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Polystyrene Microspheres in Tissue-Simulating Phantoms
Can Collisionally Quench Fluorescence
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Tissue-simulating phantoms that replicate intrinsic optical properties in a controlled manner are
useful for quantitative studies of photon transport in turbid biologica media. In such phantoms,
polystyrene microspheres are often used to simulate tissue optical scattering. Here, we report that
using polystyrene microspheres in fluorescent tissue-simulating phantoms can reduce fluorophore
quantum yield via collisional quenching. Fluorescence lifetime spectroscopy was employed to
characterize quenching in phantoms consisting of a fluorescein dye and polystyrene microspheres
(scattering coefficients ps~100-600cm1). For this range of tissue-simulating phantoms, analysis
using the Stern-Volmer equation revealed that collisional quenching by polystyrene microspheres
accounted for a decrease in fluorescence intensity of 6-17% relative to the intrinsic intensity
value when no microspheres (quenchers) were present. The intensity decrease from quenching is
independent of additional, anticipated losses arising from optical scattering associated with the
microspheres. These results suggest that quantitative fluorescence measurements in studies
employing such phantoms may be influenced by collisional quenching.
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INTRODUCTION

Methods of fluorescence spectroscopy and imaging
arebeing investigated for potential applicationsto clinical
biomedicine due to their ability to noninvasively probe
biological tissuesduring avariety of diagnostic and thera-
peutic procedures [1-3]. Critical to the success of such
methods will be the quantitative understanding of how
optical signals propagate in turbid biological tissues, for
example, by considering light-tissue interactions to be
governed by radiative transport [3-5]. Optical tissue
phantoms are artificial media designed to have indepen-
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dently controlled optical properties (e.g., absorption coef-
ficient, scattering coefficient (), fluorophore quantum
yield, and lifetime (1o) to experimentally simulate light
propagation in biological tissues [6—8]. Such phantoms
arewidely used in controlled studies of light propagation
within turbid media to quantify optical measurements in
relation to theoretical predictions or to test biomedical
optical instrumentation prior to clinical studies[3,9-14].

A variety of materials can be used to create tissue-
simulating phantoms. For example, Indiaink and methyl-
ene blue are commonly used as absorbers [15,16]; poly-
styrene microspheres, silicon dioxide, and intralipid are
often used as scatterers [10,17]; and many laser dyes,
including rhodamine and fluorescein, are used as fluoro-
phores [13,18]. Such phantom media are frequently used
in liquid solution, but they may be cast into solid form
by embedding the materials in a matrix of agarose [6,7].

Here, we report that using polystyrene microspheres
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as an optical scatterer in a fluorescent tissue phantom
containing fluorescein dye can reduce the fluorophore
quantum yield via collisional quenching. This reduction
in fluorophore quantum yield will manifest itself as a
shortened fluorophore lifetime and as a decreased remit-
ted fluorescence intensity [19]. However, in a typical
experiment using such aturbid tissue phantom for steady-
state fluorescence intensity measurements, the effects of
collisional quenching would be difficult to isolate from
expected intensity losses arising from optical scattering
associated with the microspheres, unless simultaneous
measurements of fluorophore lifetimes were aso per-
formed [19]. Here, we describe time-resolved fluores-
cence measurements relating observed decreases in
lifetimesin such tissue phantomswith increasing polysty-
rene microsphere (quencher) concentrations. We then dis-
cuss implications of these results to quantitative
fluorescence studies using phantoms with polystyrene
microspheres to control optical scattering.

EXPERIMENTAL AND RESULTS

Tissue-simulating phantoms were prepared by mix-
ing solutions of fluorescein dye (Cat. No. F6377; Sigma-
Aldrich, St. Louis, MO) dissolved in deionized (DI) water
with suspensions of monodisperse 1-wm-diameter poly-
styrene microspheres (Cat. No. 07310; Polysciences,
Warrington, PA) [14] and were held at room temperature
(~20°C) for all measurements. Two sets of phantom
mediawere prepared for the study. Thefirst set comprised
a series of five phantoms with fixed fluorophore concen-
tration ~1 X 10~° M and increasing concentrations of
polystyrene microspheres: 10%, 15%, 22%, 33%, and 50
+ 1% by volume. The second set comprised a series of
five phantoms with higher fixed fluorophore concentra-
tion ~8 X 10~°M and increasing concentrations of poly-
styrene microspheres: 25%, 40%, 50%, 57%, and 63 =
1% by volume. It was determined experimentally that
both concentrations of fluorescein used (a) were devoid
of artifacts arising from reabsorption (inner filter) effects
[19] and (b) generated fluorescence signal strengths com-
parable to those emanating from tissue in vivo [20]. For
both phantom sets, polystyrene microsphere concentra-
tions were chosen to give optical scattering coefficients
(s ~100-600 cm™1) similar to the values reported for
the optical scattering of a variety of biologica tissues
[11,14,21].

