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anostructure contrast agents have
become very important and versa-
tile assets for optical imaging of
biomedical systems. Nanostructures, such
as quantum dots, carbon nanotubes, nano-
diamonds, gold nanoparticles, and rare-earth-
doped nanoparticles, have, for example, been
explored for cancer targeting and treat-
ment,'” deep-tissue anatomical imaging of
mice,? and background-free deep-tissue imag-
ing of small animals.*”” For in vivo optical
imaging of deeply situated fluorescent agents
in biomedical systems, an emerging method
of fluorescence diffuse optical tomography
(FDOT) has recently been employed with an
increasing interest® ' FDOT is a compact,
fast, and highly sensitive technique for three-
dimensional deep-tissue imaging of fluores-
cent targets. These properties and the non-
invasive nature of FDOT have made it very
attractive for longitudinal studies of small
animals, where it has been applied to follow
the development in time of, for example,
cancer tumors,'”® proteases,'® Alzheimer's
disease,'* and different drug effects.'?
Traditionally, the contrast agents used in
FDOT are based on different types of Stokes-
shifting fluorophores, such as molecular
dyes or quantum dots. The linear power-
density dependence of the emission from
these fluorophores results in poor spatial
resolution in the reconstructed images,
as sharp spatial features are inevitably
smeared out during diffuse light propaga-
tion. Several approaches have been em-
ployed to increase the spatial resolution,
including multispectral methods,'” the use
of a priori information,'®'” and structured
illumination methods."® Although these ap-
proaches all have positive effects on the
spatial resolution of the reconstructed
images, ultimately they cannot circumvent
the resolution-limiting factor originating
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Fluorescence diffuse optical tomography (FDOT) is an emerging biomedical imaging technique that
can be used to localize and quantify deeply situated fluorescent molecules within tissues. However, the
potential of this technique is currently limited by its poor spatial resolution. In this work, we
demonstrate that the current resolution limit of FDOT can be breached by exploiting the nonlinear
power-dependent optical emission property of upconverting nanopartides doped with rare-earth
elements. The rare-earth-doped core—shell nanopartidles, NaYF,:Yb**/Tm* " @NaYF, of hexagonal
phase, are synthesized through a stoichiometric method, and optical characterization shows that the
upconverting emission of the nanoparticles in tissues depends quadratically on the power of excitation.
In addition, quantum-yield measurements of the emission from the synthesized nanopartides are
performed over a large range of excitation intensities, for both core and core—shell particles. The
measurements show that the quantum yield of the 800 nm emission band of core—shell upconverting
nanoparticles is 3.5% under an excitation intensity of 78 W/cm?’. The FDOT reconstruction experiments
are carried out in a controlled environment using liquid tissue phantoms. The experiments show that
the spatial resolution of the FDOT reconstruction images can be significantly improved by the use
of the synthesized upconverting nanopartides and break the current spatial resolution limits of FDOT
images obtained from using conventional linear fluorophores as contrast agents.
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resolution - diffuse imaging

from the use of linear fluorophores in diffu-
sive tissues. In this work, we report on the
exploration of rare-earth-doped core—shell
nanoparticles with upconverting optical
properties as contrast agents for FDOT and
demonstrate that the spatial resolution of
FDOT can be significantly improved by ex-
ploiting their nonlinear power-dependent
optical properties. The experiments were
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performed in a well-controlled environment using
liquid tissue phantoms. Comparisons with FDOT re-
construction images obtained from an optically similar
system employing linear fluorophores show that the
spatial resolution of the reconstruction images ob-
tained using the upconverting nanoparticles can go
much beyond the current limits of conventional FDOT
images. Using simulations, the mechanism behind the
improved spatial resolution is described through a
theoretical model. Furthermore, through careful opti-
cal characterization, we report, for the first time, the
quantum yield of the 800 nm emission band and
compare the quantum yield of core and core—shell
particles. In addition to being a highly relevant material
parameter, knowledge of the quantum yield enables
the possibility to perform quantitative imaging of
deeply situated targets within tissues.

