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Scattering and Absorption Differ Drastically in Their Inner Filter
Effects on Fluorescence, Resonance Synchronous, and Polarized
Resonance Synchronous Spectroscopic Measurements

Joanna Xiuzhu Xu,? Buddhini C. Nugaduwa Vithanage,” Sumudu Athukorale, ® and Dongmao
Zhang *°

Sample inner filter effect (IFE) induces spectral distortion and affects the linearity between intensity and analyte
concentration in fluorescence, Raman, surface enhanced Raman, and Rayleigh light scattering measurements. Existing
spectrofluorometeric-based measurements treat the light scattering and absorption identically in their sample IFEs.
Reported herein is the finding that photon scattering and absorption differ drastically in inducing the sample IFE in Stokes-
shifted fluorescence (SSF) spectrum, resonance synchronous spectrum (RS2), and the polarized resonance synchronous
spectrum (PRS2) measurements. Absorption with an absorption extinction as small as 0.05 imposes significant IFE on SSF,
RS2, and PRS2 measurements. However, no significant IFE occurs even when the scattering extinction is as high as 0.9. For
samples that both absorb and scatter light, one should decompose their UV-vis extinction spectra into absorption and
scattering extinction component spectra before correcting the sample IFE. An iteration PRS2 method was introduced for
the experimental decoupling the photon absorption and scattering contribution.The methodology presented in this work
can be easily implemented by researchers with access to one conventional UV-vis spectrophotometer and one
spectrofluorometers equipped with pair of excitation and detection polarizers. This work should be of broad significance
in chemical research given the popularity of fluorescence spectroscopy in material characterization applications.

Introduction

Photon/matter interaction is undoubtedly one of the most
fascinating phenomena in nature and have remained a central
research topic in area of material characterizations, designs, and
applications.l'8 The most commonly used tools for studying the
photon/matter interactions include UV-vis spectrophotometers and
spectrofluorometers. UV-vis measurements provide information of
collective contribution from the material photon absorption and
scattering. Spectrofluorometer is a much more versatile instrument
for probing material optical properties. With variable experimental
settings, one can acquire the fluorescence excitation spectrum,
Stokes-shifted  fluorescence  (SSF) spectrum,9 resonance
synchronous spectrum (RSZ),10 and recent polarized resonance
synchronous spectra (PRSZ).11 RS2 and PRS2 signal of fluorescent
samples can contain complex interplay of material photon
absorption, scattering, fluorescence emission. Using combination
of UV-vis and PRS2 measurements, one can decouple such interplay
and experimentally quantify the material photon absorption,
scattering, and emission activities.” ' *0One common problem for
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all spectrofluorometer-based measurements is however, the
sample inner filter effect (IFE) that can induce spectral distortion
and nonlinearity between intensity and sample concentration.”> ™
While it is known that the sample IFE occurs as long as there is
photon absorption at the excitation and/or detection wavelengths
in the SSF, RS2, and PRS2 measurements,7’ %17 the role of sample
light scattering has been obscure. In existing spectral data analyses,
it is the sample total UV-vis extinction obtained directly from the
UV-vis spectrophotometric measurements, rather than its
absorption extinction component is used for the sample IFE
correction.”®?° The implicit assumption under this approach is that
the light scattering induces the same degree of sample IFE as
absorption. Another disturbing yet rather common literature
practice is mislabeling sample UV-vis extinction spectra as its
absorbance spectrum even for samples that contain light scatterers
such as nanoscale to microscale par'cicles.21'24 As a side note one
should always label the UV-vis spectrum as photon extinction,
rather than absorbance. Photon extinction is a measurement of the
light loss along its pass through the sampling cuvette, while
absorbance describes the physical process responsible for such light
loss.

