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ABSTRACT

Cascading optical processes refer to two or more sequential photon/matter interactions
triggered by the same individual excitation photons. The previous two parts of this examined
cascading optical processes in scattering-only solutions (Part I) and samples containing light
scatterers and absorbers, but no emitters (Part II). The current work (Part III) focuses on the
effects of cascading optical processes on spectroscopic measurements of fluorescent samples.
Four types of samples are used in this study, including 1) Eosin Y (EOQY), an absorber and emitter;
2) EOY mixed with plain polystyrene nanoparticles (PSNPs) that are pure scatterers; 3) EOY
mixed with dyed PSNP that are scattering- and absorbing-, but not emitting nanoparticles; and 4)
fluorescent PSNPs that are simultaneous light absorbers, scatterers, and emitters. Interference
from both forward scattered and emitted photons can cause nonlinearity and spectral distortion in
UV-vis extinction measurements. Sample absorption by nonfluorogenic chromophores invariably
reduces fluorescence intensity, where the effect of scattering on fluorophore fluorescence is
complicated by several competing factors. A revised first-principles model is developed for
correlating the experimental fluorescence intensity with the sample absorbance in solutions
containing both scatterers and absorbers. The optical properties of fluorescent PSNPs of three
different sizes were systematically investigated using combined measurements with integrating-
sphere-assisted resonance synchronous spectroscopy, linearly polarized resonance synchronous
spectroscopy, UV-vis, and fluorescence spectroscopy. The insights and methodology provided in
this work should help improve the reliability of spectroscopic analyses of fluorescent samples,

where the interplay among light absorption, scattering, and emission can be highly complicated.



INTRODUCTION

Cascading optical processes refer to two or more sequential optical events triggered by individual
excitation photons. Such sequential optical events can be of the same (e.g., scattering of the
scattered photons) or different mechanistic origins (e.g., emission after absorption). In Part I and
IT of these three companion articles, we presented the cascading optical processes in scattering-
only samples (Part I) and solutions that contain both scatterers and absorbers, but not emitters (Part
I1).""2 While the cascading optical process in scattering-only samples is relatively simple, as it
involves only multiple scatterings, its impact on spectroscopic measurements is significant. It
complicates scattering extinction, intensity, and depolarization analysis even when the sample

concentration is within the linear dynamic range (LDR) of the UV-vis spectrophotometer.' >4,

The additional interplay between light absorption and scattering makes the cascading
optical processes in light-absorbing, scatterer-containing samples far more complicated than that
in the scatterer-only solutions.? Light absorption invariably reduces the scattering intensity due to
the absorption inner-filter-effect (IFE).>” However, the impact of scattering on light absorption is
complicated, depending on whether the scattered light is taken into consideration. Scattering
reduces light absorption along the linear optical path from the excitation source to the UV-vis
detector. However, absorption of the scattered photons can partially, totally, and even over-
compensate for such reduced light absorption. Imaginably, the degree to which the scattered light
is absorbed depends not only on the solution volume, sample absorption, and scattering activities,
but also the cuvette geometry. In part II, we systematically examined the impact of scattering on
the total light absorption, including the absorption of the scattered photons for samples with a
solution volume of 3 mL in a 1-cm square cuvette. In such a case, the total light absorption of the

scatterer-containing samples is approximately the same as their respective scatterer-free



counterparts, with the same absorption extinction.

The presence of scatterers in those samples
changes the locations where light absorption occurs but does not significantly modify the amount

of light absorption.?

The present work (Part III) focuses on the cascading optical processes in fluorescent
solutions and their impacts on sample UV-vis, scattering, and fluorescence measurements.
Mechanistically, the cascading optical processes in fluorescent samples can be extraordinarily
complicated. Even for solutions containing only one molecular fluorophore, there are two
sequential optical events: absorption and emission. Numerous additional cascading processes can
occur if the fluorophore also absorbs at the emission wavelengths. In this case, the emitted photons
can be reabsorbed, possibly triggering further emission, reabsorption, and so on. In scatterer-
containing fluorescent samples, the complexity of the cascading optical processes grows
exponentially, because scattering can perturb the optical path of excitation and emission photons

inside the solutions, consequently affecting the fluorescence signal generation and/or detection.
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Existing work on the effects of cascading optical processes on fluorescence measurements
have almost exclusively been on the impacts of fluorophore or sample absorption on the
fluorescence intensity. Absorption causes nonlinearity between fluorescence intensity and
fluorophore concentration, as well as introduces spectral distortion.”” Such effects have been
commonly referred to as the absorption-IFE.> *!' Many mathematical models have been
developed for correcting the absorption IFE on fluorescence measurements. Eq. 1 has been

popularly used for correcting the absorption-IFE on fluorescence spectra acquired with a 1-cm



square cuvette. Axand A are the sample absorbances, quantified using a 1-cm path length cuvette,
at the excitation and emission wavelengths, respectively.’ This model (Eq. 1) assumes that the
instrument is perfectly aligned, so that the effective excitation and emission path lengths are both

0.5 cm in the conventional 90-degree spectrofluorometric spectral acquisition.

