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Abstract: Tissue-simulating phantoms are widely used for controlled
studies of photon transport in turbid media. Here, we describe how
polystyrene microspheres, which are often used to simulate optical
scattering in such phantoms, can reduce fluorophore quantum yield via
collisional quenching. We report studies on UV-visible (fluorescein-based)
and NIR (IR125-based) phantoms with differing fluorophore and scatterer
concentrations, as well as differing microsphere sizes. Results consistent
with the Stern-Volmer relation suggest that the fluorophore intrinsic
excited-state lifetime decreased due to collisiona quenching from
polystyrene microspheres and that the quenching efficiency was dependent
on the concentration ratio of fluorophores to microspheres. Lifetime
decreases ranging from 10-35% (20%) were measured for fluorescein-
based (IR 125-based) phantoms. Since polystyrene microspheres are
commonly used in tissue-simulating phantoms for quantitative studies of
fluorescence light propagation, their quenching effects on fluorescence
intensities may be difficult to separate from intensity losses attributed to
optical absorption and scattering in the phantom unless fluorescence
lifetime measurements are performed simultaneously.
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1. Introduction

Tissue-simulating phantoms are artificial materials widely used in medical imaging and
spectroscopy studies, because they are designed to replicate the interactions of biological
tissues with physical probes, such as ionizing radiation, ultrasound, radio-frequency waves,
magnetic fields, and laser light [1-4]. Phantoms represent reproducible standards that can be
employed for the quantitative assessment of such physical methods, for purposes of
instrument calibration, detection sensitivity demonstration in spectroscopy, and resolution
and contrast determination in imaging [ 1-4].

In biomedical optics, phantoms have been designed to simulate tissues with varying
optical properties (e.g., optical absorption g, and scattering coefficients ) [5-7],
fluorescence properties (e.g., excitation Ao and emission Ao, wavelengths, fluorophore
guantum yield @y and excited state lifetime ) [8-10], anthropomorphic spatial dimensions
[11, 12], and spatially localized inhomogeneities [11-14]. Such phantoms have been
employed successfully not only to calibrate and test biomedical optical instrumentation, but
also to validate theoretical models of light propagation within turbid media[6, 7, 10, 15-25].

Materials used to create tissue-simulating phantoms for optical studies depend on the
region of the electromagnetic spectrum under investigation. Commonly used absorbers in
the ultraviolet (UV) — visible include India ink, methylene blue, and Evans blue dye [7, 16,
23-26], dthough Indiaink has a significant scattering component [26] and is not suitable asa
pure absorber. Scatterers employed at wavelengths extending from the UV to the infrared
(IR) include Intraipid, Liposyn, silicon dioxide, Latex, and polystyrene microspheres [6, 7,
14, 24, 25, 27-30]. Intraipid's variable composition and scatterer size distribution have been
noted previously [7, 27], suggesting that polystyrene microspheres, with relatively uniform
composition and narrow size distributions [7], would be superior as a pure scatterer. Indeed,
polystyrene microspheres have been shown to be useful as pure scatterers, with negligible
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absorption and fluorescence [8]. Available in a wide range of sizes comparable to scatterer
sizes in hiological tissues, the scattering coefficients of the spheres can be calculated from
Mie theory [7, 10, 17]. Fuorophores employed in phantoms include laser dyes such as
rhodamine, furan-2, and fluorescein for UV-visible excitation and emission, as well as
indocyanine green (1CG), diethylthiatricarbocyanineiodide (DTTCI), IR-125, and IR-140 for
studies in the near infrared (NIR) [12, 21, 31-34]. To create tissue phantoms with
homogeneous optical properties, independently controlled mixtures of pure absorbing,
scattering, and fluorescing components can be fabricated using, e.g., deionized water for
liquid solutions or agarose gel for solid forms [5, 8, 35]. Inhomogeneities are frequently
introduced to simulate tumors embedded in normal tissues or layers [12] of epithelial tissues
[11, 13, 36].