Upconverting materials in bulk form have existed for
decades.'® However, only recently has it been possible
to synthesize upconverting nanoparticles with quan-
tum efficiencies high enough to be used as biological
markers for microscopy and deep-tissue diffuse
imaging.**° 3% Upconverting nanoparticles possess
the unique property of being able to emit anti-
Stokes-shifted light. This is accomplished by doping a
host crystal with a sensitizer, typically Yo", and an
activator, for example, Tm**, Er**, or Ho®>". The sensi-
tizer can, through mainly energy transfer upconver-
sion, excite an activator in a stepwise manner, leading
to the emission of anti-Stokes-shifted light.2*>3'32? This
unique property has made upconverting nanoparticles
very attractive for imaging and labeling of biological
samples, yielding images that are virtually background
free since the endogenous tissue autofluorescence is
Stokes-shifted.*®?® Furthermore, these particles are
not susceptible to photobleaching and aging effects, in
contrast to the commonly used dye molecules,?” have
a very low toxicity,**** and can be used for multimodality
imaging by carefully designing the synthesization
process.>>3° Recently, it has also been demonstrated that
unwanted emission bands can be suppressed, which can
be used for simplifying the instrumentation and enhanc-
ing the contrast.>’

RESULTS AND DISCUSSION

Core—shell NaYF,:Yb>"/Tm3"@NaYF, nanoparticles
were utilized as contrast agents in this study. The core
NaYF,:Yb*™/Tm®*" nanoparticles were synthesized
through an efficient stoichiometric method,*® and
nonradiative losses caused by surface effects were
reduced by coating the nanoparticles with an undoped
layer of NaYF,;?%*°~*" Due to the presence of the
capping ligand (oleate), the NaYF,:Yb*™/Tm*>*@NaYF,
nanoparticles could be dispersed in nonpolar solvents
and were colloidally stable for months without visible
agglomeration. Figure 1a and b show transmission
electron microscope (TEM) images of the synthesized
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Figure 1. (a) TEM image of the monodisperse core—shell
NaYF,:Yb>*/Tm3*"@NaYF, nanoparticles. The inset shows
the core NaYF,:Yb®>"/Tm*>" nanoparticles prior to coating
with the undoped NaYF, layer. The mean diameters of the
core—shell nanoparticles and the core nanoparticles were
determined to be 43 and 31 nm, respectively. (b) High-
resolution TEM image of the core—shell NaYF,:Yb*'/
Tm3"@NaYF, nanoparticles. (c) XRD pattern of the synthe-
sized core—shell NaYF,:Yb3>"/Tm3*@NaYF, nanoparticles
(top panel) and residual of fit for the hexagonal crystal
phase (bottom panel).

core—shell NaYF,Yb*"/Tm3*T@NaYF, upconverting
nanoparticles. The nanoparticles were spherical in
shape with a mean diameter of 42 nm and had a
dominant lattice spacing of 0.52 nm. The inset in
Figure 1a shows the core nanoparticles, which through
a comparison with the core—shell nanoparticles show
that the thickness of the undoped NaYF, shell was
6 nm. The X-ray diffraction (XRD) pattern of the synthe-
sized core—shell NaYF,:Yb>"/Tm3"@NaYF, nanoparti-
cles is shown in the top panel of Figure 1c with the
residual of fit for the hexagonal crystal phase*? shown
in the bottom panel. The cell parameters of a =
5976 nm, b = 0599 nm, and ¢ = 0350 nm are
consistent with the pure hexagonal NaYF, crystal in
the JCPDS 16-0334 data.

Optical characterization of the synthesized core—
shell nanoparticles was carried out using a spectro-
fluorometer setup under excitation by a laser diode at
975 nm. As shown in Figure 2, the excitation generated
one strong emission band at 800 nm and two weak
ones around 470 and 650 nm. These emission bands
can be assigned to the transitions of Tm3>".** The
effective attenuation spectrum of a typical murine
muscle tissue*® is also presented in Figure 2, where it
can be seen that light in the near-infrared region has
considerably lower attenuation than light in the visible
region. Thus, the emissions at the shorter wavelengths
(470 and 650 nm) were filtered out and only the
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Figure 2. Emission spectrum (blue solid line) for the synthe-
sized NaYF4:Yb®>"/Tm*"@NaYF, nanoparticles of hexagonal
phase under excitation at 975 nm and attenuation spectrum
(green solid line) of typical murine muscle tissue. The
excitation intensity was 1 W/cm?, leading to a strong
emission band at 800 nm. The weak emission bands around
470 and 650 nm are less suitable for use within tissues, since
the attenuation at those wavelengths is significantly higher,
as shown. The inset shows the power dependence of the
emission band at 800 nm, demonstrating that the emission
originates from a two-photon process.

