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ABSTRACT: Molecular imaging is very promising technique used for surgical guidance,
which requires advancements related to properties of imaging agents and subsequent data
retrieval methods from measured multispectral images. In this article, an upconversion
material is introduced for subsurface near-infrared imaging and for the depth recovery
of the material embedded below the biological tissue. The results confirm significant
correlation between the analytical depth estimate of the material under the tissue and
the measured ratio of emitted light from the material at two different wavelengths.
Experiments with biological tissue samples demonstrate depth resolved imaging using the
rare earth doped multifunctional phosphors. In vitro tests reveal no significant toxicity,
whereas the magnetic measurements of the phosphors show that the particles are suitable
as magnetic resonance imaging agents. The confocal imaging of fibroblast cells with these
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phosphors reveals their potential for in vivo imaging. The depth-resolved imaging technique with such phosphors has broad

implications for real-time intraoperative surgical guidance.
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1. INTRODUCTION

Recent advancements in nanotechnology have increased the
demand of fluorescence bioimaging in biomedical applications.””
In direct or indirect light induced imaging and therapy, light
provides new venues for noninvasive detection, diagnosis, and
improving resection of target tissue during the therapy. Direct
light-based imaging and therapy relies on X-rays, y-rays, and
other high energy photons that can be harmful for the tissue
because of ionizing effects. On the contrary, indirect infrared
(IR) and near-infrared light (NIR) provide a unique nonionizing
method to noninvasively investigate the properties of tissue due
to good transparency in NIR spectrum, low photon energy, high
penetration depth, localized delivery and low tissue damage. The
most common biomarkers used in both direct and indirect
imaging technologies are based on organic fluorophores and
quantum dots. For instance, fluorescence imagin§ can be used in
intraoperative image-guided resection of tumors. ** Fluorescence
detection is capable of providing complementary information to
the conventional imaging methods such as magnetic resonance
imaging (MRI), ultrasound (US) and computed tomography (CT)
that reveal structural properties of tissue. Particularly, fluorescence
imaging can provide molecular or functional information on
tissue, which has been conjugated with a fluorophore or a
quantum dot.>~®

Recent experimental developments of fluorescence diffuse
optical tomography (fDOT) of tissue have been related with
multispectral approaches.”'’ In the fDOT-based experiments,
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the information about the depth of fluorescence source can be
obtained by calculating the ratio of transmitted fluorescence
signal trough the tissue at two different wavelengths."'~'* As
a consequence, there is no need for using the time-resolved or
frequency domain information for such fDOT systems. The
emission spectra of fluorescence agents can be accessed through
fiber-optic based spectroscopy or multispectral imaging. The
main challenge in spectral coverage of the fluorescence agent is
related to the large tissue attenuation in biological samples within
blue end of the optical properties of tissue. Thus, in order to
properly retrieve fluorescence spectrum, fluorophores must have
wide emission bandwidth and simultaneously overlap with the
large optical contrast of the tissue.'”

Lately, there has been a lot of interest in the application of
multifunctional materials for several biomedical applications.'®"”
Material with multiple functionalities can provide more informa-
tion than conventional materials with single functionalities.
For example, in the medical imaging industry several imaging
techniques such as CT (based on X-ray), MRI (based on
magnetic features), and fluorescence (based on organic dyes,
quantum dots), etc.,, have been well-established. Though each
of these techniques has their own advantages and disadvantages,
the major difficulty is the lack of multimodal imaging features.
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To circumvent these major issues, as well as to overcome the
other drawbacks such as photobleaching of the dyes, toxicity, and
size tuning of the quantum dots, rare earth doped phosphors
are brought as a new multifunctional imaging agents with far
less toxicity and several other advantages compared to all other
imaging agents.'® These phosphors have a nonlinear excitation
power-dependence, and remain photostable even when they are
intensively illuminated, thus enabling longer experimentation.
Also, they have multiple excitation and emission bands in the
visible and NIR (I, II, III biological window) regions where the
absorption and emission depend only on the dopant. This makes
phosphors distinct from quantum dots where the spectroscopic
properties depend on size. Moreover, the rare earth phosphors
have strong NIR excitation and emission properties, which facilitate
deep tissue imaging with far better contrast.