We previously reported a generalized model for correcting the absorption-IFE on
fluorescence measurements (Eq. 2),” where dx and dn refer to the effective light absorption and
emission path lengths. These pathlengths can be readily quantified using a solvent Raman
technique.® This model is also useful for correcting the absorption-IFE on resonance synchronous
spectra acquired with a spectrofluorometer.'? > Since the excitation and detection wavelength are
the same in these spectroscopic measurements, the total absorption path length is simply the sum

of dx and dm.

The effectiveness of Eq. 2 for correcting the absorption-IFE has been demonstrated
extensively with molecular fluorophores containing no significant scattering. The absorption-IFE-
corrected fluorescence intensity exhibits excellent linearity with fluorophore concentration.’
However, current knowledge on the effects of light scattering on fluorescence intensity has been
scant. We have previously compared the effects of sample absorption and scattering on
fluorophore fluorescence and concluded that, in comparison to absorption, the impact of scattering
on sample fluorescence intensity is negligibly small.” However, this conclusion was derived with
polystyrene nanoparticles (PSNPs) of 100 nm in diameter.” The overall generality of this
observation is unknown. Addressing this question is important since the impacts of multiple

scattering on spectroscopic measurement depends strongly on particle sizes.'*

Four types of samples are used in this study, including 1) Eosin Y (EOY), a molecular

fluorophore with no significant scattering activity; 2) EOY mixed with plain polystyrene
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nanoparticles (PSNPs) that are pure scatterers; 3) EOY mixed with dyed PSNP that are scattering-
and absorbing-, but not emitting nanoparticles; and 4) fluorescent PSNPs that are comprised of
fluorescent dyes impregnated inside PSNPs. The first group of samples are simultaneously light
absorbers and emitters with no significant scattering activities, while the remaining three are

simultaneous light absorbers, scatterers, and emitters.

The present work focuses on the following three specific objectives. First, we wish to
demonstrate the potential pitfalls in UV-vis measurements of fluorescent samples. Part I and II
showed how the interference of forward scattered light can cause the experimental UV-vis
extinction to deviate from Beer’s law even when the sample theoretical extinction is within the
LDR of the used UV-vis instrument. Imaginably, forward propagated fluorescence can also cause
a similar interference. Second, by using a series of PSNPs with varied sizes and optical properties,
we wish to establish a systematical understanding of the effects for light scattering on fluorophore
fluorescence intensity and depolarization. Third, we wish to provide a general guideline for
experimental investigation on the optical properties of fluorescence nanoparticles that have

15-19 There are

become increasingly popular in chemical, biological, and materials research.
numerous problematic interpretations of the spectra acquired with these samples, including
assigning sample UV-vis extinction spectra as absorbance without considering scattering
contribution, and ineffective correction of absorption-IFE on the fluorescence and scattering

measurements.’’>* Addressing these issues are important for a wide range of scientific inquiries,

given the importance of fluorescence in education, research, and technological developments.



EXPERIMENTAL SECTION

Materials and equipment. Polybead carboxylate polystyrene nanoparticles (PSNP), red
dyed polystyrene nanoparticles (dAPSNP) and fluorescent polystyrene nanoparticles (fPSNP) were
purchased from Polysciences, Inc. PSNPs with diameters of 100 nm (Cat #16688-15), 200 nm
(Cat #08216-15), and 380 nm PSNP (Cat #21753-15) were abbreviated as PSNP100, PSNP200, and
PSNPss0, respectively. The dPSNP with a diameter of 530 nm (Cat #19815-15) was abbreviated
as dPSNPs30. fPSNPs with diameters of 43 nm (Cat #16661-10), 95 nm (Cat #17150-10), and 180
nm (Cat #09834-10) were abbreviated as fPSNP43, fPSNPos, and fPSNPiso, respectively.
Analytical grade Eosin Y (EOY) and potassium permanganate (KMnOs4) were obtained from
Sigma-Aldrich and used as received without further purification. Nano pure water (18.2 MQ cm”
!, Thermo Scientific) was used for all sample preparations. For simplicity, the EOY and PSNP

nanoparticles mixture was abbreviated as EOY/PSNP.

