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Intrinsic Two-Photon-Induced Photoluminescence

Jaesook Park, msc,! Arnold Estrada, Ba,' Jon A. Schwartz, php,2 Parmeswaran Diagaradjane, PhD,>
Sunil Krishnan, mp,?> Andrew K. Dunn, pip,! and James W. Tunnell, php'*
1Department of Biomedical Engineering, University of Texas at Austin, Texas

2Nanospectm Biosciences, Inc., Houston, Texas

3Department of Experimental Radiation Oncology-Research, The University of Texas M. D. Anderson Cancer Center,

Houston, Texas

Background and Objectives: Gold nanoparticles
(GNPs) such as gold nanoshells (GNSs) and gold nanorods
(GNRs) have been explored in a number of in vitro and in
vivo studies as imaging contrast and cancer therapy agents
due to their highly desirable spectral and molecular
properties. While the organ-level biodistribution of these
particles has been reported previously, little is known
about the cellular level or intra-organ biodistribution. The
objective of this study was to demonstrate the use of
intrinsic two-photon-induced photoluminescence (TPIP) to
study the cellular level biodistribution of GNPs.

Study Design/Materials and Methods: Tumor xeno-
grafts were created in 27 male nude mice (Swiss nu/nu)
using HCT 116 cells (CCL-247; American Type Culture
Collection (ATCC), Manassas, VA, human colorectal cancer
cell line). GNSs and GNRs were systemically injected
24 hours prior to tumor harvesting. A skin flap with the
tumor was excised and sectioned as 8 um thick tissues for
imaging GNPs under a custom-built multiphoton micro-
scope. For multiplexed imaging, nuclei, cytoplasm, and
blood vessels were demonstrated by hematoxylin and eosin
(H&E) staining, YOYO-1 iodide staining, and CD31-
immunofluorescence staining.

Results: Distribution features of GNPs at the tumor site
were determined from TPIP images. GNSs and GNRshad a
heterogeneous distribution with higher accumulation at
the tumor cortex than tumor core. GNPs were also observed
in unique patterns surrounding the perivascular region.
While most GNSs were confined at the distance of
approximately 400 um inside the tumor edge, GNRs were
shown up to 1.5 mm penetration inside the edge.
Conclusions: We have demonstrated the use of TPIP
imaging in a multiplexed fashion to image both GNPs and
nuclei, cytoplasm, or vasculature simultaneously. We also
confirmed that TPIP imaging enabled visualization of GNP
distribution patterns within the tumor and other critical
organs. These results suggest that direct luminescence-
based imaging of metal nanoparticles holds a valuable and
promising position in understanding the accumulation
kinetics of GNPs. In addition, these techniques will be
increasingly important as the use of these particles
progress to human clinical trials where standard histopa-
thology techniques are used to analyze their effects. Lasers
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INTRODUCTION

“Nanovectors” have gained interest as combined techno-
logies to incorporate the mechanisms for targeting, imag-
ing, and therapy into a single agent [1]. Gold nanoparticles
(GNPs) such as gold nanoshells (GNSs) and gold nanorods
(GNRs) have been introduced as a new class of materials
with unique optical and molecular properties suitable
for combining these three components. GNSs consist of a
dielectric silica core covered with a gold shell, whereby the
core/shell ratio can tune the surface plasmon resonance
(SPR) to the near-infrared (NIR) where light penetration in
tissue is optimal [2—5]. For GNRs, rod-shaped GNPs, it has
been shown that the various aspect ratios enable tunability
in the NIR region [6-8].

Current applications of GNPs as therapeutic agents
have focused on laser-induced photothermal therapy. Due
to their large optical absorption cross-sections, these nano-
particles can absorb large amounts of energy when irradi-
ated with a NIR laser, and that energy is quickly converted to
heat. Thermal therapy applications of GNSs have been
demonstrated in both in vitro cell culture and in vivo murine
models [9]. GNSs were known to accumulate at the tumor
site via the enhanced permeability and retention (EPR)
effect [10], a common drug delivery mechanism used for
macromolecules. GNSs in solution delivered intravenously
will preferentially accumulate at the tumor site by extrav-
asating through leaky neovasculature. Subsequent NIR
irradiation of the tumor site leads to photothermal ablation
and eventual tumor clearance. Several studies have demon-
strated the efficiency of this treatment in murine survival
studies [11,12]. For GNR application, in vitro selective
photothermal therapy [13,14] and hyperthermic effects of
GNRs on tumor cells [15,16] have been investigated.
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GNPs have also been widely used as scattering- and
absorption-based imaging contrast agents. For GNS’s
imaging applications, dark field microscopy [17,18], optical
coherence tomography [11], NIR diffuse optical tomogra-
phy [19], diffuse optical spectroscopy [20], and narrow-band
imaging system [21] have benefited from GNS’s scattering
and absorption properties. For GNR’s imaging applica-
tions, dark field microscopy [13], photoacoustic imaging
[22], and confocal reflectance microscopy [23] have been
exploited. While dark field microscopy provides a good tool
for imaging cellular level distribution of GNPs in vitro, its
utility is limited for imaging sectioned and bulk tissue.
Direct luminescence-based imaging of metal nanoparticles
provides high background rejection and signal-to-noise
ratios enabling imaging relatively deep within tissue in
addition to multiplexing of various tissue components. Our
previous works demonstrated the feasibility of using two-
photon-induced photoluminescence (TPIP) for imaging
three-dimensional biodistribution of GNSs targeted to
murine tumors [24].