In constructing such tissue-simulating phantoms, it is ideal to employ materials that will
act reproducibly as “pure” optical absorbers or scatterers, and, further, will remain
unaffected by the presence of other phantom components. (Known limitations to India ink
and Intralipid have been noted above.) Likewise, in fluorescent phantoms, fluorophores
should retain their optical properties (Aex, Aem P11, %) iNdependent of optical absorption and
scattering coefficients in the phantom. A preliminary study revealed that using 1 um
diameter polystyrene microspheres to provide optical scattering (s = 100 - 600 cm™) in a
tissue phantom containing fluorescein dye reduced the quantum yield of the fluorophore via
collisional quenching [37], prompting the extended studies reported here. Fluorescence
guenching, in general, refers to any physica mechanism causing a decrease in measured
fluorescence intensity [38]. Callisional quenching refers to the decrease in fluorophore
guantum yield @y (the ratio of emitted to absorbed photons) that occurs when an excited
fluorophore returns non-radiatively to the ground state due to physical interactions
(callisions) with an agent (quencher). (An example would be the well known gquenching of
fluorescence caused by the presence of the quencher oxygen in a sample.) In reducing the
quantum yield, collisional quenching affects not only the measured fluorescence intensity (1)
relative to the value in the absence of quenching (lo), but also the fluorophore’s excited state
lifetime (7 ) relative to the value in the absence of quenching (7). Mathematically, these
values are related to the quencher concentration [Q] viathe Stern-Volmer equation [38].

I T
|—°=7°=1+KD[Q] (1)
where Kp is the Stern-Volmer gquenching constant.

In turbid scattering samples, such as tissue phantoms, fluorescence intensity losses from
collisional quenching may be difficult to distinguish and isolate from the expected intensity
losses arising from optical scattering or other sources. Therefore, measurements of
fluorophore lifetime are particularly useful to detect collisional quenching in these samples.
(Indeed, because they are insensitive to other forms of quenching, decreases in fluorescence
lifetime are considered to offer proof of the collisional quenching mechanism in a sample®?.)
The previous report employed time-domain fluorescence lifetime spectroscopy to detect a
decrease of up to 17% of both the fluorophore lifetime and the remitted fluorescence
intensity a a 10 uM concentration of fluorescein in the presence of 1 um diameter
polystyrene microspheres (quencher), in accordance with the Stern-Volmer equation (Eqg.
(1)) describing collisional quenching [38].

Here, we present results of time-resolved fluorescence studies in fluorescein-based tissue
phantoms with varying polystyrene microsphere (quencher) concentrations and varying sizes
to investigate whether the degree of collisional quenching observed is related to the total
available surface area presented by the microspheres. Further, we extend these studies from
the UV-visible region of the electromagnetic spectrum to the NIR, where such tissue
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phantoms have been frequently employed for fluorescence optical diffusion and photon
migration studies[9, 12, 14, 39, 4Q].

Section 2 describes the instrumentation used for time-domain fluorescence lifetime
spectroscopy, the phantom preparation process, and data analysis. Section 3 reports the
experimental results and discusses implications of these results to UV-visible-NIR studies
that use fluorescent phantoms prepared with polystyrene microspheres to provide optical
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Fig. 1. Schematic of the nanosecond UV fluorescence lifetime spectrometer (UV-FLS)
instrumentation used for studies at 337.1 nm excitation. ICCD- Intensified Charge Coupled
Device; APD- Avalanche Photodiode; DC- Dichroic Mirror; L - Lens; BS- Beam Splitter;
BP- Band Pass Filter.

2. Experiment
2.1 I nstrumentation

Two fluorescence lifetime spectrometers were employed for these studies. Both were time-
domain systems, one using ns laser pulses for UV excitation of fluorescein (Ao = 337.1 nm),
the other using ps laser pulses for NIR excitation of IR-125 (A = 777 nm).