Reliable correction of the sample IFE is critically important for
reliable interpretation of the experimental data obtained in
fluorescence study of fluorophore self-assembly, B
supramolecular formation,”® and fluorophore interactions with
nanoparticles,27’ %% \While these processes often lead to apparent
fluorescence signal variations,29 deducing the actual fluorescence
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activity for these samples can be challenging. This is because the
higher-order structures formed through these processes are often
simultaneous photon absorbers, scatterers, and fluorescence
emitters. Separating the sample photon absorption and scattering
contribution to their UV-vis extinction spectrum is not only a
prerequisite for one to calculate the sample fluorescence quantum
yield, but also for reliable fluorescence intensity quantification.

ICUTT(A ) _ . Z_ . l
Iobsda:l) = 10054 +05A4(Am) Eq. 1

197 (Am) _ 2.3 d AQAx) 109 AG) 235 A(Am)
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Eq. 2

Many sample IFE correction methods have been proposed for
correcting the sample IFEs. The two example methods described by
Egs. 1 and 2 have been used extensively in literatures.* 3 3 A(Ay)
and A(A,,) are the UV-vis absorption extinction at the excitation
and emission wavelengths, respectively. Eq. 1 is used for correcting
the fluorescence IFE in spectra obtained with the standard 4 mL 1
cm x 1 cm cuvette. In this case the effective excitation and
emission pathlengths are both assumed to be 0.5 cm. The
correction parameters d, s, and g in Eq. 2 are instrument-specific
parameters estimated on the instrumental configurations
(excitation beam size, cuvette size, and others.*? Substantial efforts
have recently been devoted for achieving more reliable IFE
corrections, including using derived absorption spectral profi|e33,
employing artificial neural networks‘“, a nonlinear response
modelgs, multiple linear regression,"’6 and parameter correction
methods®” %,

:Zzz;((im; — 10dxA(lx)+dmA(lm) Eq 3
m

We have recently developed a sample IFE correction method
that employed the correction equation of Eq. 3.3 The d,and d,, are
the effective excitation and emission path lengths experimentally
determined by the sample IFE on the solvent Raman signals
induced by molecular chromophores. This solvent-Raman-based
method is a performance-oriented approach, based on the criterion
that the correct d, and d,, in Eq. 3 should make IFE-corrected
solvent Raman spectra perfectly overlapping regardless of the
chromophore compositions.32 These path lengths derived from the
Raman measurements are instrument-specific, applicable to
correcting the sample IFE on fluorescence spectra regardless of any
excitation and emission wavelengths.32

All above methods were developed for correcting the sample
IFE induced by photon absorption. In practice however, these
equations have been used explicitly for correcting IFE induced by
both light scattering and absorption extinction by replacing
absorption extinction A in these equations with the sample total
extinction intensity E, or implicitly when the material UV-vis
extinction spectrum E is mislabelled as their absorbance spectra A.

Sample IFE can also affect the RS2 and PRS2 signal linearity as
a functional of the sample concentration. Unlike the Stokes-shifted
fluorescence (SSF) analysis in which the excitation and detection
wavelength are different, the excitation and detection wavelength
in both RS2 and PRS2 measurements are kept identical during the
entire spectral acquisitions. The main difference between RS2 and
PRS2 is that excitation and detection lights in RS2 are plane-
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polarized, but both are linearly polarized in PRS2 measurements.
RS2 has been a popular method for studying fluorophore
aggregations and fluorophore/nanoparticle interactions. Its signal
was commonly assigned to the sample light scattering.lg‘ 20, 4042
Indeed, several reports used RS2 method to determine the light
scattering extinction spectrum.'® ?° There are however several
limitations with this approach. First, besides scattering,
fluorescence can contribute to the RS2 spectra of the fluorophore-
containing samples.43 Second, RS2 is a fractional sampling
technique, i.e, only a small portion of the scattered and/or
fluorescence photons can be collected. The exact fraction of the
collected photons depends not only on the instrument set-ups, but
also on the fluorescence and light scattering depolarizations.43 One
should reliably resolve the undersampling problem in order to
determine the material light scattering and fluorescence activities.
In contrast, the PRS2 method provides a systematic approach to
resolve these issues by experimentally quantifying the sample
fluorescence and light scattering depolarization, and instrumental
detector responses as a functional of the light polarizations and
wavelengths.43 Since both RS2 and PRS2 are acquired under
resonance excitation and detection condition, photon absorption at
this resonance wavelength imposes sample IFE on the signal
intensity.32 However, the sample IFE of light scattering on the RS2
and PRS2 signal has, to our knowledge, not been systematically
examined.