emission at 800 nm was used for the experimental
study in this work. The excitation at 975 nm and the
emission at 800 nm are both highly suitable wave-
lengths residing around the optimal regions in the
tissue optical window,* i.e,, a region where tissue is
relatively translucent and light penetration depths of
several centimeters can be achieved. The inset in
Figure 2 shows the power dependence of the
800 nm emission band of the nanoparticles. Since the
fluence rate within scattering materials is in general
small, the power dependence of the emission band
was measured using weak excitation intensities, well
below saturation limits.2° From the slope of the linear
fit log—log scale), it can be seen that in contrast to the
traditionally used fluorophores, which have a linear
power dependence, the emission from the upconvert-
ing nanoparticles has a quadratic power dependence,
consistent with the fact that the upconversion is a
two-photon process.

The results from the quantum-yield measurements
of both the synthesized core—shell and the core
upconverting nanoparticles are shown in Figure 3. As
seen, the synthesis produced efficient hexagonal core—
shell NaYF,:Yb*"/Tm3*"@NaYF, upconverting nano-
particles with a quantum yield of 3.5% under an
excitation intensity of 78 W/cm?. At the lower excita-
tion intensity of 21.7 mW/cm?, the quantum yield was
determined to be 3.8 x 10™*. Evidently, in this power-
density regime, core—shell nanoparticles are, due to
their protective shell layer, about 6 times brighter than
unshielded particles.*> Under low excitation intensi-
ties, the slope of the quantum yield is close to 1,
consistent with the expected behavior for quadratic

fluorophores. As the excitation intensity is increased,
the power dependence factor of the upconverting
nanoparticles will begin to decrease due to saturation
of the energy levels in the rare-earth ions,*® resulting in
a quantum vyield that approaches a constant for large
excitation intensities. For comparison, the quantum
yields for the most efficient two-photon dyes were
simulated under identical experimental conditions and
are also shown in Figure 3. It can be seen that even for
the very efficient dyes,**~*® such as those based on
fluorene derivatives,*>>° the required excitation inten-
sity is clearly too high to be used in scattering tissues.
The reason is that these dyes require simultaneous
absorption of two photons via a virtual state, in con-
trast to upconverting nanoparticles, which possess real
long-lived intermediate states.

Reports on the absolute quantum yield of NaYF,
upconverting nanoparticles in the literature are very
scarce.”’ 3 For bulk NaYF,:Yb*"/Tm>*" material, Page
et al>' have determined the power conversion factor
of the blue emission band to be 2 x 10~ for the most
efficient material studied at an excitation intensity of
1 W/cm?. The corresponding power conversion factor for
the synthesized core—shell NaYF,Yb®>"/Tm*"@NaYF,
upconverting nanoparticles in this work was determined
to be 5.8 x 107> However, it is important to point out
that since bulk material was used, direct comparisons
with our results is nontrivial, without considering size-
dependent effects. The size-dependent effects of NaYF,:
Yb**/ErPt crystals have, however, been examined by
Boyer et al,>® where a 10 times lower quantum yield of
core—shell nanoparticles (30 nm) as compared with bulk
material under an excitation intensity of 150 W/cm? was
found. Accounting for the size dependency, a more
realistic power efficiency conversion factor that can be
expected from the material used by Page et al.>' should
be 2 x 107>, which is in reasonable agreement with the
results obtained in this work. However, as this is an
indirect comparison, the results should be interpreted
with caution and further studies of the efficiency of
upconverting nanoparticles are certainly needed.