21.1. UV Fluorescence lifetime spectrometer (UV-FLS)

Fluorescein-containing phantoms were studied using a nanosecond UV fluorescence lifetime
spectrometer (UV-FLS), whose design and calibration was described previously [41]. Figure
1 shows the schematic configuration of the instrument. Briefly, the UV-FLS provided
excitation light a 337.1 nm from a pulsed nitrogen laser (VSL-337, Laser Science Inc.,
Franklin MA; FWHM = 4 ns) that was coupled to a quartz optical fiber (600 um diameter,
0.22 N.A., SFS600/660N, Fiberguide Industries, Stirling, NJ) and delivered to the phantom
medium by holding the distal end of the fiber just beneath the phantom surface. The
remitted fluorescence was collected by the same fiber, filtered by a dichroic mirror, and split
into two parts via the beam splitter. One part was coupled to an optical fiber that delivered
the light to the entrance dlit of a spectrograph (MS125, Oriel Instruments, Stratford, CT)
equipped with a gated, intensified charged coupled device (ICCD, Andor Technology,
Belfast, Northern Ireland) at the exit port. This spectrally resolved fluorescence data was
employed to verify the integrity of the samples. The other part of the fluorescence was
filtered via a bandpass filter centered at 540 £ 10 nm and focused onto an avalanche
photodiode (APD) (C5658, Hamamatsu, Bridgewater, NJ) with a rise time of 300 ps to

#71851 - $15.00 USD Received 9 June 2006; revised 28 July 2006; accepted 1 August 2006
(C) 2006 OSA 21 August 2006/ Vol. 14, No. 17/ OPTICS EXPRESS 7780



collect the dynamics of the remitted fluorescence. The transient response from the APD was
digitized on a 1 GHz (5 GYs) oscilloscope (TDS-680C, Tektronix, Wilsonville, OR) to
obtain the time-resolved fluorescence decay. This data was then analyzed to extract the
fluorescence lifetime 7 of the fluorophore species, as described below [ 10, 41].

2.1.2. NIRfluorescence lifetime spectrometer (NIR-FLS)

Phantoms containing 1R-125 as the fluorophore were studied using a second system that
employed a pulsed, picosecond nitrogen laser providing excitation at 4 = 337.1 nm (GL-
3300, Photon Technology International, Lawrenceville, NJ) to pump a tunable (wavelength
range 365-960 nm), pulsed dye laser (GL-301, Photon Technology International). A 1.2x10°
M solution of DOTC-lodide (Cat. # 08250, Exciton, Dayton, OH) in DM SO was placed into
the dye laser to produce the excitation source (centered at Aex = 777 nm; FWHM = 1.1 ns)
that was then used to excite IR-125 in the phantoms. A schematic of the instrumentation is
shown in Fig. 2. The excitation light was coupled into a source fiber-optic (600 um diameter,
0.22 N.A., SFS600/660N, Fiberguide Industries, Stirling, NJ) that was held just below the
phantom surface and used to illuminate the sample. The remitted fluorescence was detected
via an identical fiber, which was adjacent to the source fiber such that the fiber centers were
separated by the fiber diameter (inset in Fig. 2). The remitted fluorescence decay was
attenuated by a neutral density filter (03FNQO15, Melles Griot, Irvine, CA) and filtered
through a band pass filter (centered at 830 £ 10 nm) before being focused by a lens onto an
APD (C5658, Hamamatsu), whose transient response was digitized on a 1 GHz (4 GS/s)
oscilloscope (TDS-784A, Tektronix) to obtain the time-resolved fluorescence decay.

The single-fiber geometry for excitation and detection used in the UV-FLS for
fluorescein phantoms was not implemented in the NIR-FLS for IR-125 phantoms, as it was
not possible to obtain the appropriate dichroic to selectively reflect the excitation light at 777
nm. Although it was demonstrated previously that using multiple source-detector fiber-optic
configurations could cause distortions in the measured fluorescence decay trace obtained
from a fluorescent species present in a scattering medium, we note that the source-detector
separation (600 um) maintained for the measurements reported here was sufficiently small to

Detector

N, Laser Fiber
(&, ~ 337.1nm)p To phantom
sample
y S "
ource
> \axd
Dye Laser iLLS
&, ~ 777 nm)

Tissue Phantom

Y

Detector
Fiber

To
Oscilloscope M

BP
l
k—‘ I

L ND

Fig. 2. Schematic of the picosecond NIR fluorescence lifetime spectrometer (NIR-FLS)
instrumentation used for studies at 777 nm. APD- Avalanche Photodiode; M- Mirror; L
- Lens; BS- Beam Splitter; ND- Neutral Density Filter; BP- Band Pass Filter. The inset
shows the alignment of the source and detector optical fibers used for excitation and
collection of fluorescent light from the sample tissue phantom.

neglect these apparent distortions (less than 1% effect) [10].
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2.2. Phantom preparation

Phantom series were prepared with differing fluorophore concentrations and with
polystyrene microspheres of varying diameters, as listed in Table 1. Fluorescein (Cat#.
F6377, Sigma-Aldrich, St. Louis, MO) and IR-125 (Cat#. 09030, Exciton, Dayton, OH) dyes
were used as fluorophores in the phantoms. Polystyrene microspheres with diameters 0.5
um, 1.0 um and 2.0 um (Cat#. 07307, 07310 and 19814, respectively, Polysciences,
Warrington, PA) were used as scatterers. The fluorescein phantoms used de-ionized water
(DI H,0) as the solvent, while the IR-125 phantoms used ethanol as the solvent [28].