Reported herein is a head-to-head comparison between the
photon scattering and absorption extinctions in their sample IFE on
SSF, RS2, and PRS2 measurements. One of the most critical finding
is that the light scattering differs drastically from photon absorption
in their IFEs. Over-correction occurs if one treats the light
scattering the same as the sample photon absorption. Therefore,
one should first decompose the sample UV-vis extinction spectrum
into its absorption and scattering extinction component spectra
before the sample IFE correction.

Experimental Section

Reagents and Equipment. The polystyrene nanoparticles (PSNPs,
Cat # 16688) and the fluorescence polystyrene nanoparticles
(fPSNPs, Cat # 18719), both with a nominal diameter of 0.1 pm
were purchased from the Polysciences, Inc. All other chemicals
were purchased from Sigma Aldrich and used as received.
Fluorescent CdTe core-type quantum dots with the peak emission
at 570 nm is abbreviated as QD (Lot#MKBVO0066V). Molecular
chromophores 2,4-dinitrophenyl hydrazine (DNPH) was used as a
pure photon absorber. Nanopure water (18.2 MQ cm, Thermo
Scientific) was used in solution preparation. The UV-vis extinction
spectra were acquired using a Thermo Scientific Evolution 300 UV-
vis spectrophotometer. SSF, RS2, and PRS2 spectra were obtained
with a Horiba Fluoromax-4-spectrofluorometer equipped with one
computerized excitation and detection polarizers. All the spectra
were acquired with a 1 cm x 1 cm 4 mL fluorescence cuvette.

UV-vis, Fluorescence, RS2, and PRS2 measurements. The UV-vis
extinction spectra were acquired with a slit width of 2 nm. The
spectral integration time was 0.3 s and slit widths of the both
excitation and detection monochromator slit width were kept 2 nm
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in all SSF, RS2, and PRS2 spectral acquisitions. The fluorescence
emission, RS2, and PRS2 spectra are obtained by normalizing the
signal from the sample detector with that from the reference
detector (S1/R1). As such spectral variation due to wavelength-
and/or time-dependent intensity variation in xenon lamp is
eliminated. The SSF spectra of fPSNPs were acquired from 500 to
650 nm region with excitation wavelength of 400 nm. The QD SSF
spectra were acquired with an excitation wavelength of 370 nm. All
the PRS2 spectra shown in this work are solvent-background-
subtracted before further data processing. The G-factor spectrum
needed for correcting the instrument polarization bias in the light
scattering and fluorescence depolarization measurements are
obtained with the published procedure.11

Results and discussion

Sample IFE on the SSF measurements.

A head-to-head comparison of the sample IFE induced by
light absorption and scattering was demonstrated with QD/DNPH
(1" column, Fig. 1) and QD/PSNP mixtures (2" column, Fig. 1).
DNPH is a predominant light absorber with no significant light
scattering, while PSNP is an approximately pure light scatterer with
no significant light absorption. Therefore, the Fluorescence signal
variations are due to absorption in QD/DNPH and scattering in
QD/PSNP mixtures. In theory, PSNP and DNPH can induce QD
fluorescence signal variation through a series of static and dynamic
quenching, two near-field effects involving direct QD interactions
with PSNP or DNPH, and the sample IFE, a far-field effect involving
no direct QD interactions with PSNP or DNPH.*>** In this work, the
QD fluorescence signal variation induced by PSNP- and DNPH-
addition should be due predominantly to the sample IFE induced by
PSNP and DNPH, but not to dynamic and static quenching. This is
because significant dynamic quenching occurs only when the
quencher concentration is high (mM or above)45‘ *® and the
mobilities of both the quencher and the fluorophore are relatively
Iarge.44 Neither condition is applicable to the samples employed
in this work. First, the DNPH and PSNP concentrations are very low.
The highest DNPH and PSNP concentrations are 56.8 uM and 560
pM, respectively. Second, as a core-shell nanoparticle fluorophore
with a nominal diameter around 6 nm (from vendor’s specification),
the mobility of the QD is likely significantly smaller than ordinary
molecular fluorophores because of its large hydrodynamic radius,
making the occurrence of dynamic quenching unlikely.