Time-resolved fluorescence measurements were
obtained using a fluorescence lifetime spectrometer
(FLS), described previoudly in detail [20]. Briefly, the
FLS delivered excitation light at 337.1 nm from a pulsed
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nitrogen laser (VSL-337; Laser Science Inc., Franklin,
MA) to the phantom medium via afiber-optic probe. The
remitted fluorescence decay was collected by the same
fiber, filtered by a bandpass filter centered at 550 + 10
nm to reject excitation light, and directed to an avalanche
photodiode (APD) (C5658; Hamamatsu, Bridgewater,
NJ) for detection. The transient response from the APD
was digitized on a 1-GHz oscilloscope (TDS-680C; Tek-
tronix, Willsonville, OR) to obtain the time-resolved fluo-
rescence decay, which was then analyzed to remove the
instrument response and extract the fluorescence lifetime
7 of the fluorophore species [14,20]. For each phantom
set, the intrinsic fluorophore lifetime, T, was taken as
the lifetime measured from a solution of fluorescein in
DI water with no scatterers (quenchers) present.

Figure 1 shows the measured variation in fluoro-
phore lifetime 7 relative to the intrinsic lifetime 74 for
the two sets of phantom mediawith fixed fluorescein dye
concentrations: 1 X 107°> M (circles) and 8 X 107> M
(triangles). For the phantom set with lower fluorophore
concentration (1 X 1075 M), the measured lifetime =
clearly decreased with increasing polystyrene microsph-
ere (quencher) concentration, indicating that the polysty-
rene microspheres were acting to collisionally quench
the fluorescein fluorescence. In that phantom set, the
measured decrease in lifetime 7 relative to the intrinsic
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Fig. 1. Measured variation in fluorophore lifetime T relative to the
intrinsic lifetime 1, and versus microsphere (quencher) concentration
for the two sets of phantom mediawith fixed fluorescein dye concentra-
tions: 1 X 107> M (circles) and 8 X 10~5 M (triangles). The error bars
associated with the plotted lifetimes reflect the standard deviation of
three repeated measurements for each phantom medium. Each plotted
data set was fit to a straight line that was analyzed using the Stern-
Volmer equation describing collisional quenching. The slope of each
line determined the Stern-Volmer quenching constant Ky, for each phan-
tom set: Kp ~ 0.38 (%vol)~* for fluorescein concentration 1 X 10°°
M (solid line) and Ky ~ 0.02 (%vol)~* for fluorescein concentration
8 X 1075 M (dotted ling).
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value T4 ranged from 6% at the lowest microsphere con-
centration to 17% at the highest microsphere concentra-
tion. For the phantom set with higher fluorophore
concentration (8 X 1075 M), the measured lifetime
decreased only slightly with increasing microsphere con-
centration. Each data set plotted in Figure 1 was fit to a
straight line that was analyzed using the Stern-Volmer
equation describing collisional quenching [19]

0 _ 1 4 Kp[Q]
T

where Kp is the Stern-Volmer quenching constant and
[Q] is the quencher (microsphere) concentration.