Table 1. Phantom composition

Phantom Microsphere Dye concentration
series Fluorescent dye diameter [ [uM]
A Fluorescein 20 40
B Fluorescein 1.0 40
C Fluorescein 05 40
D Fluorescein 20 8
E Fluorescein 1.0 8
F Fluorescein 0.5 8
G IR-125 20 1
H IR-125 2.0 10

Phantoms were prepared in a series with scatterer (polystyrene microsphere) fractions
ranging between 0% through 50% by volume (in steps of 10%) in plastic cuvettes. As
shipped by the manufacturer, the microsphere suspensions contained 2.5% of polystyrene per
ml by weight and this maximally concentrated suspension was termed as having 100%
scatterers per unit volume or, equivalently, had volume fraction of scatters f = 1. The first
phantom prepared in a series contained no scatterers (0% polystyrene microspheres) and was
prepared by diluting a concentrated (~1 mM) stock solution of the fluorophore to a final
volume of 4 ml to obtain the desired concentration. This phantom (0% scatterers) gave the
intrinsic lifetime ¢ of the fluorophore. Half the volume (2 ml) of the phantom solution was
removed from the cuvette and 2 ml of manufacturer shipped microsphere suspension was
added to obtain the first phantom in the series, which contained 50% scatterers per unit
volume (f = 0.5). Since this addition of scatterers perturbed the fluorophore concentration in
the phantom, a very small volume (~ ul) of the stock dye solution (~ 1mM) was added so that
the resulting fluorophore concentration was readjusted to the initial fluorophore
concentration, while the scatterer concentration remained relatively unchanged. Subsequent
phantoms in the series were prepared by removing a certain volume of phantom solution
from the cuvette, diluting the phantom to a total volume of 4 ml with the appropriate solvent,
and readjusting fluorophore concentration with the concentrated dye solution.

Each prepared phantom was measured three times at room temperature (~ 20 C). The
resulting time-resolved traces were stored and analyzed as described below to extract the
fluorescence lifetime 7 for every phantom in the series. We note that it was determined
experimentally that the concentrations of the fluorophores used (a) were devoid of artifacts
arising from reabsorption (inner filter) effects by ascertaining a linear increase in peak
fluorescence signal strength with increasing fluorophore concentrations between 1-50 uM
[38] and (b) generated fluorescence signal strengths comparable to those emanating from
tissue in vivo (verified by comparison with the fluorescence signal strength measured on the
spectrometer upon holding the fiber probe flush with the experimenter’s forearm) [41].

For each phantom, the extinction cross section, Cey, Of the microspheres was determined
at the relevant wavelengths using manufacturer supplied data for the microspheres (index of
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refraction of the polystyrene spheres, sphere diameters, and number density of the spheresin
suspension) and the Van de Hulst approximation to Mie theory [7, 42]. It was assumed that
the polystyrene microspheres were perfectly spherical non-absorbing particles[8], which
equated their extinction cross sections to their scattering cross sections. The scattering
coefficients of the manufacturer shipped microsphere solutions were determined by
multiplying Ce: With Ns. Here, Ns was the microsphere density per unit volume in the
suspension, which could be calculated in a straightforward way by knowing the weight of the
polystyrene microspheresin 1 ml of suspension, the size of the microspheres, and the density
of polystyrene. This permitted calculation of the (maximum) scattering coefficient x4 of each
polystyrene suspension used. Since dilution of the manufacturer shipped solutions to produce
any phantom in a series resulted in a corresponding decrease of the number density of
spheres per unit volume, the scattering coefficient at any dilution could be obtained easily
from the scattering coefficient of the manufacturer shipped solutions upon multiplying it by
the appropriate volume fraction, f, of the microspheres in the phantom. For example, the
extinction cross section for the 0.5 um microspheres (refractive index 1.6) in water
(refractive index 1.33) from the Van de Hulst approximation at A = 337 nm (using Equation
8 from reference [7]) was Ceq = 4.4x10° cm?. The number of 0.5 micron spheresin 1 ml of
the manufacturer shipped suspension (containing 0.025 g of polystyrene per ml with
polystyrene density 1.05 g/ml) was Ns = 3.6x10™, giving a maximum scattering coefficient s
= 1584 cm. Thus, a phantom with microsphere volume fraction f = 0.1 had a scattering
coefficient of 158 cm™ at A = 337 nm. The values of scattering coefficients calculated in this
manner for all phantoms prepared were maintained at values similar to the reported optical
scattering of biological tissues [43].

