of Rayleigh scattering cross-sections for toluene in the UV-
vis wavelength region.

(A) Resonance synchronous spectra of water (black) and toluene (red). (B) R2S> spectra
of toluene. (C) Rayleigh scattering cross-sections of water determined with PSNPs. (D)
Rayleigh scattering cross-sections of toluene calculated using Eq. 4.13.

4.5.2 NP photon absorber

Identifying model NPs that can be approximated as pure photon absorbers with no
detectable photon scattering and fluorescence activity is challenging. This is because
essentially all NPs have drastically larger sizes than solvent molecules, thereby their
Rayleigh scattering or resonance light scattering cross sections can be significant in
comparison to that of the solvent molecules. Furthermore, many ultrasmall NPs are

fluorescence active.!*?!>* In this work, we used a molecular chromophore, K>Cr,07, to

model NP pure photon absorbers (Figure 4.3).
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Figure 4.3  Determination of the R>S» effective path length using K2Cr2O».

Notes: (A) UV—vis spectra, (B) RS> spectra, (C) reciprocal of R»S; spectra of the
K>Cr207 samples, and (D) logarithm of the peak intensity of R2S: reciprocal spectrum at
350 nm, all as a function of K2Cr.O7 concentration. Arrows indicate increasing KoCr207
concentration in the plots. (E) Curve-fitting of the logarithm of the R2S2 reciprocal
spectrum as a function of absorbance at 350 nm. The black dots are experimental data,
and the red line is obtained from the linear curve- fitting of the experimental data with
Eq. 4.7. The slope of the linear curve is the effective path length of the
spectrofluorometer as shown in Eq. 4.7.

In sharp contrast to what has been observed with the PSNP photon scatterer in
which the R>S: intensity linearly increases with increasing PSNP concentration, the peak
intensity of the reciprocal K2Cr207 R2S: spectra increases with increasing K2Cr2O7
concentration (Figure 4.3). In other words, the R2S» spectral intensity at the wavelength
region where the K2Cr2O7 absorbs decreases with increasing chromophore concentration.
This is due to the sample IFE induced by K2Cr2O7 photon absorption of incident and
scattered photons. The logarithm of the reciprocal R>S» peak intensity is linearly

dependent on the chromophore UV—vis absorbance (Figure 4.3) as predicated with Eq.
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4.7. The slope of this linearly fitted curve is 1.0 £+ 0.2, which is the effective path length

of the spectrofluorometer in R>S> spectral acquisition.

4.5.3 NPs that are both photon scatterers and absorbers

The NP concentration dependence of the R»>S; spectra of AuNPs (Figure 4.4) that
are simultaneous photon absorbers and scatterers is drastically more complicated than
that for NP photon scatterers (Figure 4.1) or absorbers alone (Figure 4.3). For AuNPs of
all three different sizes, neither RS, peak intensities nor their logarithm is linearly
dependent on the NP concentration (Figure 4.4). Moreover, the R>S; peak wavelength
position varies with different NP concentrations. Both observations are due to the
complex interplay of photon absorption and scattering. Such an interplay is prominent

even when the sample optical density is as low as 0.5.
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Figure 44  UV-vis and R>S» characterization of 10, 30, and 50 nm AuNPs.

Notes: The data in the first, second, and third columns are for AuNPs with nominal
diameters of 10, 30, and 50 nm, respectively. The data in the first to the fifth rows are
UV-vis extinction spectra, as-acquired RS, spectra, experimental R»S; spectra,
concentration dependence of logarithm R»S; intensity at the specified wavelength, the
IFE-corrected R»S» spectra obtained with Eq. 4.5a, and the correlation between the R»S»
peak intensity and AuNP concentration. The black dots represent the peak intensity
without IFE-correction. The red dots are IFE-corrected RS> peak intensity in which only
the UV-vis extinction is used for the IFE correction, while the blue dots are corrected
with the AuNP absorbance only intensity. The vertical dash lines are for guiding the
reader’s view.
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Since the model AuNPs do not have fluorescence activities ( Gy (A) = 0), one