In this paper, we establish Yb and Er codoped Gd,0,S as a
contrast agent with multiple features such as emission under NIR
excitation, as well as magnetic properties. Following the optical
and magnetic characterizations of the material, from the experi-
mentally collected emission data we estimate a depth of the
upconverting phosphor embedded beneath the chicken breast
tissue with the fDOT technique. We use analytic expression to
calculate gamma value e.g. the ratio of two emission intensities
from the phosphor at two different wavelengths and study its
dependence on phosphor’s depth. We then compare theoretical
predictions for gamma with the fDOT experimental measure-
ments. Our results reveal linear dependence of gamma on depth,
which is in agreement with recent florescence subsurface imaging
studies."”"” Further, we also perform NIR confocal imaging experi-
ments to show the cellular uptake of the phosphor particles.

2. METHODS

2.1. Phosphor Preparation and Characterization. Yb and Er
co-doped Gd,0,S phosphor was prepared by the high-temperature
solid-state flux fusion method as reported previously.”” The starting
materials were Gd,0;, Yb,0;, Er,0; (Sigma-Aldrich, all 99.999%,
USA), S, and flux Na,COs, K;PO, (Sigma-Aldrich, 99.99%, USA).
Based on our previous experiments the Yb: Er molar concentration ratio
was selected as 8:1 for the brightest emission. After mixing all the
precursors using an agate mortar, the mix was fired in a muffle furnace at

1423 K for 60 min. After cooling down, the product was taken out from
the furnace, crushed well, and washed with distilled water 6 times to
eliminate the unreacted sulfur. Finally, the powder was washed with mild
hydrochloric acid. The washed powder was subsequently dried at 373 K
for an hour to obtain the final product.

The powder X-ray diffraction (XRD) was performed at 40 kV and
30 mA in the parallel beam configuration using the Ultima IV X-ray
diffractometer (RIGAKU, Japan) with Cu Ka (4 = 1.5 A). The morpho-
logy of the samples was observed using the field emission scanning
transmission electron microscope (FE-STEM) S5500 (Hitachi, Japan)
operated at 30 kV in secondary electron mode.

Fluorescence spectrum of the phosphor was obtained using
QuantaMaster 51 spectrofluorometer (Photon Technology International
Inc. USA) under the 980 nm laser excitation.

Magnetic properties were determined by using the multifunctional
instrument cryogen-free cryocooler-based physical property measurement
system (PPMS) EverCool—II (Quantum Design, USA). The hysteresis
loops of magnetization were measured at room temperature and 5 K under
a maximum applied field of +9 T. Field-cooling (FC) magnetization curves
were measured in the temperature range 1.9—300 K using field of 100 Oe.

2.2. Imaging Experiments. 2.2.1. Penetration Depth Experi-
ments. The samples with chicken breast tissue were prepared in the
biophotonics lab of the University of Texas at San Antonio. The chicken
breast was purchased from a local supermarket with no additives or pre-
servatives and were sliced at various thickness (0.9 mm, 1.7 mm, 2.9 mm,
3.9 mm). The sliced pieces were placed between two microscope glass
slides and taped together (Figure 1a).

The schematic representation of the experimental setup used for
fluorescence imaging study is shown in Figure 1b. The phosphors were
placed beneath the tissue sample and were excited with an expanded
980 nm diode laser beam (Axcel Photonics, B2—980—3000—15A, USA)
with varying fluence, which was set by a power controller (Thorlabs
LM74S2 Driver, Thorlabs LDC2000—2A Laser Diode Controller,
USA). The reflected fluorescence intensity signal from the phosphors
was guided through a bandpass filter (Thorlabs, USA) before entering
the charge coupled device (CCD) camera (Hamamatsu C3077—79,
Japan). The camera was connected to a computer and operated by the
Hamamatsu imaging software. The power of the laser delivered on the
surface of the sample was around 0.33 W, whereas the diameter of
the corresponding excitation laser beam was around 1.0 cm. The experi-
ment was performed with beam expander to spread the laser light dis-
tribution on the surface evenly. The power per unit area was controlled
by expanding the illumination beam or increasing the fluence of the
excitation beam.
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Figure 1. (a) Top view of the chicken breast sample and holder geometry. The samples were placed between two microscope slides, with tape to keep
the slides bounded to the sample. (b) Schematics showing the main optical components of CCD-based imaging systems, illustrating that imaging is
performed in epi-illumination (reflectance) mode. The sample is illuminated by a 980 nm laser beam. The laser light propagates in the sample as a diffuse
light and excites the phosphor under the chicken breast tissue. The diffused emission signal is retrieved by CCD camera via series of multispectral image

acquisitions.
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CCD camera acquired 640 by 480 pixel size fluorescence images at
30 frames per second. The region of interest (ROI) from pixels within
a 3 X 3 square was selected on these images in order to calculate the
fluorescence intensity. The following formula was used to calculate
the total fluorescence (TF) within the ROIL: TF = integrated density —
(area of selected ROI'mean fluorescence of background reading).21
The background fluorescence reading was chosen within the 3 X 3 square
area further from the sample.