As clinical applications of GNPs for cancer imaging and
therapy have gained interest, efforts for understanding the
kinetics of their delivery and targeting to tumors has
become more important. Several studies have reported
organ-level biodistribution demonstrating primary accu-
mulation within the tumor, liver, lung, and spleen [25,26].
Although these studies have demonstrated the organ-level
biodistribution of GNPs, there are still limited reports
available for explaining their intra-organ biodistribution.
Understanding of these particles’ distributions and bio-
transport at the intra-organ level will provide guidance for
dosimetry in photothermal therapy and aid design of
nanovectors for drug delivery, diagnostics, and biomedical
imaging. For example, distribution patterns that are
homogeneous versus localized at the tumor cortex would
affect selection of the appropriate laser dosimetry to reduce
normal tissue damage and improve thermal therapy
efficacy. Given the recent demonstrations of the intrinsic
TPIP contrast of GNSs and GNRs, multiphoton microscope
is an ideal tool for studying the microscopic distribution of
the GNPs in whole tissue. In this study, we used intrinsic
TPIP imaging to image the microscopic distribution of
GNPs at the intra-organ level. We demonstrate multi-
plexed, three-dimensional imaging with high resolution of
GNPs with other critical tissue features such as nuclei
and vasculature. These techniques are compatible with
standard hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC). To illustrate the utility of
these techniques, we demonstrate the effect of GNP
morphology on intra-tumoral biodistribution and GNP
microdistribution differences between organs.

MATERIALS AND METHODS

Preparation of GNS and GNR

GNSs were synthesized using the seed-mediated method
which was described in our previous study [24]. Briefly, the
core of the particle (120 nm diameter) was made of colloidal
silica, which was aged for 2 weeks at 4°C. Then, aminated
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silica particles were added to the gold colloid suspension
resulting in a silica particle covered with gold colloid. For in
vivo applications, a layer of 5,000 MW poly-(ethylene
glycol) was added to the exterior shell through a thiol bond,
and the particles were transferred to an iso-osmotic
solution of 10% trehalose. GNS solution was sterilized by
passing through a 0.45 um filter (12993; Pall Corporation,
Port Washington, NY). For all the samples we have tested
with a total bioburden assay (aerobic and anaerobic, and
sporeformers), the 0.45 um filter has removed all biobur-
den. GNS’s average core diameter and thickness were
found to be 120 and 15 nm, respectively, by TEM measure-
ment, and their excitation peak was measured at 780 nm by
a UV-Vis spectrophotometer. For the GNR study, we
purchased sterile poly-(ethylene glycol)-coated GNRs from
Nanopartz (30-PM-808), and we used them without further
sterilization procedures. Their average transverse diame-
ter is 10nm, and longitudinal size is 41nm with an
extinction peak at 808 nm.

Animal Subjects and Cell Lines

A subcutaneous xenograft tumor model in nude mice
inoculated with the HCT 116 cells (CCL-247; ATCC,
Manassas, VA, human colorectal cancer cell line) was used
for this study. HCT 116 was cultured in McCoy’s 5A
medium (30-2007; ATCC, Manassas, VA) with 10% fetal
bovine serum (30-2020; ATCC, Manassas, VA) and at 37°C
under 5% COs. When culture reached confluency, the cells
were detached from the flask by 0.25% trypsin—EDTA (30-
2101; ATCC, Manassas, VA), centrifuged, and resuspended
in sterile phosphate-buffered saline (PBS). Approximately
2 % 10° cells/50 pl were subcutaneously injected into the
right flank of the mice. When tumors grew to 0.8—1 cm in
diameter, trehalose, GNSs, and GNRs were injected
through the tail vein. After 24 hours following injection, a
skin flap with the tumor was excised for TPIP imaging.