Static quenching involves formation of the ligand/emitter
complex and such complex is fluorescent-inactive. The possibility of
the significant static quenching can be ruled out by the control
experiments that show UV-vis spectra of the QD/DNPH and
QD/PSNP mixtures are equivalent to their summation spectrum of
the respective component spectra (Fig.S1, ESI). This indicates that
there is no QD/DNPH or QD/PSNP complex formation, or such
complex formation has no significant impact on the QD optical
properties.

The data in Fig.1 provides unequivocal evidence that light
scattering and absorption differs substantially in their sample IFE.
The total extinction in two sets of samples is increased from 0.1 to
~0.9 by the selected absorber DNPH (Fig. 1(A)) and scatterer PSNP
(Fig. 1(B)), respectively. Evidently, the QD fluorescence reduction
induced by DNPH (Fig. 1(C)) is drastically more significant than that
by PSNP (Fig. 1(D)). The fluorescence intensity monotonically
decreases with increasing DNPH concentration (Fig. 1(C)).
Increasing collective photon absorption at excitation (370 nm) and
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1.0 {370 nm (A) 1.0 \i 370 nm (B)
o ! c H
i Kl
208l /A T 20s
] /\&‘QD/DNPH i QOPRIP
0.0 — 0.0

400 600

400 600
Wavelength (nm) Wavelength (nm)
1 ; 1.5 ;
As-acquired | © (D)
‘f‘:_;. 1.0 Absorber %1.0
X Scatterer
w % /
8 0.5 l ©05 i
0.0 i ik 0.0 ‘As-acquire'd
500 600 0 600
Wavelength (nm) Wavelength (nm)
1.5 A\ 5 ;
® f G
TQ 1.0 g X @ 3 Scatterer
= / !\ Absorber| =
p /1 b 2
s o8 /o \ ol
£ \‘ Uy ,
0.0 ’I‘;E correcteld OFEr correctéd
0 600 500 600
Wavelength (nm) . Wavelength (nm)
15tr+—s—F 35— H):
& L @) S 4 As-acquired
1.0 z % 3 IFE corrected
* ] w
& 05 ! 3 5
@_ ~-¥[ As-acquired i |— 2 5
IFE comrected i : S 3
0.0 1
0.0 02 04 06 038 00 02 04 06 038
AAQI+AA( ) ASQ)+AS (M)

Fig.1 (A) and (B) are the UV-vis extinction spectra of QD spiked with
DNPH and PSNP, respectively. (C) and (D) are the fluorescence spectra
of QD/DNPH and QD/PSNP mixtures, respectively. (E) and (F) are
sample-IFE-corrected spectra corrected with the effective pathlengths
obtained based on the sample IFE on the solvent Raman signal. (G)
and (H) are the QD fluorescence intensity as a function of the sample
extinction increased by the DNPH photon absorption and PSNP
scattering, respectively.

emission (570 nm) wavelength by 0.79 induces about 67% of QD
fluorescence signal reduction. In contrast, there is no significant
fluorescence signal attenuation in any of the PSNP-added samples,
even when the collective light scattering extinction at the excitation
and detection wavelengths as large as 0.90.

Using the effective path lengths (d,=0.46, and d,,=0.55) and Eq.
3 determined with our recent work,32 sample IFE induced by the
photon absorption induced by DNPH were nearly perfectly
corrected (Fig. 1E and 1G). However, overcorrection occurs when
the same correction method is applied for the sample IFE induced
by PSNP light scattering (Fig. 1(F) and 1(H)). Indeed, if one corrects
the sample IFE induced by light scattering using the method
developed for photon absorption, one would mistakenly conclude
that the PSNP enhances QD fluorescence.