To evaluate the spatial resolution of FDOT with the
use of the quadratically power-dependent upconvert-
ing nanoparticles and linearly power-dependent fluoro-
phores as contrast agents, two 17 mm thick liquid
phantoms consisting of water, intralipid, and ink were
prepared. The concentrations of intralipid and ink were
chosen to provide optical properties typically found in
small animals.** Since the upconverting nanoparticles
emit at 800 nm, DY-781 (Dyomics GmbH) dye mol-
ecules were chosen as the linear fluorophores, as they
also emit at 800 nm. To further ensure a proper
comparison between the FDOT images obtained using
the linear fluorophores and the upconverting nano-
particles, the two phantoms were prepared to have
identical optical properties at their respective excita-
tion wavelengths of 785 and 975 nm. The phantom for
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Figure 3. Quantum yield of the 800 nm emission band for the synthesized hexagonal core—shell NaYF,:Yb**/Tm>*@NaYF,
nanoparticles and hexagonal core NaYF,:Yb®>"/Tm*" nanoparticles. It can be seen that the quantum yield increases linearly
(slope of 1) with the excitation intensity until a saturation point, from which the quantum yield approaches a constant value,
which is the expected behavior for a linear fluorophore. Solid lines show simulated corresponding quantum yields for highly
efficient two-photon dyes under identical experimental conditions, which in contrast to upconverting nanoparticles require
two photons to be simultaneously absorbed. Compared with upconverting nanoparticles, even two-photon dyes with cross

sections on the order of 100 kGM will be 10® times less bright.

the linear fluorophores had a reduced scattering coeffi-
cient of /(785 nm) = 10.1 cm™~' and an absorption
coefficient of 11,(785 nm) =0.51 cm ™', while the phantom
for the upconverting nanoparticles had a reduced scat-
tering coefficient of x/(975 nm) = 10.1 cm™' and an
absorption coefficient of 1£,(975 nm) = 0.52 cm ™, deter-
mined by a time-of-flight spectroscopy (TOFS) system.>*
The experimental setup is schematically illustrated in
Figure 4, where two capillary tubes with inner diameters
of 2.0 mm, filled with either the DY-781 fluorophores or
the synthesized upconverting nanoparticles, were used
to simulate fluorescent targets. By adjusting the center-
to-center distance of the two fluorescent tubes and
performing one tomographic reconstruction for each
separation distance, the obtainable spatial resolution in
the reconstruction images could be evaluated. It is
important to note that autofluorescence can cause se-
vere artifacts in the reconstructions for linear Stokes-
shifting fluorophores.® Thus, a phantom material with
low autofluorescence was selected, and any remaining
autofluorescence effects or other background signals
were removed by subtracting from each image its corre-
sponding image obtained from a scan without any
fluorescent targets.

Cross-sectional slices from the tomographic reconstruc-
tions for different center-to-center distances of the fluo-
rescent tubes are shown in Figure 5. The reconstructions
for the linearly power-dependent DY-781 fluorophores
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Figure 4. Schematic of the transilluminating experimental
setup used for FDOT. An excitation beam was scanned from
below in an 8 x 8 grid pattern with each excitation spot
separated from its neighbor spots by 2 mm (see the bottom
view). A CCD camera was used to capture one image for
each scanned position. Two fluorescent tubes, containing
either the DY-781 fluorophores or the rare-earth-doped
core—shell NaYF,:Yb®*"/Tm3" @NaYF, upconverting nano-
particles, were mounted on a stage within the liquid phan-
tom 10 mm from the top surface (see the side view). The
separation distance between the two tubes was varied in
discrete steps of 1 mm, and an FDOT reconstruction was
performed for each separation distance.