In order to determine whether there was any variation in the fluorophore lifetime
resulting from potential variations in fluorophore concentration introduced via the use of
micropipettes for successive phantom preparations in a series (as described above), a set of
control dilutions were prepared with fluorescein by substituting the scattering suspension in
the above steps with the solvent (DI H,0, inthiscase). The variations between the measured
lifetimes in the control set were negligible (less than 3%), and therefore the data presented
below do not use a control set. Samples were checked for potential artifacts introduced by
photobleaching by preparing two phantom media with 0% scatterers (one for each dye) with
the fluorophore concentration being equal to the highest dye concentration used in the
prepared phantom-series for that fluorophore (40 uM, fluorescein; 10 uM IR-125). Each of
these phantoms was illuminated for a period of five minutes and it was verified that there was
no photobleaching (decrease in signal) in the samples at the end of that duration. Since the
time to obtain three measurements from each phantom was well under one minute, the data
are considered to be devoid of photobleaching effects.

2.3. Data Analysis

Time-resolved fluorescence data were collected for the phantom series indicated in Table 1.
Data analysis methods have been described in detail previously [41]. In short, the measured
time-resolved data (M(t)) from each phantom is understood to be a convolution of the
intrinsic fluorescence signal (F(t)) with the instrument response (1(t)): M(t) = F(t) * I(t). For
the phantom experiments presented here, the intrinsic fluorescence signal was taken to be a
mono-exponential decay with characteristic lifetime 7, i.e. F(t) ~ exp(-t/7) [28, 41]. The
instrument response function I(t) represents distortions in the detected time-resolved
dynamics due to the response of the electronics, the optics, and the finite temporal profile of
the excitation pulse. Both of the instruments required measurements of the instrument
response function. The UV-FLS measured I(t) as the detected remitted fluorescence signal
from a 1 uM solution of Rose Bengal in DI water, which has a lifetime of ~90 ps [44]
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(below the temporal resolution of the UV-FLS [41]). The instrument response for the NIR-
FLS was obtained by measuring the reflectance from a scattering solution (containing 1.0 um
microspheres at volume fraction f = 0.1, with no fluorophore) using a band pass filter
centered at 780 £ 10 nm to select the excitation signal and the APD for detection. The
measured fluorescence signal, M(t), from a phantom was analyzed using a least-squares
iterative reconvolution procedure based on the Marquardt algorithm (Light Analysis,
Quantum Northwest, Inc. WA) to extract the best-fit lifetime = for the measurement [41].

For each phantom series in Table 1, the measured lifetime ratio z/7 was plotted vs.
polystyrene microsphere (quencher) concentration and these data were analyzed via the
linear Stern-Volmer equation (Equation 1). (For al data, the plotted lifetime ratio represents
the mean value of three measurements and the error bars reflect the standard deviation of
these measurements for each phantom medium.) As described below, the microsphere
(quencher) concentration can be expressed in multiple ways, leading to different numerical
values for Kp (the Stern-Volmer quenching constant) with units that correspond to the units
used for quencher concentration. Regardless of the exact units chosen to represent the
guencher (microsphere) concentration, when the lifetime ratio for each phantom series was
analyzed using the Stern-Volmer equation, Ky represented the microsphere concentration at
which 50% of the intrinsic dye fluorescence was quenched by the microspheres. Hence, the
larger the Stern-Volmer quenching constant Kp was for a phantom series, the lesser the
concentration of quencher (in that series) required to guench 50% of the fluorescence from
the fluorescent dye, or, in other words, the more efficient was the quencher. It was observed
that each phantom containing a non-zero microsphere (scatterer) concentration displayed a
decreased (quenched) lifetime 7z relative to . This reduction in lifetime was dependent on f,
the volume fraction of the microspheres in the phantom, with the amount of quenching
exhibited by each phantom in the series increasing linearly with f as z/7 = 1 + K¢ f , where
the Stern-Volmer quenching constant Ky is denoted as K .