The data shown above is to our knowledge the first
experimental demonstration that light scattering and absorption
differs in their sample IFEs on SSF. While the sample IFE by photon
absorption can be readily understood on the fact that light
absorption permanently eliminates excitation and emission
photons, the effect of the photon scattering on fluorescence signal
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is much more complicated. Scattering only changes the trajectories
of the scattered excitation and fluorescence photons, but doesn’t
eliminate the possibility for the scattered excitation photons to
generate fluorescence photons or the scattered fluorescence signal
to reach the detector. Quantitatively understanding the effects of
such trajectory change and its impact on the fluorophore
fluorescence signal is currently impossible. Conceptually, these
effects depend not only on the sample light scattering intensity and
fluorescence activity, but also on the light scattering and
fluorescence depolarizations as well as the instrument response
bias on the polarization of the emitted photons. As an example,
scattering can change the excitation and fluorescence photon
polarizations, thereby the number of the photons that can reach
the detector. Nonetheless, the data obtained with PSNP/QD
mixture indicates that empirically the sample IFE by light scattering
is totally negligible even for the samples with photon scattering
extinction as high as 0.75 at the excitation wavelength and the
collective scattering extinction at the excitation and emission
wavelengths as high as 0.90 (Fig. 1).

Sample IFE on RS2 and PRS2 measurements.
RS2 measurement involves only one spectral acquisition where
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Fig. 2. (Left column) (A) UV-vis extinction spectra for a series of PSNP
solutions with the specified concentrations. (C) RS2, (E) PRS2 VV, and
(G) PRS2 VH spectra of the samples used in plot (A). (Right column) (B)
PSNP UV-vis intensity as a function of PSNP concentrations for the
wavelength highlighted in plot (A). (D), (F), and (H) are the RS2, PRS2
VV, and PRS2 VH intensity in plots (C), (E), and (G), respectively, as a
function of PSNP concentrations. The black dots are as-acquired
spectral intensities. The solid line is a linear-fitting of the black dots as
a function of PSNP concentration. The dash lines in the left column
figures indicate the spectral wavelength for the plots in the right
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Fig. 3. (A) UV-vis extinction spectra obtained with 2.2 pM PSNP and 40
UM DNPH alone. (B) UV-vis extinction spectrum of PSNP/DNPH mixtures
where the concentration of PSNP was kept constant (2.2 pM), but the
DNPH concentrations vary as specified in the legends. (C) UV-vis
extinction intensity at 400 nm as a function of the DNPH concentration.
(D) as-acquired PRS2 VV spectra of the mixtures, (E) the sample-IFE
corrected PRS2 VV spectra. (F) as-acquired and sample-IFE corrected PRS2
VV spectral intensity at 400 nm as a function of DNPH concentration. (G)
as-acquired RS2 spectra, (H) the sample-IFE corrected RS2 spectra. (l) as-
acquired and sample-IFE corrected RS2 spectral intensity at 400 nm as a
function of DNPH concentration. The black dots in plots (C), (F), and (1)
are as-acquired spectral intensities, and the red dots in plots (F) and (I) are
the sample-IFE corrected intensities.

both excitation and detection photons are polarized in the plane
perpendicular to the propagation direction of the excitation or
detection photons. In contrast, the PRS2 measurement involves
two spectral acquisitions with excitation and detection polarization
combinations of “VV” and “VH”, respectively.11 “V” refers to the
light polarized linearly in the direction perpendicular to the plane
defined by the light source, sample chamber, and detector, while
“H” represents light linearly polarized parallel to this plane. The
first letter in “VV” and “VH” refers to the excitation polarization,
and second to the detection polarization.