are shown in Figure 5a to e, with decreasing tube separa-
tions from 10 mm in Figure 5a to 6 mm in Figure 5e.
The corresponding reconstructions for the quadratically
power-dependent NaYF,:Yb*>"/Tm*"@NaYF, upconvert-
ing nanoparticles are shown in Figure 5f to m, with
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Figure 5. Cross-sectional slices (two-dimensional plots) of the FDOT reconstructions with the linearly power-dependent
DY-781 fluorophores and the quadratically power-dependent NaYF,:Yb®*"/Tm*'@NaYF, upconverting nanoparticles as
contrast agents and their corresponding intensity profiles (line plots). The true depth was z =7 mm. The separation distance
between the fluorescent tubes was varied from 10 to 6 mm (step sizes of 1 mm) for the case of the linear fluorophores, shown
in (@)—(e). The use of quadratic upconverting nanoparticles clearly leads to reconstructions with higher spatial resolutions
and qualities. Thus, the separation distance between the fluorescent tubes was varied from 10 to 3 mm (stepsizes of 1 mm),
shown in (f)—(m). Using the linear fluorophores, already at a separation distance of 8 mm (c), the two fluorescent tubes can no
longer be separated. However, in the images obtained with the use of the quadratic upconverting nanoparticles, besides the
significantly higher qualities of the reconstructions, the two fluorescent tubes can still be separated at a separation distance of

5 mm (k).

decreasing tube separations, from 10 mm (Figure 5f) to 3
mm (Figure 5m). As can be seen, in all cases, the depth of
the fluorescent tubes (z = 7 mm) can be correctly
retrieved. However, the difference in spatial resolution
between the images with the use of the DY-781 fluoro-
phores and the upconverting nanoparticles, in particular
along the lateral dimension (x-axis), is immense. In the
images obtained with the use of the upconverting nano-
particles, the two tubes can be retrieved from the recon-
structions for separation distances down to 5 mm
(Figure 5k). However, in the images obtained with the
DY-781 fluorophores, retrieval of the two tubes breaks
down already at 8 mm (Figure 5c). A comparison of the
reconstructions in Figure 5h and ¢ shows that the obtain-
able reconstruction quality by using the upconverting
nanoparticles is exceedingly superior to what one could
obtain with the use of traditional linear fluorophores.
Furthermore, it is important to point out that although
the optical properties of the phantom at the excitation
wavelengths (785 and 975 nm) were chosen to be
identical to ensure proper comparisons, this, inevitably
resulted in slightly differing optical properties at the
emission wavelength of 800 nm. Using TOFS, the optical
properties of the phantom for the linear DY-781 fluoro-
phores were determined to be 1/{(800 nm) = 9.95 cm™'
and 1,(800 nm) = 0.49 cm ™', while the optical properties
of the upconverting nanoparticles were u'{(800 nm) =
115 cm™ ' and 1,800 nm) = 0.041 cm™ . Thus, the
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phantom for the upconverting nanoparticles, due to its
higher scattering relative absorption ratio, is actually
much more penalizing in terms of resolution as compared
with the phantom for the DY-781 fluorophores.

The experimental results presented in this work
clearly demonstrate that the spatial resolution of FDOT
can be significantly improved by employing upcon-
verting nanoparticles as contrast agents due to their
nonlinear power-dependent optical properties. This
improvement can be explained as follows by consider-
ing the effective light propagation profiles and the
corresponding sensitivity profiles. For a given source—
detector pair, the sensitivity profile describes the
most probable origin of any detected emission light.
Thus, a confined and sharp sensitivity profile results
in a higher spatial resolution. Figure 6 shows simulated
sensitivity profiles of traditionally used linear fluoro-
phores and the quadratically power-dependent
upconverting nanoparticles. The simulations were per-
formed for three different source positions, with the
detector position fixed. The circles within the slices
indicate the positions of two fluorescent tubes
separated by 5 mm. Comparing the sensitivity pro-
files of the linear fluorophores (Figure 6a—c) and
the sensitivity profiles of the quadratically power-
dependent upconverting nanoparticles (Figure 6d—f),
it is evident that the gradient for the quadratic case,
in particular close to the source, is much larger than
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Figure 6. Simulated sensitivity profiles of linearly power-
dependent fluorophores and quadratically power-dependent
upconverting nanoparticles for three source positions and a
fixed detector position. The circles represent the experimental
case of two fluorescent tubes with a center-to-center separa-
tion of 5 mm. (a—c) Sensitivity profiles of linear fluorophores.
(d—f) Sensitivity profiles of the upconverting nanoparticles.
From the figure, it is clear that the quadratic power depen-
dence of the emission results in sensitivity profiles that are
much more confined and sharply defined as compared with
linear fluorophores. Thus, the two fluorescent targets can
effectively be selectively excited if upconverting nanoparticles
are employed as contrast agents.

the gradient for the linear case. Therefore, here selective
excitation of the individual fluorescent targets can be
achieved if upconverting nanoparticles are employed.
The large excitation volumes resulting from employing
traditional linear fluorophores, on the other hand, severely
limit the spatial selectivity.