A Shimadzu UV-2600i spectrophotometer with an ISR 2600 integrating-sphere accessory
(Duisburg, Germany) was used for all UV-vis and integrating-sphere UV-vis (ISUV) spectra.
Fluorescence spectra and the resonance synchronous spectra were obtained using a Fluoromax-4
spectrophotometer (Horiba Jobin Yvon, Edison, NJ USA). A K-Sphere Petite integrating-sphere
(Horiba PTT) with an internal diameter of 80 mm and a neutral density filter with an optical density
of 2.0 £ 0.05 from 200 to 1100 nm (Thor Labs) was used for all integrating-sphere-assisted

resonance synchronous spectroscopy (ISARS) spectral acquisition.

Spectroscopic Measurements: All spectrofluorometer-based spectra were acquired with
an integration time of 0.3 seconds and a bandwidth of 2 nm for both excitation and emission

monochromators. The G factor spectrum for correcting the polarization bias was quantified in a



previous study.? All the spectra for the measurements were obtained using a 1 cm Thorlabs UV-
fused quartz cuvette with a sample volume of 3 mL at room temperature. A neutral density filter
with an optical density of 2.0 = 0.05 from 200 to 1100 nm (Thor Labs) was used for the

fluorescence spectral acquisition of all the EOY samples unless specified.

RESULTS AND DISCUSSION

UV-vis extinction. Part I and Part II showed that forward scattered light can interfere
with the UV-vis extinction spectra of scatterer-containing samples."? Such an interference can
cause the measured UV-vis intensity to deviate from Beer’s law even when the sample theoretical
extinctions are within the instrument LDR that is quantified using molecular chromophores.
Imaginably, forward fluorescence photons can also reach the UV-vis detector, introducing spectral
interference. A generalized model for illustrating how scattering and fluorescence interference
can interfere with the UV-vis extinction measurement is developed for analytes that are assumed
to be simultaneous scatterers, absorbers, and emitters at the excitation wavelength. In this case,
the sample experimental UV-vis extinction intensity Eyy (4,) can be parameterized using Eq. 3.

A detailed mathematical derivation is shown in the Supporting Information.

Io(/lx)lo_ET(AX)"'ns Is, fw(lx)“'nF fgo IF, fw(/lxrlm)d/lm
Io (Ax)

Eyy(Ay) = —log 3)

E;(2,) is the theoretical extinction of the sample, which is the sum of sample theoretical
absorption and scattering extinction. I,(A) is the excitation intensity. The integration in the
fluorescence term is necessary as the fluorescence emission usually spans a broad wavelength
range. Since the conventional UV-vis spectrophotometer uses only excitation wavelengths, with

no detection monochromator, fluorescence emission at any wavelength can interfere with UV-vis
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measurements. 77, and 77, refer to the fraction of the forward scattered light s 7, (4,) and emitted
light [ OOO I, pw (Ay, A ) d Ay, respectively, reaching the UV-vis detector. These values depend on the

collection angle of the UV-vis detector and the spatial distribution of the scattered and emitted

photons.'*

Eq. 3 can be simplified for predicting the scattering or fluorescence interference with
sample UV-vis measurements, including the equations presented in Part I for samples that contain
only light scatterers,'* and in Part II where analytes are simultaneous absorbers and scatterers.
For the simplest fluorescent samples that contain only molecular fluorophores with no significant

scattering activities, Eq. 3 is simplified into Eq. 4.

Io (Ax)lo_AT(lx)"'nF fw IF, w A Am)dAm,
Eyy (1) = —log TSRS )

We demonstrated earlier that the forward scattered light causes deviation of experimental
UV-vis intensity from Beer’s law.!? However, Eq.3 and Eq. 4 show that the forward scattered
and fluorescence light also introduce spectral distortion due to the fact that the degree of scattering
and fluorescence interference can be strongly wavelength dependent. Such interferences are
shown with the extinction spectra acquired with both the conventional UV-vis and recently
reported ISUV method for KMnOs, EOY, and dPSNPiso (Figure 1). The experimental UV-vis
spectra of KMnOs solutions and their corresponding ISUV spectra are the same (Figure 1A-1D).
The experimental extinctions are the same as their theoretical extinction intensities for the
evaluated wavelengths for the samples with the theoretical extinctions below 4, which is
considered the upper LDR limit of the used spectrophotometer. This datum is not surprising
because KMnOs is approximately a pure light absorber with no significant light scattering.