Light scattering and absorption also differ drastically in their
IFE effects in the RS2, PRS2 VV, and PRS2 VH measurements. This is
observed with the experimental data obtained with solutions
containing PSNP alone (Fig. 2) and those of PSNP/DNPH mixture
(Fig. 3). The PSNP-alone solutions can be treated as the scatterer-
alone samples, while the PSNP/DNPH are mixtures of scatters and
absorbers.  Evidently there is no detectable sample IFE in the
scatterer-only samples in the entire RS2 and PRS2 spectral region
even when their signal reaches the instrument saturation intensity
(Fig. 2(C) and 2(E)), which is 2,000,000 counts for the Fluoromax-4
used in this work. The RS2, PRS2 VV, and PRS2 VH spectra have an
excellent linearity as a function of the PSNP concentration (Fig.
2(D), 2(F), and 2(H)), excluding the possibility of significant sample
IFE in those samples. The reason that the PSNP PRS2 VH spectra
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signal (Fig. 2(G)) is drastically lower than their PRS2 VV counterparts
(Fig. 2(E)) is that the PSNPs have very small light scattering
depolarization.11

The data in Fig. 2 indicates that for light scatterer-only sample,
the light scattering should not be of a concern for any viable RS2,
PRS2 VV spectral acquisitions in which the spectral intensities are
below the instrument saturation intensity. This is because
spectrofluorometer is extraordinarily sensitive to light scattering
but with a finite dynamic range. Taking the Fluoromax-4
spectrofluorometer as an example, its PRS2 VV linear dynamic
range in terms of scattering extinction at the 400 nm wavelength is
from ~5.0x10° to ~2x107 for scatterer-only samples (ESI). This
high sensitivity explains why spectrofluorometer can quantify the
light scattering cross-sections even for small solvent molecules that
are totally impossible with conventional UV-vis spectrophotometric
measurements.'? On the other hand, the finite linear dynamic range
of the instrument detector explains why light scattering extinction
is unlikely to induce significant sample IFE in practical RS2 and PRS2
measurements, at least for the ones conducted with the Fluoromax-
4 spectrofluorometer. This is because the light scattering will
saturate the detector response far faster than it becomes large
enough to induce detectable sample IFE. The PSNP data shows that
light scattering extinction as small as 0.002 is more than sufficient
(Fig.s 2(A) and 2(B)) to cause the RS2 and PRS2 signal saturation
(Fig.s 2(C) and 2(E)), while the data shown in Fig. 1 indicates that
light scattering excitation as large as 0.90 remains insufficient to
induce significant sample IFE.

According to Eq.3, the presence of photon absorbers shifts
both the upper and lower linear dynamic limit of PRS2 and RS2 for
light scattering samples by approximately a factor of 10*™ where
d is the sum of d,, and d,, as photon absorption attenuates RS2 and
PRS2 signal the same way as it does for SSF signal.11 This result
indicates that even for PRS2 and RS2 samples with photon
absorption extinction as high as 1, their light scattering extinction
remains negligibly small for imposing significant IFE. As an example,
the presence of the light absorber at 400 nm with absorption
extinction of 1 shifts the upper scattering extinction detection limit
of the Fluoromax-4 instrument to 0.02, which is still insignificant for
inducing detectable sample IFE.

One important implication of ultra-high RS2 and PRS2
sensitivity to light scattering is that one can directly use the sample
photon extinction for the sample IFE correction for RS2 and PRS2
samples as long as the photon extinction is relatively small (<1, for
example) and no signal saturation occurs in the as-acquired RS2 and
PRS2 spectra. In this case, the light scattering extinction should be
negligibly small, thus including it in the sample IFE correction should
not induce significant overcorrection. Experimental demonstration
of the effectiveness of this strategy is shown with the data obtained
with the PSNP/DNPH mixtures (Fig. 3) where the concentration of
PSNP is constant (2.2 pM), but the concentration of DNPH varies.
Fig. 3(A) are the UV-vis spectra of the 2.2 pM PSNP sample and a
DNPH control. The near perfect linearity between extinction
intensity of PSNP/DNPH mixtures as a function of the DNPH
concentration (Fig. 3(B) and 3(C)) suggests that either PSNP and
DNPH has no significant direct interactions, or such interaction has
no significant impact on the optical properties of either PSNP or
DNPH. As a result, the PSNP PRS2 and RS2 signal attenuation