3. Resultsand Discussion

Fluorophore lifetimes for phantoms in each series listed in Table 1 were measured and these
results are shown in Fig. 3-5. For each phantom-series, the lifetime measured for the
phantom with 0% scatterers was taken to be the intrinsic lifetime of the fluorophore ().

Figure 3(a, b) shows the measured variation in fluorophore lifetimes relative to the
intrinsic lifetime of fluorescein at 8 UM (% = 3.6 ns) for phantom seriesD (2.0 um
microspheres, circles), seriessE (1.0 um microspheres, triangles), and series-F (0.5 um
microspheres, squares). Figure 3(a) shows the collisional quenching for each phantom in a
series with the magnitude of guenching being proportional to the volume fraction f of the
microspheres in the series. At f = 0.5, Series-D (2.0 um microspheres, K; = 0.74) showed a
lifetime decrease of 35%, series E (1.0 wm microspheres, K; = 0.24) showed a lifetime
decrease of 10% and series F (0.5 um microspheres, K¢ = 0.44) showed a lifetime decrease of
20%. Thus, the fluorescence quenching observed in the presence of polystyrene
microspheres increased with increasing microsphere concentration, suggesting that
polystyrene microspheres provided a quencher-species that collisionally quenched the
fluorescence from the dye.

Figure 3(a) expresses quencher concentration as the volume fraction of the microspheres
in the phantom. Comparisons of relative quenching efficiencies between different sized
microspheres may be facilitated by assuming that the polystyrene microspheres provide
guenching sites residing on the surface of the spheres. Thus, the total number of quenching
sites (which would determine the quencher concentration, physically) would be proportional
to (i) the number density of the microspheres (number of microspheres per unit ml) in the
phantom, and (ii) the total surface area of microspheres in the phantom (per unit ml of the
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phantom). This suggests expressing the quencher concentration in units of the total
microsphere surface area exposed per unit ml (o) of the phantom instead of the volume
fraction of microspheres. The number density of the microspheres in a given phantom
depends on both the volume fraction of the microspheres in the phantom and on the inverse
third power of the microsphere diameter (~ d®), since each manufacturer shipped

(a) 16 (b)1s

O Phantom series D, 2 um O Phantom series D, 2 um
15 A Phantom series E, 1 um 15 A Phantom series E, 1 um
O Phantom series F, 0.5 um 0O  Phantom series F, 0.5 um
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Fig. 3. (a) Measured variation in fluorophore lifetime t (relative to the intrinsic lifetime o) at
fixed fluorescein concentration of 8 uM plotted vs. varying volume fractions of polystyrene
microspheres, for three different sizes of the microspheres. (b) Same data as in (&), but now
plotted vs. o, the available surface area presented by the microspheres per unit ml of phantom
media

microsphere solution contained a constant weight of the microspheres suspended per unit
volume (25 g/l). The presence of guenching sites on the surface of each microsphere would
further scale the quencher concentration as the square of the microsphere sphere diameter (~
d. For example, the number of 0.5 um microspheres per unit ml in the manufacturer
shipped suspension was N = 3.6x10". Therefore in a phantom containing 0.5 um
microspheres at a volume fraction of f = 0.5, the total microsphere surface area exposed per
unit ml 6 = Ngfred? (where d is the diameter of the microspheres in cm), leading to ¢ = 1420
cm’ml™. Thus, the Stern-Volmer quenching constant may be written as Ko, if calculated for
each phantom series by expressing the quencher (microsphere) concentration in terms of c.