However, the conventional UV-vis spectra and their corresponding ISUV spectra are remarkably



different from both EOY (Figure 1E-1H) and fPSNPiso (Figures 1I-1L)). Nonlinearity appears
in the conventional UV-vis measurements even when the theoretical EOY and fPSNP samples are
significantly lower than 4. Since EOY differs from KMnOs only in the EOY fluorescence activity,
the EOY data provide an unequivocal demonstration of the forward fluorescence interference in

UV-vis measurement of fluorescent samples.
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Figure 1. (A, E, I) UV-vis spectra, (B, F, J) ISUV spectra, (C, G, K) UV-vis extinction as a
function of the sample theoretical extinction, and (D, H, L) ISUV extinction as a function of
the sample theoretical extinction for (A, B, C, D) KMnOs4 from 0.14 to 3.62 mM, (E, F, G, H)
EOY from 1.67 to 169.08 uM in ethanol, and (I, J, K, L) fPSNP1so from 0.01 to 1.01 nM.
The evaluated wavelengths and the trend lines are color coded. Only the data obtained with a
theoretical extinction lower than 4.3 are shown in the trend lines.

The spectral distortion introduced by the scattering and fluorescence interference is shown
by comparing the UV-vis spectra obtained from KMnO4, EOY, and fPSNPiso, each with two

different concentrations (Figure S1). The experimental UV-vis of KMnO4 with different

10



concentrations differs only in their spectral intensity, provided the extinction spectrum is within
the instrument LDR. In contrast, the UV-vis spectra of both EOY and fPSNP exhibit significant
spectral distortion that are especially prominent when the measured UV-vis extinction is high.
Such spectral distortion can also be seen from the wavelength-dependence of the correlation
between the experimental UV-vis extinction and the theoretical extinction of EOY and fPSNPiso

samples (Figure 1).

It is not uncommon that researchers attribute the concentration dependent UV-vis spectra
of fluorescent samples to physicochemical interactions among fluorophores or between
fluorophores and ligands including nanoscale or larger particles.?¢** Such possibility is excluded
in this experiment for the samples used in Figure 1. First, the EOY concentration, even in the
most concentrated solution, is far below its solubility (1 mg/mL in ethanol). Second, carboxylate
fPSNPs used in this work are stable in solutions, and the fluorophore in fPSNP are all impregnated
inside a polymer matrix (Figure S2). Therefore, the possibility for strong intermolecular
interactions in the EOY sample and interparticle interactions in fPSNPiso samples should be
negligibly small. In other words, the concentration dependence of the EOY and fPSNP UV-vis
spectra (Figure 1) must be due predominantly to fluorescence and scattering interference. These
observations caution the use of UV-vis spectroscopic analysis of fluorescent samples for both
fluorophore quantifications and fluorophore interactions because the upper LDR limit for the
fluorescent samples can be significantly smaller than the instrument detection limit that is

commonly evaluated using molecular chromophores.
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Figure 2. (A-C) UV-vis and (D-F) fluorescence spectra of (A, D) EOY, (B, E) and (C, F)
EOY/PSNP3s0 solutions. The PSNP3s0 concentrations for the samples shown in (A, D), (B, E),
and (C, F) are 0, 3.83 pM, and 7.69 pM, respectively. The EOY concentrations in each series
is the same (0.68, 1.48, 2.23, 3.0, 3.8, 4.6, 5.3, to 6.0 uM). The excitation wavelength is 480
nm for the fluorescence spectra shown. (G-I) as-acquired fluorescence intensity at 535 nm as
a function of EOY concentration for EOY/PNSPioo, EOY/PNSP200, and EOY/PSNP3so,
respectively. The legend showed the nominal PSNP scattering extinction in EOY/PSNP
(J-L) Absorption-IFE corrected fluorescence intensity as a function of EOY
concentration for the data shown in (G-I). The solid lines shown are obtained by linearly curve
fitting. Complete data obtained with EOY/PSNP100, EOY/PSNP200, EOY/PSNP3s0 are shown
in Figures S3-S5.