can determine the AuNP extinction, absorption, and scattering cross sections using a
combination of the AuNP extinction spectra and R»S; spectra as depicted with Eq. 4.3.
The experimental UV—vis extinction cross section was determined with the AuNP
UV-—vis spectra, while the n(A) derived from the curve-fitting (Figure 4.4) enables us to
decompose the extinction cross section to absorption and scattering cross sections. The
excellent agreement between the experimental R»S; intensities and their corresponding
curve- fitting data for the AuNPs of all three different sizes provides a critical validation
of Eq. 4.3 for experimental decoupling of the NP UV—vis absorption and scattering
contribution to the UV—vis and R»S; spectra. Further validation of this method comes
from the fact that the experimental extinction, absorption, and scattering cross sections
deduced from the experimental (1) and the UV—vis extinction spectra are in excellent

agreement with their counterparts computed for all AuNPs (Figure 4.5).
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Figure 4.5  Comparison of experimental and computational extinction, absorption, and
scattering cross-sections for all AuNPs at three different wavelengths.

Notes: (A), (B), and (C). Comparison of the experimental and computationally simulated
cross-sections at the specified excitation wavelengths for the 10 nm, 30 nm, and 50 nm
AuNPs, respectively. The solid and textured bars are theoretical and experimental cross-
sections, respectively.
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The IFE-corrected R»S; signal intensity is nearly perfectly linearly related to the
AuNP concentration when the AuNP absorbance (n(A)E(L)) is used for the IFE-correction
in Eq. 4.5a (Figure 4.4 (P—R)). However, a large deviation from the linear dependence of
the IFE-corrected R>S> intensity on AuNP concentration appears if the AuNP extinction
is directly used for the IFE correction. This result confirms that it is the AuNP photon
absorption, not the photon scattering, that is responsible for the deviation of linearity

between R>S» intensity versus NP concentration.

4.5.4 NP photon absorber, emitter, and scatterer

Used in combination with UV—vis, this R»S; technique paves the way for
experimental quantification of on-resonance fluorescence resonance cross sections and
quantum yields for both molecular and NP fluorophores (Figure 4.6). On-resonance
fluorescence refers to fluorophore emission in which the energy of the emitted photon is
identical to that of the excitation photon. This is in contrast to the conventional Stokes-
shifted fluorescence for which the emitted photon frequency is smaller than the excitation
photon frequency. Despite tremendous interest in the synthesis, characterization, and
application of fluorescent NPs such as fluorescent quantum dots and fluorescent metal
clusters,'*>137 there is essentially no report on the quantitative measurement of NP on-

resonance fluorescence.

86



1.0 1.6 B
§ g (B) o2 ©
g g 3
S05 508 c
g 2 g
< < w
00 0.0 0
1.4 .
— ) %)
%) ol
L 0.4 % &5 04
g = 07 =3
Z 02 &5 ut;O.Q
&' &« o
_x =t
0.0 0.0
150 40 (H)
ey o B
2a'75 5«20
0 0
400 600 440 550 80
Wavelength (nm) Wavelength (nm) Wavelength (nm)
2
= 21 — 16} = L
S = AR
e} % ©
o E1 70.8 g1
e = 32
[S)] o =
Ly 2 00 g
0 1 2 3
s [Eosm Y] x 10° [CdSE] X 107 [CdSe/ZnS] x 10°% (M)
(M) 1527 nm . 2l(N)  529nm 120 (O)
P o
-— ~ 5
><N2.5 ><N1 A 3 & 60}
= =
S S
0.0 0 0 :
400 600 400 600 800
5 0 Wavelenth (nm) Wavelength Wavelength (nm)
= ar 641(R)
o [} 2 —
o 0 I9)
a o 2
o 25 =3 L 3
= = A
o o~ o
o iy -
— 00 — 0 0

0 1 2 3
[Eosm Y] x 10° [CdSe] X 10 (M) [CdSe/ZnS] x 107 (M)

Figure 4.6  UV-vis and R»S; characterization of molecular and NP fluorophores.