2.2.2. Confocal Cell Imaging. For the confocal experiments, we used
fibroblast cells (L929). Phosphors at a concentration of 200 ygm™~'L™"
were injected into growth media by vigorous vortexing, and the
cells were incubated in it for 24 h. Subsequently, the cells were washed
three times with phosphate buffered saline solution to remove excess
phosphors. The dyes used for coloring the cell components were
DAPI (nuclei), and Alexa Fluor 647 phalloidin (cytoplasm). The
samples were then mounted on microscope slides for imaging with Zeiss
710 multiphoton confocal imaging system. The phosphors were excited
with a pulsed titanium sapphire laser at 980 nm with the green emission
collected for imaging. To confirm the uptake of the phosphors by cells,
we performed colocalization analysis of the raw image data with the
imaging software Imaris.

2.3. Analytical Model. The analytical model used in this work was
based on the approach introduced by Leblond et al.'> and recently
enhanced by Koltse et al.'’ In this model, the solution for light transport
in tissue was used within infinite medium approach and point-like
fluorescent inclusion limit, which provides an analytical solution in the
form of eq 1. The gamma in this formula contains information related to
the spectral deformation because of the blue shift of emission spectra as
it propagates through the tissue

1 1 D™
where the diffusion constant is expressed by following expression
i 1
3 +u) 2)

and the penetration depth is given by

H (3)

Both eq 2 and 3 are functions of the reduced scattering, ul*, and the
absorption coefficient, p? for a specific wavelength. For the optical
properties of chicken breast tissue, we used available experimental
data.** Interestingly, eq 1 is of the linear form, in which the logarithm
of fluorescence ratio at two wavelengths linearly depends on the depth
of fluorescent source under the tissue. It has been demonstrated that
this model can be used not only in pointlike fluorescence depth
estimation but also in topographic mapping of subsurface fluorescence
depth.”® This depth retrieval technique requires reduced scattering
and absorption coefficients of the tissue to be known a priori. Table 1

Table 1. Optical Properties of Chicken Breast Tissue Taken
from Ref 22%

4 (nm) py (em™) H (em™)
545 47126 0.5987
560 47134 04311

“First column represents wavelength, second and third columns cor-
respond to reduced scattering and absorption coeflicients, respectively.

demonstrates optical properties of chicken breast tissue for two different
wavelengths.

3. RESULTS AND DISCUSSION

3.1. Phase and Morphology. The XRD data obtained for
the phosphor sample is shown in Figure 2. The data is in perfect
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Figure 2. XRD pattern of the Gd,0,S: Yb/Er sample. Vertical line
shows the standard peak positions of the Gd,0,S (JCPD File No
26-1422).

match with standard powder peak positions of the hexagonal
phase (JCPDS Card No.26—1422). The XRD results reveal
that the phosphor is crystallized in the hexagonal phase with
cell parameters a = b = 0.3852 nm, ¢ = 0.6567 nm. FE-STEM
micrographs obtained from different locations show that the
material mostly crystallized in hexagonal shape (Figure 3a) with
average particle size of 3 to 4 ym. According to the dynamic light
scattering measurements (Figure 3b) the average particle size is
estimated to be 3 ym.

3.2. Optical Properties. The upconversion spectrum of the
phosphor (Figure 4) has been collected under 980 nm excitation.
The spectrum shows well resolved emission lines in the green
and red region with several Stark components at 524, 527, 533,
548, 554 nm (for green) and 655, 661, 663, 669 nm (for red).
The 533 and 548 nm transition bands are assigned to *H,;,, —
*I15/» and *S;/, = *I;5/, whereas the 660 nm band is assigned to
*Fy/, = "5, transition as shown in Figure 4. The green emission
is 2.4 times stronger than red and their peak emission wave-
lengths are at 548 and 669 nm. Also, their fluorescence branch-
ing ratios are 60 and 37.3%, respectively, for green and red
emission.