Effect of PSNPs on EOY fluorescence. Plain PSNPs are approximately pure light scatterers
with no significant light absorption or emission in the wavelength region of interest; however, one
must ensure there is no significant physicochemical interactions between EOY and PSNP before
using PSNPs to probe the impact of light scattering on EOY fluorescence. Control experiments
reveal that EOY has no significant interactions with dialyzed PSNP1o0, PSNP200, or PSNP3s80. The
UV-vis spectrum of EOY/PSNP solutions prepared with these PSNPs is approximately the same
as the sum of UV-vis spectra acquired with their respective PSNP and EOY controls. In contrast,
there is a significant difference between the experimental EOY/PSNPso UV-vis spectrum and the
mathematical sum of the UV-vis spectrum of the EOY and dialyzed PSNPso controls (Figure S6).
It is noted that the maximum UV-vis extinctions for all explored samples (Figure 2, Figure S3-
SS) are kept below 2 at 520 nm, the peak EOY absorption wavelength. In this case, the
interference of forward scattered or forward fluorescence light to the sample UV-vis measurement
should be negligibly small (Figure 1). Therefore, the difference between the experimental UV-vis
spectrum of the PSNPso/EOY mixture solution and the sum spectrum of the PSNPso and EOY
controls is a definitive marker of EOY and PSNPso interaction with the dialyzed PSNPso. To avoid
data misinterpretation, the effects of light scattering on fluorophore fluorescence were only

investigated with PSNP100, PSNP200, and PSNP3s0 (Figure 2), but not PSNPso.

Figure 2 shows three series of example UV-vis extinction spectra (Figure 2A-2C) and
fluorescence emission spectra (Figures 2D-2F)) obtained with EOY and EOY/PSNP3s0. Complete
sets of UV-vis and fluorescence emission spectra for all EOY/PSNP samples summarized in
Figure 2J-2L are provided in the supporting information (Figures S3-S5). The as-acquired EOY
fluorescence exhibits poor linearity with the EOY concentration (Figure 2G-2I) in EOY controls

and all EOY/PSNP solutions. Empirically, however such nonlinearity can all be corrected by
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applying the absorption-IFE model (Eq. 2), where 4x and 4 used for the absorption-IFE correction
are the EOY absorbance at the excitation and emission wavelengths, respectively. The dx and dn
are 0.49 and 0.52, respectively, these values were determined using a water Raman method.®
Indeed, the absorption-IFE-corrected fluorescence intensities (Figure 2J-2L) all exhibit excellent

linearity with EOY concentration in both EOY and EOY/PSNP solutions.

Cross examination of the linearly fitting equations in Figure 2J-2L are revealing.
Evidently increasing PSNPi1oo and PSNP20o concentration increases only the intercept of the
linearly fitted equation but has no significant effect on the slope of the linear equations. This
indicates that the presence of PSNP1oo or PSNP200 in the EOY solution have no significant impact
on fluorophore emission intensity. However, the intercept of these linear equations increases with
increasing PSNPioo or PSNP200 concentration. This is likely due to PSNP background

interferences (Figure S7).

Increasing PSNP3s0 concentration increases both the intercepts and slopes of the linear
equation obtained for the PSNP330/EOY solutions. The enhancement of the intercept is, again,
likely due to the PSNP background. However, the increased slopes indicate the PSNP3so0 scattering
enhances the EOY fluorescence emission. Collectively, the data obtained with PSNP100, PSNP200,
and PSNPss0 strongly suggest that only the light scattering by large PSNPs have a significant
impact on fluorophore fluorescence. In contrast, the scattering by PSNPs of 200 nm or smaller in
diameter have a negligibly small impact on the fluorophore fluorescence emission. This
conclusion is also supported by the earlier report that light scattering by 100 nm PSNPs did not
have a significant effect on the fluorescence intensity of fluorescent quantum dots,” as well as the

fPSNPs obtained in this work (vide infra). This fluorescence enhancement by large PSNPs is also
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consistent with the experimental data obtained with dPSNPs with a nominal diameter of 530 nm

(vide infra).
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Figure 3: Schematic representation of pin-hole effects in (A) scattering-free, and (B)
scatterer-containing fluorescent samples. The incident and scattered light are in blue, and
emitted light is in red. The black dashed region represents the region where fluorescence
photons are most effectively collected due to the instrument pin-hole effect.

1Ay 2m) = 1(22) Q (s Am) R (Vo) L5 Ay, 10~ (st Amschm) )

Mechanistically, the effect of light scattering on fluorophore fluorescence explained by
visiting a first-principles model we developed recently for correlating fluorophore fluorescence
I(Ay, A) acquired with a conventional spectrofluorometer (Eq. 5) for scattering-free fluorescence
samples.” I(4,) represents the excitation intensity, A4, ¢ and A,, ; are sample light absorbance at
the excitation and emission wavelengths, respectively. For samples that contains only the
molecular fluorophores, A, ¢ and A, ¢ are equivalent to A, r and A, f, respectively. A, r stands
for the fluorophore absorbance at the excitation wavelength. Q(A,, 4,,) represents the quantum
yield of the fluorophore at the specified excitation and emission wavelength. R(4,,) summarizes
the instrument responsivity in detection of emitted photons. [ is the effective sampling path
length. Due to the instrument pinhole effect, shown schematically in Figure 3, only the

fluorescence signal generated within this effective sampling path length contributes significantly
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to the experimental fluorescence spectrum.’