Notes: The data shown in the first, second, and third column are for Eosin Y, CdSe and
CdSe/ZnS Qdots, respectively. (1% row) UV-vis, (2™ row) RS, spectra, (3™ row) as-
acquired R»S» spectra, (4™ row) experimental and curve-fitted correlation between the
logarithm of R>S; intensity and fluorophore concentration, (5™ row) the IFE-corrected
R>S; spectra conducted with Eq. 4.5a. The dashed line corresponds to the peak
wavelength. (6™ row) The R»S: peak intensity as a function of fluorophore concentration.
The dots in black and red represents peak intensity of the R»>S, before and after the IFE
correction.
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The peak wavelength in the as-acquired R»S: spectra in fluorophore-containing
samples red-shifts as the fluorophore concentration increases. This is due to the interplay
of fluorophore photon absorption, on-resonance fluorophore photon emission, and
Rayleigh scattered light. However, the IFE-corrected R>S» peak intensities are linearly
dependent on the fluorophore concentration, and their peak position is totally independent
of the fluorophore concentration for all samples. The IFE-corrected R>S> peak
wavelengths are 527, 529, and 603 nm for Eosin Y, CdSe, and CdSe/ZnS Qdots,
respectively. This IFE correction was conducted with Eq. 4.5a in which n(X) was set to
be 1 for all samples in Figure 4.6 on the assumption that their extinction spectra are
dominated by fluorophore photon absorption with no significant photon scattering. The
assumption is justified on the basis of the computational simulation that shows that peak
scattering cross sections are 6, 5, and 3 orders of magnitude smaller than their respective
peak absorption cross sections for Eosin Y, CdSe, and CdSe/ZnS Qdots, respectively
(Figure 4.7). The excellent linearity between the corrected R2S: peak intensity and the
fluorophore concentration provides a critical validation to this assumption. Otherwise,
the R»S» intensity will be overcorrected as that has been observed by setting n(A) to 1 for

the AuNP samples.
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Figure 4.7  Computed extinction, absorbance, and scattering cross-sections for Eosin
Y, CdSe, and CdSe/ZnS Qdots.

Notes: (1st row) Experimental and (2nd row) computed extinction cross-sections, (3rd
row) computed absorption cross-section, (4th row) computed scattering cross-sections for
(1st column) Eosin Y, (2nd column) CdSe Qdots, and (3rd column) CdSe/ZnS Qdots.

The sum of the fluorophore Rayleigh scattering cross sections and on-resonance
fluorescence cross sections are 8.8 x 107'°, 12.1 x 107"°, and 260 x 107! cm? for Eosin
Y, CdSe, and CdSe/ZnS Qdots, respectively, all at their respective peak R>S:
wavelengths. This is calculated with Eq. 4.14 derived from Eq. 4.5b. m in Eq. 4.14 is the

slope of linear-fitted IFE-corrected R»S» spectral intensity as a function of fluorophore
89



concentration (Figure 4.6). The solvent concentration is known, and its Rayleigh
scattering cross sections over the UV—vis region can be independently determined.
Therefore, this R2S> technique enables the determination of the sum of the fluorophore

Rayleigh and on-resonance fluorescence cross sections for the entire UV—vis region.

G (M) + o (L) = mxCy,y, xGom (1) (4.14)

sca sca
In practical spectroscopic measurements of fluorophore-containing solutions, the
R2S; spectral signal can be dominated by the sample Rayleigh scattering or its
fluorophore fluorescence or contributed simultaneously by these two optical processes.
Eosin Y and CdSe Qdot R»S; signals are due predominantly to fluorophore on-resonance
emission with no significant fluorophore Rayleigh scattering contribution (Figure 4.8).
However, both on-resonance emission and Rayleigh scattering contribute to the R»S»
signal in CdSe/ZnS-containing samples. This conclusion is drawn from the following
experimental observation and theoretical consideration (Figure 4.8). The IFE-corrected
R>S; spectra of Eosin Y and CdSe overlap near perfectly with their respective
multiplication product spectrum of the fluorophore absorption and emission spectra
(Figure 4.8). This is consistent with the fact that on-resonance fluorescence occurs only
in the wavelength region that the fluorophore both absorbs and emits. In contrast, the
computed light scattering spectra show that light scattering occurs in almost the entire
wavelength region where the fluorophore absorbs for both Eosin Y and CdSe Qdots

(Figure 4.8 (J-L)).
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Figure 4.8  Experimental fluorophore absorbance, emission, and IFE-corrected R2S»
spectra compared to computational scattering spectra.