The resolution in the lateral dimension was experi-
mentally investigated in this study. However, since the
resolution enhancement originates from the confine-
ment of the sensitivity profile for the upconverting
nanoparticles, it is clear that the axial resolution will
certainly also exhibit a higher spatial resolution as com-
pared with linear fluorophores. This intrinsic property of

EXPERIMENTAL METHODS

Synthesis and Characterization of the Nanoparticles. In the synthe-
sis of the core NaYF4:Yb3+/Tm3+ nanoparticles, stoichiometric
amounts of YCl; (0.75 mmol), YbCl; (0.25 mmol), and TmCls
(0.003 mmol) were mixed with 6 mL of oleic acid (OA) and 17 mL
of octadecene (ODE) in a 250 mL flask. The mixture was heated
to 160 °C for 30 min, forming a clear solution. Then, 4 mmol of
NH,4F (0.1482 g) and 2.5 mmol of NaOH (0.1 g) dissolved in 10 mL
of methanol was aspirated into a syringe and added into the
solution by a syringe pump using a flow rate of 200 L/min. The
obtained solution was first slowly heated to evaporate the
methanol and degassed at 100 °C for 10 min, followed by a
second step of heating to 300 °C for 1.5 h under an argon
atmosphere. After the solution had cooled to room tempera-
ture, the nanoparticles were precipitated and washed with
100 mL of ethanol/water mixture (1:1 v/v) three times and
centrifuged at 5100 rpm for 10 min before being collected
and redispersed in 6 mL of n-hexane. In order to reduce the
nonradiative losses caused by surface effects, the nanoparticles
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nonlinear upconverting nanoparticles that leads to
selective excitation should be applicable to arbitrary
geometries and will in all cases excel linear fluoro-
phores in terms of spatial resolution. Furthermore,
since the resolution enhancement can be attributed
to an intrinsic property of the upconverting nanopar-
ticles, it is possible and straightforward to implement
the previously mentioned approaches, such as multi-
spectral methods, incorporation of a priori information,
and other mathematical formulations of the problem,
to further improve the spatial resolution.

CONCLUSIONS

In summary, core—shell NaYF,Yb*"/Tm**@NaYF,
upconverting nanoparticles of hexagonal phase have
been synthesized and employed as contrast agents
in the demonstration of FDOT with high spatial res-
olution. The optical characterization shows that the
emission from the core—shell nanoparticles depends
quadratically on the power of excitation in tissues and
that the quantum yield of the synthesized upconvert-
ing nanoparticles is 3.5% under a more intense excita-
tion intensity of 78 W/cm?. It is demonstrated that the
spatial resolution of FDOT can be significantly im-
proved by exploiting the nonlinear optical emission
properties of the upconverting core—shell nanoparti-
cles as compared with the traditionally used fluoro-
phores. In contrast to previously employed approaches
to improve the spatial resolution of FDOT, which
mainly aim to utilize and optimize the available data,
our approach attacks the limiting factor directly by
instead tailoring the shape of the sensitivity profiles.
This fundamentally different approach, which
exploits the unique nonlinear power-dependent
emission property of upconverting nanoparticles, sig-
nificantly improves the current spatial-resolution limit
of FDOT, enabling deep-tissue optical imaging of
targets in biomedical systems with unprecedented
resolutions.

were further coated with an undoped layer of NaYF, through a
similar procedure to that above. A clear solution containing 1.00
mmol of Y>" was first obtained by dissolving YCl; in 6 mL of oleic
acid and 17 mL of ODE in a 200 mL flask. NaYF4:Yb>"/Tm>"
nanoparticles (1 mmol) in 6 mL of hexane was then added to the
solution. Using a syringe pump, with the above-mentioned flow
rate, 4 mmol of NH4F (0.1482 g) and 2.5 mmol of NaOH (0.1 g) in
10 mL of methanol was added. The following steps, including
degassing, reaction, precipitation, washing, centrifugation, and
collection, were identical to the synthesis of the core nanopar-
ticles. TEM images were obtained using a JEOL 3000F analytical
transmission electron microscope.