The effective sampling volume for scatterer-free
solutions must be smaller than that for scatterer-containing samples due to the scattering diversity
of the optical path from the otherwise collimated beam (Figure 3). This enhancement of the
effective sampling volume can also be viewed as the enhancement of absorption path length
enhancement for excitation photons entering the effective sampling path length [;. For the
scatterer-free sample, the effective absorption path length is equal to the effective sampling path

length [;. However, for scatterer-containing samples, the effective absorption path length is kgl

where kg>1.

The net effect of light scattering on fluorescence depends on two competing factors: the
absorption pathlength inside the sampling volume that increase the possibility of the excitation to
generate fluorescence emission, and the scattering-IFE that reduces the number of photons entering
the sampling volume. Such scattering-IFE has been shown in Part I of this series of companion
articles and is manifested by both scattering extinction and intensity measurements.! It is
emphasized that scattering-IFE is extraordinarily complex and it depends on not only the sample
scattering extinction, but also its scattering depolarization.! Compared to the absorption-IFE,

however, scattering-IFE is drastically smaller. Herein we use 7, to present the scattering-IFE

scattering on the fluorophore fluorescence.

Eq. 6 represents the revised model for scatterer-containing fluorescent samples. The only

difference between Eq. 6 and Eq. 5 is the kg and 7, terms discussed in the preceding sections.

1(es 2m) = 105) QUes Zom)R (sl A 10 st Amsm) =1 (6)
Under the condition where scattering-IFE is small (7, < 0.05), Eq. 6 can be simplified

into Eq. 7 where £ is the scatterer-dependent constant. This constant can also be viewed as a
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scattering-dependent correction factor for the light absorption inside the effective sampling

volume.

1 Am) = 1(2)Q (s Aam)R () B Ls A 10~ (st Amsiim) (7
Combining Eq. 2 and Eq. 7 leads to Eq. 8, showing that the absorption-IFE corrected

fluorescence intensity is linearly correlated with the fluorophore absorbance A, f, and to Eq. 9 by
replacing A, » with the fluorophore concentration using Beer’s law and using K (4,,) as R(4,,) &b
17" Ay Am) = 1(A2)Q (Ax, An) R (An) Bels Cr (8)

177 Ay Am) = 1(A)Q (Ay, A) K (Am) Bl Cy )

The near perfect linearity of the experimental data obtained with EOY/PSNP provides
empirical validation of Eq. 9 for correlating sample fluorescence intensity with fluorophore

concentration. Therefore, Eq. 9 is a generalized model for correlating the sample fluorescence and

fluorophore concentration in solutions containing both absorption and scatterers. ¢ is

approximately 1 for EOY mixed with both PSNPioo (Figure 2J) and PSNP2oo (Figure 2K),
indicating that the two competing factors by light scattering on EOY fluorescence cancel each
other. This conclusion is consistent with our earlier report that the scattering by PSNP10o has no

significant impact on quantum dots fluorescence.” However, B value is invariably larger than

1 for EOY/PSNPss0, and it increases with increasing PSNP3so scattering extinction (Figure 2L).
This observation indicates the absorption path length enhancement by PSNP3s0 is more significant
than its scattering-IFE. This result is consistent with the fact that the scattering-IFE is much more
significant for PSNP10o and PSNP20o than that for PSNP3so.!  The fact that light absorption and
scattering can both change fluorophore fluorescence with totally different ways (attenuate or

enhance) demonstrates the complexity of fluorescence spectroscopic analysis of turbid samples.
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Figure 4. (A-C) UV-vis and (D-F) fluorescence spectra of (A, D) EQY, (B, E) and (C, F)
EOY/dPSNPs30. The PSNPs30 concentration for samples used in (A, D), (B, E), and (C, F)
are 0, 1.18 pM, and 2.31 pM, respectively. The EOY concentrations in the sample series are
all the same, and range from 0.68 to 5.19 uM. The excitation wavelength is 480 nm for the
fluorescence spectra shown. (G) ISARS-derived double-beam absorbance for dPSNPs30 used
for the EOY/dPSNPs30 solutions. (H, I) as-acquired and absorption-IFE corrected
fluorescence intensity as a function of EOY concentration. Complete data for all EOY/
dPSNPs30 solutions are shown in Figure S8.