Figure 3(b) shows the datain Fig. 3(a) plotted against available surface area o (in cm?) on
the microspheres per unit ml of the phantom media (as described above). In scaling the
guencher concentration from microsphere volume fraction f to the available surface area per
ml o of phantom, the data from series E and F (K,= 1.7x10* and 1.5x10* mlcm?,
respectively) become nearly collinear, suggesting that quenching mechanisms arising from
the 1.0 um or the 0.5 um diameter microspheres might be similar in origin and dependent on
the surface area of the microspheres. Further, since the quenching efficiency of phantom
series D (K, = 10.0x10™ micm®) is much greater than that exhibited by either series E or F,
the data suggest the possibility that quenching differences occurring in the 2.0 um
microspheres could be related to the fabrication of the larger spheres. According to the
manufacturer, polystyrene microspheres are fabricated by an emulsion polymerization
process, which makes the microspheres more akin to a ball of wool than a hard sphere. The
manufacturer also reported that the microspheres do not contain any surfactant but carry a
slight anionic charge on their surface and that for some fluorescently labeled microspheres
the dye resides on the outer 10% of the sphere volume. The behavior described above for
phantom series D, E, and F was identical to that observed in phantom series A, B, and C
(data not shown).
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Figure 4 shows variation of fluorophore lifetimes for two phantom series with differing
fluorophore concentrations: series A with 40 uM fluorescein (= 3.9 ns, K, = 6.0x10™
mlcm™®) and series D with 8 uM fluorescein. Both these series used microspheres of diameter
2.0 um as the quencher. It can be seen that the phantom series with higher dye concentration
displayed a decreased quenching efficiency relative to the series with lower dye

1.6

A Phantom series A, 40 uMolar
1.5 O  Phantom series D, 8 uMolar
1.4 4
134 @
o
e
1.2 4 A
114
1.0 1
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Total microsphere surface area per
unit volume of phantom , ¢ [cm?ml™]

Fig. 4. Measured variation in fluorophore lifetime t (relative to the intrinsic lifetime 1)
plotted vs. &, the available surface area presented by the polystyrene microspheres per unit
ml of phantom media, for two phantom series at different fluorophore concentrations:
series A (40 uM fluorescein, triangles) and series D (8 uM fluorescein, circles). Both
phantom series contained 2.0 um diameter microspheres. For the highest microsphere
concentration, phantom series A showed a 20% decrease in measured lifetime, while series
D showed up to a 30% decrease for the same microsphere concentration.

concentration.

Similarly, Fig. 5 shows the observed lifetime quenching of 1R-125 dye with increasing
guencher (2.0 wm microsphere) concentration, at two differing dye concentrations. The dye
concentration was held at 1 pM IR-125 in series G (%= 0.6 ns, K, = 11.0x10* mlem®) and
10 uM IR-125 in series H (%= 0.4 ns, K, = 6.5x10* mlcm?). As in the case of fluorescein
(series A and D), the IR-125 series with higher dye concentration displayed a decrease in
guenching efficiency relative to the IR-125 series with lower dye concentration, at identical
volume fractions of the same microsphere in both series. Series G showed a decrease of 20%
in lifetime when the surface area of the microspheres per unit ml ¢ = 200 cm’ml™, while
series H showed the same decrease in lifetime when the surface area of the microspheres per
unit ml ¢ = 350 cm*mi™.

It is seen from Fig. 4 and 5 that increasing the dye concentration decreased the quenching
efficiency. This may be understood physically by considering that collisional quenching
phenomena arise only when dye molecules come into contact with the quenching agent,
which in turn is taken to be present on the surface of the polystyrene microspheres. Hence,
only dye molecules that are within some spatial proximity to a microsphere will be affected
by the quenching phenomenon. Thus, if there are a relatively greater number (higher
concentration) of dye molecules outside the “quenching field” of the microspheres, on
average, then the fraction of quenched dye molecules will be lesser in that phantom, leading
to an apparent decreased quenching effect, as observed, relative to lower dye concentrations.
Preparing tissue-simulating phantoms using higher dye concentrations may reduce the effects
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of collisional quenching, but these samples should be carefully checked for other quenching
artifacts arising from reabsorption (inner filter) effects a these higher concentrations [38].