3.3. Magnetic Properties. We have investigated the room-
temperature and low-temperature (S K) magnetic properties
of the phosphor using a vibrating sample magnetometer and
the magnetization curve as shown in Figure Sa. The room-
temperature and S K magnetization curve are almost linear
indicating the paramagnetic nature of the material. Magnet-
ization at 9 T for the low temperature hysteresis curve is close to
130 emu/g, which is 13 times larger than the room temperature
magnetization (10 emu/g). Magnetic moment per particle has
been estimated by fitting the magnetization curve with Langevin
function,”® and the values obtained are 2095 and 20887 i,
respectively, at room temperature and 5 K. From the nature
of the curve, the Gd,0,S:Yb/Er exhibit magnetic properties,
which is due to the presence of the paramagnetic ion Gd**
that has larger number of unpaired electrons in the outer orbital.
The exponential decay type behavior of the field cooling (FC)
studies (Figure Sb) also supports the paramagnetic nature of the
material.

3.4. Penetration Depth Studies. The penetration depth
experiment has been conducted at the biophotonics lab using
chicken breast tissue. The chicken breast tissue samples are
placed on top of the sealed phosphors below the CCD camera
using the experimental setup shown in Figure 1b. The
Gd,0,S:Yb/Er spectra are measured at a given depth by using
different samples. A 980 nm diode laser of maximum 800 mA
with excitation power density per unit area 0.42 W cm ™ is used
to excite the Gd,0,S:Yb/Er in the sample. Images within two
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Figure 3. (a) Scanning electron microscope (SEM) micrograph of the Gd,0,S: Yb(8)/Er(1) phosphor powder; (b) particle size distribu-

tion (PSD).
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Figure 4. Upconversion emission spectra of Gd,0,S; Yb(8)/Er(1)
phosphor under 980 nm laser excitation. Assigned peaks correspond to
533, 548, and 660 nm transition bands, respectively.

different wavelength bands are acquired with the CCD camera.
Each acquisition captured a 2D image within S nm spectral
resolution using band-pass filters with 545 and 560 nm central
wavelengths under laser light exposure. These wavelength
ranges are selected to cover the region of interest of the main
spectral features of Gd,0,S:Yb/Er. Thus, each 2D image
contains spatial (x, y) information within specific wavelength
range, and each spatial (x, y) coordinate of a pixel corresponds to
alocation in the sample. The pixel size is 11.5 gm (horizontal) X
13.5 um (vertical). The corresponding emission spectra are
retrieved from these images by calculating the average intensity
of pixels within a 3 X 3 square ROI shown in Figure 6. The
average intensity from the images are calculated using
Image] software in order to interpret the degree of spectral

0.0 mm 0.9 mm 2.9 mm

Figure 6. Processed images of the sample with chicken breast tissue and
phosphors acquired by CCD-based imaging system. The emission signal
for all depths was stronger for 545 nm centered wavelength compared to
the emission signal for 560 nm wavelength. White arrow indicates on
ROI (filled red square) where the fluorescence intensity was calculated
within images.

deformations as a function of depth. The corresponding
gamma ratio is calculated at each depth. Calculated gamma
is then normalized by the gamma at 0 mm depth for a given
dual wavelength combination in order to minimize the
reflectance spectra from the laser and maximize the fluorescence
spectra.

3.4.1. Gamma and Depth Predictions. Figure 7a shows that
experimental results for gamma values are in agreement with
theory until 4 mm depth. Figure 7b represents estimated depth
from the experimental measurements and optical properties
of chicken breast tissue (blue triangles) and actual depth of
phosphors under the tissue (red triangles). The gamma results
for the corresponding wavelength pair of 4; = 545 nm and
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Figure S. (a) Magnetization of Gd,0,S:Yb(8)/Er(1) at room and low temperature. The straight line shows the Langevin fitting with experimental data;

(b) field cooling (FC) curve.
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Figure 7. Comparison of theoretical predictions with experimental results for (a) Gamma values, where red rhombuses correspond to theoretical
predictions and blue triangles represent experimental measurements. (b) Depth predictions, where red squares corresponding to real depth values and
blue circles represent predicted depth values from experimental measurements and analytical model. (c) Absolute and (d) relative errors between

predicted and real depth values, respectively.