Notes: (1% column) Eosin Y, (2™ column) CdSe Qdots, and (3™ column) CdSe/ZnS
Qdots. (A, B, and C) Fluorophore absorbance and emission spectra. (D, E, F)
Comparison of the fluorophore IFE-corrected R>S» spectra with their respective
multiplication product spectrum of the absorbance and emission spectrum. (G, H, I)
Difference spectrum between the two spectra shown in (D), (E), and (F), respectively.
An arbitrary scaling factor was used for scaling the spectral intensity in order to facilitate
comparison. (J, K, L) Computed resonance light scattering spectra of the fluorophores.
The dashed lines are for guiding comparison of spectral peak positions. The fluorophore
concentrations used in the experiment and simulation are 8.98 uM, 0.17 uM, and 31.0
nM for Eosin Y, CdSe Qdots, and CdSe/ZnS Qdots, respectively.

The data obtained with all three fluorophores in Figure 4.8 strongly indicate that
one can use the multiplicative product spectrum of a fluorophore absorption and emission
spectrum to approximate the fluorophore on-resonance spectrum. This provides a simple
way to differentiate and decouple the on-resonance fluorescence from resonance light

scattering (Figure 4.8). The determination of peak on-resonance fluorescence cross
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sections for Eosin Y and CdSe Qdots is straightforward by considering the fact that their
resonance light scattering is negligible compared to the R»S> on-resonance fluorescence
peak (Figure 4.8 (G, H)). Therefore, the sum of the fluorophore Rayleigh scattering cross
section and on-resonance fluorescence cross section is directly assigned as the respective
on-resonance fluorescence cross section (Table 4.1). Since CdSe/ZnS Qdots are
simultaneous photon absorbers, scatterers, and emitters, their Rayleigh scattering and on-
resonance emission cross section can be quantified only after decomposing its R»S»

spectra as shown in Figure 4.8 (I).

Table 4.1 Fluorophore on-Resonance Fluorescence Cross Section and Quantum Yield

Fluorophores Peak R>S; Absorption On-resonance On-resonance
wavelength ~ cross-section  emission cross-  fluorescence
(nm) x1071% cm? section quantum yield
x107" cm? x1073
EosinY 527 1.35 8.80 £0.26 6.51+0.19
CdSe 529 3.93 12.1+0.9 3.07+0.24
CdSe/ZnS 603 16.1 260 +21 16.2+1.3

The data shown in Table 4.1 is to our knowledge the first report of the on-
resonance fluorescence cross sections and the on-resonance fluorescence quantum yields
for any molecular and NP fluorophores. The on-resonance fluorescence quantum yield is
defined as the ratio between the fluorophore on-resonance fluorescence cross section and
its UV—vis absorption cross section at the specific wavelengths. Evidently, for all the NP
and molecular fluorophores studied in this work, their maximum on-resonance
fluorescence quantum yield is significantly lower than their respective conventional
Stokes-shifted fluorescence quantum yields (all larger than 0.3).!1°%-1° This can be due to

the difference of how the on-resonance fluorescence and Stokes-shifted fluorescence
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quantum yields are defined and quantified. The on-resonance fluorescence quantum
yield counts only the emitted photons that have a wavelength identical to that of the
excitation photons. Any photons emitted by molecules that undergo internal conversion
are excluded in the on-resonance fluorescence quantum yield calculation. In contrast, all
emitted photons with wavelengths longer than the excitation wavelength were included in

determining the Stokes-shifted fluorescence quantum yield.'¢!

4.6 Conclusions

The presented UV—vis R2S: spectroscopic technique is an extremely versatile
method for experimental determination of the optical activity of molecular and NP
chromophores and fluorophores. Used in combination with the UV—vis spectroscopic
method, this R>S> method has enabled quantification of the absolute optical cross sections
for a wide range of molecules and NPs that include the Rayleigh scattering cross sections
of various solvents, absorption and resonance light scattering cross sections for plasmonic
AuNPs, and the additional on-resonance fluorescence cross sections for molecular and
NP fluorophores. The reagents range optically from pure photon scatterers to pure
photon absorbers, simultaneous photon absorbers and scatterers, photon absorbers and
emitters, and all the way to photon absorbers, scatterers, and emitters. The insight and
methodology presented in this work should be of broad significance in physical,

biological, and chemical research and analysis that involves photon/matter interactions.
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