Effect of dPSNP on EOY fluorescence. The dPSNPs30 used in this work are simultaneous
light absorbers and scatterers with no significant fluorescence activities.”> The as-acquired EOY
fluorescence decreases with increasing dPSNPs3o concentration (Figure 4A-4F, 4H). After
correcting the absorption-IFE on EOY fluorescence, however, EOY fluorescence increases with

increasing dPSNPs30 concentrations (Figure 4I). This observation indicates, while the dPSNPs30
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light absorption reduces EOY fluorescence, its scattering enhances the fluorescence intensity. It
is noted that the A, ; and A,, s values used for absorption IFE correction are the sum of the EOY
and dPSNP absorbance at the excitation and the emission wavelengths, respectively. Therefore,
one must obtain the dPSNP absorbance spectra (Figure 4G) before the absorption-IFE correction.
The experimental separation of dPSNP extinction spectrum into its absorption and extinction

component spectra was recently reported in Part I1.2

The data obtained with the dPSNP allow us to make a head-to-head comparison of the
impact of light absorption and scattering on fluorophore fluorescence. dPSNPs3¢ is primarily a
light scatterer at the excitation wavelength (480 nm) (Figure 4). Its absorption extinction to
scattering extinction ratio at 480 nm is 0.3436. However, the overall effects of dPSNP on the as-
acquired EOY fluorescence are dominated by its light absorption. The impact of the light
scattering by dPSNPs30 is evident only in the absorption-IFE corrected spectra. This highlights
the importance of separating sample absorption and scattering in discussion of the sample UV-vis
extinction of fluorescence measurements. Unfortunately, in current literature, the impacts of
sample light scattering and absorption on fluorescence measurements have either not been
considered at all, or their impacts have been assumed to be the same by using UV-vis extinction

for sample IFE correction.?!-
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Figure 5. (A, E, I) experimental extinction spectra of fPSNP43, fPSNPos, fPSNP1so0,
respectively. (B, F, J) UV-vis absorption extinction spectra derived from ISARS-based
absorbance spectra for the samples shown in (A), (E), (I), respectively. (C, G, K) UV-vis
scattering extinction spectra of fPSNP43, fPSNPos, fPSNP1so samples, which were
obtained by subtracting the experimental extinction spectrum in (A, E, I) by the
corresponding absorption extinction spectrum in (B, F, J), respectively. (D, H, L) UV-
vis total extinction, absorption extinction, and scattering extinction intensity at 440 nm
for the fPSNP43, fPSNP9s, fPSNP1s0, respectively.

Optical properties of fPSNPs: fPSNPs are made with molecular fluorophores dispersed
in polystyrene matrix. They are simultaneous light absorbers, scatterers, and emitters at the
wavelength where fPSNP absorbs. While the PSNP matrix is approximately pure scatterers,
quantification of the absorption and fluorescence activities of the impregnated fluorophores, to our

knowledge, are not available.

Experimental separation of light scattering and absorption contribution to fPSNP UV-vis
extinction spectra (Figure 5) is performed using the recent ISARS method.> 3¢ The complete
datasets for the as-acquired ISARS intensity spectra, ISARS-based absorbance, and the ISARS-
derived double-beam absorbance spectra are shown in the supporting information (Figure S9-
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S10). The effectiveness of ISARS for quantification of sample absorption and scattering extinction
is shown by the near perfect linear dependence of experimental total extinction, absorption
extinction, and scattering extinction on the fPSNP concentration (Figure 5D, SH, 5L). It is noted
that, to avoid the interference of forward scattered light in the UV-vis spectral measurement, the

UV-vis extinction intensities of all fPSNP solutions were all kept below 2 at the excitation

wavelength.
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Figure 6. (A, E, I) Fluorescence emission spectra of fPSNP43, fPSNPys, fPSNP1so,
respectively. (B, F, J) (Black dots) As-acquired and (red dots) absorption-IFE corrected
fluorescence intensity as a function of fPSNP43, fPSNPos, fPSNP1so absorption extinction at
the excitation wavelength. (C, G, K) Fluorescence emission depolarization spectra of the
fPSNPa43, fPSNPys, fPSNP1so samples. (D, H, L) Scattering depolarization at 400 nm and
500 nm and fluorescence depolarization at 500 nm as a function of the fPSNP scattering
extinction at the excitation wavelength. The as-acquired linearly polarized spectra for light
scattering and fluorescence depolarization quantification are shown in Figure S11-S12.