Optical characterization of the core—shell nanoparticles was
performed using a sensitive spectrofluorometer setup. Excita-
tion of the synthesized core—shell nanoparticles was performed
using the Thorlabs L975P1WJ laser diode with the temperature
stabilized at 25 °C. The emission was measured using a grating
spectrometer with a slit width of 50 m (Ocean Optics QE65000).
For the quantum-yield measurements, the system employed
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standard fluorophores calibrated using the integrating-sphere-
based Hamamatsu C9920 quantum yield measurement system.
The resulting quantum yield of the upconverting nanoparticles
was thus given by

As Fnp
Dy = A F. D, (1)
where A denotes the fraction of absorbed photons, @ is the
quantum yield, F is the collected photons, and the subscripts s
and NP denote the standard and the upconverting nanoparti-
cles, respectively.

FDOT Imaging System. Imaging of the phantom was performed
in a transmission mode. Four capillary tubes with inner di-
ameters of 2.0 mm were used to simulate fluorescent targets.
The first two tubes were filled with a solution of DY-781 (c = 1 uM),
and the last two tubes were filled with a solution of the NaYF,:
Yb*"/Tm3*@NaYF, nanoparticles (c = 1 wt %). For each type of
fluorophores, two tubes were mounted in parallel (in the lateral
direction) on a 7 mm tall stage immersed within the tissue
phantom. The center-to-center distance of the two tubes had an
initial value of 10 mm and was gradually decreased with a step
size of 1 mm. A tomographic reconstruction was performed for
each separation distance. Excitation of the fluorophores was
accomplished using a laser diode at 785 nm for the linear
fluorophores and at 975 nm for the upconverting nanoparticles,
illuminating the phantom from below with spot sizes of T mm.
The excitation intensities at the surface of the phantoms were
moderate (95 mW/cm? for the 785 nm laser and 800 mW/cm?
for the 975 nm laser), well below the thresholds for tissue
damage. For each reconstruction, the excitation beam was
scanned over an area of 14 x 14 mm? in an 8 x 8 grid using
two computer-controlled translation stages. A charge-coupled
device (CCD) camera (Andor iXon) was used to acquire one
image for every scanned position. After background and auto-
fluorescence subtraction, the signal-to-noise ratios of the result-
ing images for the DY-781 fluorophores and the upconverting
nanoparticles were very similar and were determined to be 52:1
for the DY-781 fluorophores and 62:1 for the upconverting
nanoparticles.

FDOT Model. The FDOT technique is a model-based inverse
approach that aims to find the fluorophore or the nanoparticle
number density, #(r), within a scattering material. Using a set of
fluence measurements on the surface of the media and a
forward model, the problem was formulated as an optimization
problem where 7 is optimized to minimize the residual between
a predicted set of measurement data, ©f(y), and a set of
experimentally retrieved measurement data, ©f". In this study,
the excitation field, ®.(r), and the emission field, ®(r), were
modeled using two coupled diffusion equations,

(U — Ke(NV?)De(r) = S(r) ()

(Wl — KOV D) = Enlr) DY) (3)

where & is a constant denoting the efficiency of a fluorophore
and y describes the power dependence of a fluorophore, ie., y =1
for a linear fluorophore and y = 2 for a quadratic fluorophore
such as the upconverting nanoparticles employed in this study;
/4§'f and k¢ denote the absorption and diffusion coefficient at
the excitation and fluorescence wavelengths, respectively. The
diffusion equations were solved using the finite-element method,
and Robin boundary conditions were used to account for the
refractive index mismatch between the phantom material and
the surrounding air. Since the problem is highly ill-posed,
Tikhonov regularization was used in the optimization process
to obtain a stable solution, and the regularization parameter
was derived by gradually decreasing an initially large value, until
a plateau in the residual was reached.
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