16
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Fig. 5. Measured variation in fluorophore lifetime t (relative to the intrinsic lifetime o)
plotted vs. o, the available surface area presented by the polystyrene microspheres per unit
ml of phantom media, for two phantom series at different fluorophore concentrations:
series H (10 uM IR-125, triangles) and series G (1 uM IR-125, circles). Both phantom
series contained 2.0 um diameter microspheres. These data for IR-125 reveal the same
quenching behavior vs. fluorophore concentration as datain Fig. 4 for fluorescein.

In a previous study, the addition of polystyrene microspheres to create fluorescent tissue
phantoms using three different laser dyes - 3,3 -diethylthiatricarbocyanine iodide (DTTCI),
IR-125, and IR-140 - indicated that the fluorophore lifetimes decreased by approximately
20%, 7% and 18%, respectively, relative to lifetimes obtained in the absence of microspheres
from the same dye solutions [28]. This previous study suggested that these lifetime
decreases might be attributed to varying amounts of water in the polystyrene microsphere
suspensions used. The results presented here in this report suggest the possibility that
collisional quenching by polystyrene microspheres might account for the decreases
previously observed.

The results presented here indicate that polystyrene microspheres can act to collisionally
guench the intrinsic fluorescence from both fluorescein and IR-125. The data shown in the
figures (consisting of 6 measurements for fluorescein tissue phantoms and 2 measurements
for IR-125 tissue phantoms) are representative of trends verified on 11 different fluorescein
tissue phantoms and 4 different IR-125 tissue phantoms. Thus, using polystyrene
microspheres to create fluorescent tissue-simulating phantoms in order to calibrate
instrumentation or derive theoretical expressions for spatially (or temporaly) resolved
fluorescence may require monitoring for quenching effects that can occur in the phantom and
skew the remitted fluorescence signal. For example, steady-state measurements of total
remitted fluorescence vs. changing source-detector separations will be unaffected by
guenching due to a normalization procedure employed in calculating the optical properties of
the phantom [45, 46]. However, an experiment using fluorescent tissue phantoms to measure
absolute intensity values would be affected by such quenching phenomena.

4. Summary and Conclusions

Time-resolved fluorescence measurements were obtained from media containing a mixture
of a fluorescent dye solution in a suspension of polystyrene microspheres. Fluorophore
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lifetimes obtained from these measurements indicated that the presence of the polystyrene
microspheres changed the intrinsic lifetime of the fluorophore via collisional quenching. The
magnitudes of these quenching effects were quantified by using the equation (1) to extract
the Stern-Volmer quenching constants and these results are summarized in Table 2. As
described above, the value of the quenching constants depends on the units chosen to express
the quencher concentrations and the uncertainty in the value of the quenching constant for
each phantom series arises from the uncertainty in measurements of the intrinsic fluorophore
lifetimes for that phantom series (denoted parenthetically in Table 2). For phantom series B-
C and series D-E, expression of the quencher concentration in terms of ¢ (calculated as the
total available microsphere surface area per unit ml of phantom) leads to near identical
values for K, for the phantoms series B and C and series D and E.

Table 2. Summary of Stern-Volmer quenching constants for phantom series measured

Phantom Intrinsic lifetime (ns),

Series o (AT) Ki (AKY) Ko (AK,) (cnPmi™)
A 39(0.2) 0.59(0.11) 0.83(0.16) x10°
B 3.9(0.2) 0.18(0.10) 0.13(0.07) x10°®
C 3.9(0.2) 0.51(0.11) 0.17(0.04) x10°®
D 36(0.2) 0.84(0.14) 1.20(0.19) x10°
E 36(0.2) 0.33(0.12) 0.20(0.08) x10°®
F 3.6(0.2) 0.52(0.12) 0.20(0.04) x10°®
G 0.4 (0.1) 1.50(0.97) 2.01(0.70) x10°®
H 0.6 (0.1) 0.74 (0.39) 1.02(0.50) x10°

Polystyrene microspheres are often employed to create turbid media having optical
scattering properties similar to human tissue that can be used to quantify optical scattering
via theoretical or experimental methods. Fuorescent tissue phantoms created using
polystyrene microspheres to provide optical scattering may be subject to quenching of the
intrinsic fluorescence, leading to a loss in remitted fluorescence and a reduced fluorophore
lifetime. Since many tissue-simulating phantoms are used in studies that observe changes in
remitted intensity, the quenching effects of polystyrene microspheres may be difficult to
isolate unless fluorescence lifetime measurements are performed.
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