A, = 560 nm are estimated. The gamma at a given depth (d) is
evaluated by the following expression

Fﬂl
F*? )
where F* is the average fluorescence intensity evaluated over the
square ROI on images.

The theoretical slope m = [(1/8%) — (1/8")] is calculated and

used in combination with evaluated gamma in the form of the
linear equation:

d
InI"g, = md (5)

where ngp = (TYT*) is the gamma at a given depth (d)
normalized by the gamma at 0 mm depth in order to predict
the phosphor depth values (d) below the tissue as shown in
Figure 7b. In addition to the minimization of the reflectance
spectra from the laser and maximization of the fluorescence
spectra, this normalization removes the dependence of eq S on
diffusion constants'® that are present in eq 1.

Overall, these results reveal significant correlation of gamma
with the local source depth in subsurface imaging. These results
can provide new pathways for medical diagnostics and imaging
with rare-earth-doped materials.”> " For example, surgeons can
use this approach for intraoperative resection of tumors during
neurosurgery, because the brain tumor is indistinguishable from
surrounding healthy brain tissue under white light illumination.
This approach combined with topographic mapping of tumor
depth below the healthy tissue could be very promising for
accurate resection of subsurface tumor. Besides the brain tumor
depth detection, this technique has the potential for depth detec-
tion of different types of tumors located below the healthy tissue.
The toxicity studies of Gd,0,S:Yb/Er upconverting phosphors
used in these studies have shown to be nontoxic in mice cells."®

Thus, the Gd,0,S:Yb/Er and other variant rare-doped phos-
phors®>*" are promising agents for depth resolved imaging.

3.5. Confocal Imaging Results. As a preliminary
investigation of the suitability of the phosphor for bioimaging
applications, fibroblast cells (L929) have been incubated with
the phosphors for 24 h, stained, and imaged with a multiphoton/
confocal microscope. Images of the cells are obtained by
exciting the DAPI at 560 nm, the Alexa fluor at 647 nm, and the
upconverting nanoparticles at 980 nm. Although the phosphors
are not surface functionalized to increase cellular uptake or
specific binding, it is especially useful to understand how the core
nanoparticles in any such system will interact with cells since the
stability of shells and polymer coatings in a biological milieu can
vary. The confocal images of the cells (Figure 8a—d) clearly show
that the phosphors are readily taken up by the cells. Furthermore,
the nanoparticles are found to be within both the cytoplasm
and the nucleus at the time of imaging. Although there is some
clustering of the particles observed both inside and outside of the
cells, it does not prohibit them from entering into the cells nor
does it induce any significant cytotoxic response. In Figure 8, the
green color shows the emission from individual phosphor
particles while the yellow color is from the cluster of particles,
where the emission is dominated by the red fluorescence that
mixes with green to form yellow emission. The confocal results
show that the upconversion emission is coming from within the
cells. It also shows that some of the cells are endocytosing a large
cluster of the upconverting nanoparticles.

4. CONCLUSION

We demonstrated the subsurface imaging of Gd,0,S:Yb/Er
upconverting phosphors embedded beneath the chicken breast
tissue of different depths by using the fDOT technique. We
measured average emission intensities from acquired images at
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Figure 8. (a—d) Three-dimensional images obtained from the confocal images of fibroblast cells with phosphor particles. The green color corresponds
to the emission from individual phosphor particles. The yellow color represents the cluster of particles, whereas the emission is dominated by the red

fluorescence, which mixes with green to form yellow emission.

each depth for green wavelengths, and calculated the intensity
ratio combination for these wavelengths. The results for
calculated intensity ratio revealed linear correlation with depth
and agreed well with theoretical predictions. In vitro tests showed
no significant toxicity. The paramagnetic properties of phos-
phors exposed the possibility to use them for MRI imaging.
The confocal imaging showed that phosphor particles can
penetrate into cells, which revealed their potential for in vivo
tissue imaging. Future work will require automatized measure-
ments of images and optical properties of tissue, change of the
phosphor depth, and integration of all these measurements with
a computer via especially designed software. Possible applica-
tions of this approach could lead to the development of real-time
intraoperative multifunational phosphor agent, which could be
used during the surgeries. It could guide surgeons during the
depth-resolved surgeries by providing real-time depth informa-
tion on the tissue where phosphors have previously been
injected and/or accumulated. In addition to that, it could provide
additional MRI information, thus vastly enhancing the medical
imaging capabilities.
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