DISCUSSION AND CONCLUSIONS

Fluorescence quenching is defined as any physical
mechanism resulting in a decrease of fluorescence inten-
sity from asample[19]. Collisional quenching of fluores-
cence refers to a process whereby an excited fluorophore
molecule is de-excited nonradiatively to its ground state
due to physical interactions (collisions) with some agent
(quencher). Collisional quenching therefore reduces flu-
orophore quantum yield (theratio of emitted fluorescence
photons to absorbed excitation photons), resulting in a
decrease in emitted fluorescence intensity, as well as a
reduction in fluorophore excited-state lifetime. Because
steady-state fluorescence intensity measurements will
detect decreased fluorescence intensities from a variety
of quenching mechanisms (e.g., static quenching or losses
due to scattering), decreases in fluorescence lifetimes
(which are insensitive to other forms of quenching) are
considered to provide distinct proof of collisional quench-
ing in a sample [19]. Figure 1 clearly demonstrates that
the presence of 1-pm-diameter polystyrene microspheres
reduced the quantum yield of 1 X 1075 M fluorescein via
collisional quenching, resulting in afluorescence lifetime
shortened by as much as 17% of the intrinsic lifetime
when the microsphere (quencher) concentration was
~50% by volume (s ~ 500 cm™1).

On increasing fluorescein concentration to ~8 X
1075 M, the effects of collisional quenching were consid-
erably reduced, with the fluorophore lifetime remaining
nearly constant and independent of the amount of
guencher (microsphere) present. This may be understood
physically by considering that the quencher (~21-pm-
diameter microsphere) is much larger than a fluorescein
molecule (~20 A), indicating that quenching should be
ultimately limited (saturated) by the number of fluores-
cein molecules contacting the surface of a single

microsphere (~10°). For each phantom studied, we cal cu-
lated the number of fluorescein molecules per unit
microsphere (). At fluorescein concentration 1 X 10>
M, where collisional quenching was manifest, s ranged
between ~1.7 X 106t0 2.5 X 1075, approximately equal
to or well below the saturation limit estimated above.
However, at higher fluorescein concentration 8 X 107°
M, mps ranged between 9.5 X 10° and 1.8 X 10°, well
above the saturation limit, thereby limiting the efficiency
of collisional quenching inthisphantom set. Thus, prepar-
ing tissue-simulating phantoms of fluorescein dye and
polystyrene microspheres with v, values above the esti-
mated saturation limit may reduce the effects of colli-
sional quenching detected at lower m, values. If
fluorophore concentration is increased to achieve this
goal, samples should be carefully checked for other
guenching artifactsarising from reabsorption (inner filter)
effects [19].

Because collisional quenching reduces fluorophore
guantum yield, fluorescence intensities F will decrease
(relative to values obtained in the absence of quencher)
in exact relation to decreases in fluorophore lifetime T
i.e, 1o/t = F/F [19]. Thus, for the range of 1 X 1075
M fluorescein tissue-simulating phantoms studied here,
collisional quenching by polystyrene microspheres
accounted for a decrease of fluorescence intensity of 6—
17% relative to the intensity value when no microspheres
(quenchers) were present. The fluorescence intensity
decrease caused by collisional quenching is independent
of additional, anticipated |osses arising from optical scat-
tering associated with the microspheres, and accounted
for 10-17% of the total detected loss in fluorescence in
these tissue-simulating phantoms.

Although the present study identified the ability of
polystyrene microspheresto collisionally quench fluores-
cence from fluorescein molecules, we note that the micro-
spheresmay have asimilar effect on other commonly used
tissue phantom fluorophores. For example, in a previous
study employing polystyrene microspheres in fluorescent
tissue phantoms using three standard laser dyes 3,3'-
diethylthiatricarbocyanine iodide (DTTCI), IR-125, and
IR-140, fluorophore lifetimes measured in the presence
of microspheres decreased by 20%, 7%, and 18%, respec-
tively, relative to the intrinsic fluorophore lifetimes
obtained in the absence of microspheres[17]. The report
suggested that these lifetime decreases might be attributed
to varying amounts of water in the polystyrene microsph-
ere suspensions used. Our present results suggest the
possibility that collisional quenching by polystyrene
microspheres might account for the decreases in fluoro-
phore lifetimes detected in that previous study.
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The results discussed here suggest that fluorescence
measurements on tissue-simulating phantoms that use
polystyrene microspheres to control optical scattering
may be significantly affected by collisional quenching.
The effects due to collisional quenching may be difficult
to isolate in steady-state fluorescence intensity measure-
ments on such turbid phantoms, because a decrease in
detected fluorescence intensity is expected due to optical
scattering alone. Measurements of fluorophore lifetimes
versus polystyrene microsphere concentration, as pre-
sented here, provide a useful method of testing for colli-
siona quenching in tissue-simulating phantoms prior to
using the phantoms for quantitative fluorescence studies.
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