This journal is © The Royal Society of Chemistry 20xx

induced by the DNPH addition can be assigned to the sample IFE
imposed by the DNPH photon absorption.
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Fig.4 Experimental data obtained with the fPSNP. (A) UV-vis extinction
spectra of the fPSNP with increasing concentrations indicated with the
arrow, (B) as-acquired fPSNP fluorescence spectra, (C) and (E) the fPSNP
absorption and scattering extinction spectra, respectively, obtained by
iteration PRS2 decomposition of the UV-vis extinction spectra in (A). (D)
IFE-corrected fluorescence spectra that uses the photon extinction for the
IFE correction. (F) IFE-corrected fluorescence spectra that uses only the
sample photon absorption extinction for the IFE correction. (G) and (H) the
as-acquired and the sample-IFE corrected fluorescence spectral intensity as
a function of fPSNP concentrations at the two representative emission

Apparently, the presence of DNPH induced significant sample
IFE on the PSNP PRS2 and the RS2 signal (Fig. 3(D) and 3(G)). This
IFE can be reliably corrected using Eq. 3 where the absorption
extinction A is replaced by total photon extinction E. This confirms
that one can use photon extinction directly for correcting the
sample IFE in PRS2 and RS2 spectra obtained with Fluoromax-4
instruments or other spectrofluorometers with similar detector
responses.

It is emphasized again that the reason this approach (using the
total extinction directly for correcting the sample IFE) works well for
the PRS2 and RS2 measurements conducted in this work is that the
light scattering contribution is negligibly small to be either included
or left out for the sample IFE correction. Indeed, the maximum
light scattering extinction for the samples shown in Fig. 3 is ~0.002
(Fig. 3(A)). However, for RS2 and PRS2 measurements conducted
less sensitive spectrofluorometers or highly upper limit of linear
dynamic range, the sample saturation scattering extinction can be
significantly higher. In this case, the effect of light scattering on the
RS2 and PRS2 signal cannot be ignored. Therefore, it is necessary to
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devise an analytical method capable of separating light scattering
and absorption in PRS2 samples in which the light scattering can be
significant.

Decomposition of sample UV-vis extinction spectrum with
iteration PRS2.

Experimentally decomposing sample UV-vis extinction spectrum
into its absorption and scattering extinction component spectra
requires combined UV-vis and PRS2 measurements.”  Prior to the
PRS2 data analysis, however, one must reliably correct the sample
IFE induced by sample photon absorption.7‘ 1 This presents a
dilemma that one needs to know the light scattering and absorption
extinction in order to conduct the experimental decomposition of
the sample UV-vis extinction spectrum into its scattering and
absorption extinction component spectra. Fortunately, this
dilemma can be readily resolved using an iteration PRS2 workflow
described below.

Step 1: use the sample UV-vis intensity obtained with the UV-
vis spectra to perform the sample IFE correction in the PRS2
measurement. The procedure of the IFE correction is described in
recent reports. 7 n this case, the total sample extinction is
assumed to be the absorption extinction, i.e, an overestimated light
absorption extinction (AOE). This leads to overcorrection of the
sample IFE in the experimental PRS2 spectra, and consequently an
overestimated light scattering extinction (SOE) and an
underestimated photon absorption extinction (AUE).

Step 2: Use the underestimated photon absorption extinction
from Step 1 to correct the sample IFE in the PRS2 spectrum to
obtain an underestimated light scattering extinction (SUE) and a new
overestimated light absorption extinction (AOE).