The UV-vis extinction spectra of the fPSNPs (Figure 5A, 5E, and 5I) are different, which

is not surprising due to the strong size dependence of light scattering. However, the absorbance
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spectra (Figure 5B, SF, and 5J) of the fPSNPs of three different sizes bear high similarity, which
is consistent with the fact that the fluorophore inside these fPSNPs are the same according to the
vendor. By assuming that the absorption activities of the fluorophore imbedded inside fPSNPs are
the same, we estimate both the relative fluorophore-to-fPSNP number ratio and the fluorophore
volume density in the polystyrene matrix for fPSNP of difference sizes. The relative fluorophore-
to-fPSNP number ratio is 1, 2.4, and 42.6 for fPSNP43, fPSNPos, fPSNP1s0, respectively, while
their relative fluorophore volume density is 1, 0.22, and 0.58. In other words, the fluorophores are

most densely packed inside fPSNPa3.

In contrast to the high similarity of the UV-vis absorption extinction spectra among
fPSNPa43, fPSNPos, and PSNP1s0, the shape of the emission spectra for these fPSNPs are somewhat
different, specifically between the fPSNP43 spectrum and those of fPSNP9s and PSNP1so. Further,
the fluorescence activity of the fluorophore insides fPSNP43 is also significantly different from
those inside fPSNPos and fPSNPis0 (Figure 6A, 6B, 6E, 6F, 61 and 6J). The quantum yield of the
fluorophore inside PSNP matrix is proportional to the slope of the linear curve between the
absorption-IFE corrected fluorescence intensity and fluorophore absorbance at the excitation
wavelength (Eq. 8). The relative fluorescence activities of the fPSNPos and fPSNPiso are very
similar and they are ~1.8 times higher than that of fPSNP43. One likely reason in the fluorescence
activity differences is that the fluorophores packing density inside fPSNP43 is too high. When the
intermolecular distance is shorter than a certain threshold volume, the fluorophore fluorescence
activities decreases because dipole-dipole interactions among the neighboring fluorophores

enhance nonradiative decays of the excited fluorophores.*”*

Cascading light scattering can enhance both scattering and fluorescence depolarizations.

Such an effect is especially evident for fPSNP9s and fPSNPiso. The fPSNP43, fPSNPos, and
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fPSNP1s0 scattering depolarization spectra are quantified using the linearly polarized resonance
spectroscopic method, while the fPSNP43, fPSNPos, fPSNP1so fluorescence depolarization spectra
(Figure 6C, 6J, 6K) are acquired using linearly polarized fluorescence measurements.'? *!
Mechanistically, the fluorescence depolarization increase with fPSNP concentration is due to
multiple combined effects. Firstly, the depolarization increases with increasing scatterers’
concentration. Any fluorescence generated by absorbing scattered light the scattering of emitted
photons enhances fluorescence depolarizations. Secondly, any cascading fluorophore absorption,

emission, reabsorption, and reemission process will increase the fluorescence depolarization. The

depolarization of the re-emitted photons must be higher than the initial emitted photons.

CONCLUSIONS

The current work focuses on cascading optical processes and their impacts on
spectroscopic characterization of fluorescence samples. A generalized model is developed for
mechanistic understanding on how forward scattered and emitted light interferes with UV-vis
measurement to deviate from Beer’s law and causes spectral distortions of fluorescence and/or
scattering samples. The interplay among absorption, scattering, and fluorescence emission is
explored through three sets of samples, including a mixture of a fluorophore and PSNPs, a mixture
of a fluorophore with dyed PSNPs, and fluorescence nanoparticles that act as simultaneous
absorbers, scatterers, and emitters. The absorption-IFE corrected fluorophore fluorescence all
exhibited excellent linearity with the fluorophore absorbance (or equivalently, to the fluorophore
concentration). While the light absorption by the nonfluorogenic dye invariably reduces the
sample fluorescence by exerting the absorption-IFE, the impact of light scattering on the

fluorophore fluorescence depends on two competing factors: the scattering-IFE that reduces the
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fluorescence intensity, the absorption path length enhancement inside the effective sampling
volume that can enhance fluorescence emission. The combined ISARS, LRPS, and fluorescence
measurements enabled the experimental quantification of the UV-vis absorption, scattering, and
fluorescence activities of fluorescence nanoparticles. These spectroscopic data also allowed the
quantification of the scattering and fluorescence depolarizations as a function of the concentration
of fluorescent nanoparticles. Although it is expected that the findings of this study will be
applicable to all relatively low optical light fluorescent samples with an optical density of 2 or less,

further studies will be needed to determine their relevance for optically dense samples.
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