Step 3: Calculate the mean-averaged maximum estimation
errors in the light scattering extinction according Eq. 4. If the Err is
less than 0.01 or other error limit, one can simply take the average
of the S and S° as the sample scattering extinction. Otherwise,
use the new overestimated light absorption extinction A% from
Step 2 to obtain a new S% and A%, The step 2 and 3 iterates until

Erris below 0.01 or another desired threshold value set by the user.
SOE_gUE

Err = m EC|.4

This iteration PRS2 method has been used for decomposing
the experimental UV-vis extinction spectra of fPSNP (Fig. 4(A)) into
its absorption and scattering extinction spectra (Fig. 4(C) and 4(E)).
The average Err in the experimental light scattering extinction in the
entire wavelength region from 400 nm to 650 nm decreases from
8.4x10™, 8.6x107, to 1.0x10° when PRS2 method is iterated for the
first, second, and third time (Fig. S2 and S3, ESI). The rapid
converging between the over- and under-estimated light scattering
extinction highlights efficiency of this iteration PRS2 method.

The Err threshold value of 0.01 is recommended to ensure
there is no significant error in the IFE correction due to the
ineffective estimation of the sample photon absorption extinction.
Assuming the total photon extinction of a fluorescent sample is 1.
An Err of 0.01 means the maximum overestimated or
underestimated error in the scattering extinction (SOE—S or S—SUE) is
no more than 0.01. In this case, the maximum underestimated or
overestimated error in absorption extinction (A—AUE or AOE—A) in less
than 0.01. Such a small estimation uncertainty in the photon

6 | Analyst., 2018, 00, 1-3

absorption extinction should have negligible impact of the
effectiveness of the sample IFE correction.

Correcting sample IFE on SSF in fluorescent NPs (fPSNP).

Equipped with the iteration PRS2 method, one can perform
sample IFE correction on the fluorescence and light scattering
measurement in samples with unknown scattering and absorption
activities, demonstrated by fPSNP. The as-acquired fPSNP SSF
spectra has severely distorted due to the sample IFE (Fig. 4(B), 4(G),
and 4(H)). Overcorrection occurs when the photon extinction is
used for the correcting the sample IFE (Fig. 4(D), 4(G) and 4(H)).
However, excellent linearity is observed for IFE-corrected fPSNP
fluorescence signal as a function of its concentration when only the
sample photon absorption extinction is used for the IFE-correction
(Fig. 4(F), 4(G), and 4(H)). This demonstrates again the importance
of quantitative decoupling of the sample photon scattering and
absorption extinction contribution to its UV-vis extinction spectrum
for the sample IFE correction in SSF measurements. The fact that
use of light absorption extinction spectra obtained with iteration
PRS2 method yields nearly perfect IFE correction also confirms the
effectiveness of this technique for experimental decomposition of
the sample UV-vis extinction spectrum into its absorption and
scattering component spectra.

Conclusion

We demonstrated in this work that photon scattering and
absorption differs drastically in inducing the sample IFE on
fluorescence, RS2, and PRS2 measurements. The light absorption
induces significant sample IFE (>5% signal attenuation) as long as
the collective sample absorption extinction at the emission
wavelength and detection wavelength is larger than 0.05 (10'0‘025).
This is estimated by assuming the effective excitation and detection
pathlengths are both approximately 0.5 as observed for the 1 cm x1
cm cuvette used in this work. No significant sample IFE is observed
even when the collective light scattering extinction is as large as
0.90. Treating light scattering extinction the same as absorption
extinction induces substantial overcorrection of the sample IFE in
SSF measurements. For samples that contains significant photon
scattering (5>0.02, for example), one should decompose the
material UV-vis extinction spectra into its absorption and scattering
component spectra, and perform the sample IFE correction using
only photon absorption extinction. The iteration PRS2 method
presented in this work proves to be a powerful tool for such
spectral decomposition. Since this methodology can be readily
implemented by researchers with access to common UV-vis
spectrophotometers and spectrofluorometers, the presented
technique and insights should have broad impact on the chemical
research that involves quantitative understanding of material
photon absorption, scattering, and emission that can currently
occur in many realistic samples.
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