Tumor xenografts were created in 27 male nude mice
(Swiss nu/nu) consisting of three groups. Group 1 (n="17)
served as the control and received 7ul/g of trehalose
solution, and Group 2 (n=10) received 7pul/g of GNS
solution standardized to an optical density of 100 at
780 nm (2.7x108 NS/ul). Group 3 (n = 10) received 7 ul/g of
GNR solution with an optical density of 100 at 808 nm
(5.8x10'° NR/ul).

Imaging Device

Measurements of TPIP from GNPs were performed using
the custom-built NIR laser scanning multiphoton micro-
scope described in our previous study [24]. As the TPIP
excitation source, a femtosecond Ti:Sapphire laser (Mira
900 with excitation wavelength of 800 nm; Coherent, Inc.,
Santa Clara, CA) was used, and the laser beam was raster
scanned along the sample using a pair of galvanometric
scanning mirrors (6215HB; Cambridge Technology, Inc.,
Lexington, MA) to produce 2D images. TPIP from the GNPs
was detected by two photomultiplier tubes (PMT) (H7422P-
40, H7422P-50; Hammamtsu Corporation, Bridgewater,
NdJ) through a dichroic beam splitter (FF735-Di01; Sem-
rock, Inc., Rochester, NY). To separate the dye’s fluores-
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cence from the GNP’s luminescence, band-pass filters
(BPF) with center wavelength of 510 and 700 nm (HQ510-
2p with bandwidth of 80 nm and HQ700-2p with bandwidth
of 75nm; Chroma Technology Corporation, Rockingham,
VT) were placed in the path of separate PMTs. As it is
possible to damage GNP at high incident powers, we
appliedincident laser powers of 0.8 mW, which is well below
the GNS damage threshold (1.5mW) reported in our
previous work [24] and that reported by others [23].

Staining Protocol

For better understanding of tumor-GNP targeting, it was
essential to demonstrate surrounding cellular structures as
well as GNP distribution; therefore, we stained cytoplasm,
nuclei, and blood vessels using H&E, YOYO-1 iodide, and
fluorescein-conjugated antibody, respectively. For cytoplasm
staining, we used standard H&E staining method which
has been described elsewhere [27]. Paraffin blocks of 10%
buffered formalin-fixed tissues were cut into 8 pm thick slices.
Following deparaffination and rehydration with xylene and
ethanol, the sections were stained with H&E. For nuclei
staining, we used YOYO-1 iodide (Y3601; Invitrogen, Inc.,
Carlsbad, CA) following the method of Tekola et al. [28].
To visualize microvessels in tumor slices, we performed
immunofluorescence staining on the 8 um thick frozen tissue
slices. The slices were fixed in ice-cold acetone for 5 minutes
and then blocked with protein blocking solution (559148;
BD Pharmingen, San Diego, CA) for 30 minutes at room
temperature. For binding a primary antibody, sections were
incubated overnight at 4°C with rat monoclonal anti-CD31
antibody (1:200 diluted in antibody diluent) (553370; BD
Pharmingen, San Diego, CA) and washed with 0.1%
Tween-20 in PBS (10 minutes three times). Then, slides were
incubated with fluorescein-conjugated AffiniPure goat anti-
rat IgG (1:100 diluted in antibody diluent) (76748; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) for
1 hour at room temperature and washed with 0.1% Tween-20
in PBS (10 minutes three times). After washing, the sections
were covered with a coverslip following addition of an anti-
fade fluorescence mounting medium.

RESULTS
Multiplexed Imaging

For multiplexed imaging, cytoplasm, nuclei, and blood
vessels were stained with eosin, YOYO-1 iodide, and
fluorescein-conjugated antibody. As those dyes’ fluores-
cence emission peaks were around 500-550nm, these
fluorescence signals and GNS luminescence were sepa-
rated by two BPFs with center wavelength of 510 nm/
bandwidth of 80nm and 700nm/bandwidth of 75nm.
Figure 1 shows emission spectra of YOYO-1 iodide,
fluorescein-labeled dextran conjugate, eosin Y, GNS TPIP
emission spectrum, and the BPFs’ transmittance. In order
to demonstrate both images collected through the filters
simultaneously, the dyes’ fluorescence image and GNSs’
luminescence image were assigned to different channels
and then co-registered. According to TPIP emission
spectrum of GNRs measured by Wang et al. [29], we
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Fig. 1. Emission spectra of the dyes used in this study and GNS
luminescence emission (=: YOYO-1 idiode, ==: fluorescein-
dextran, —: eosin Y, —: GNS luminescence, —: 510 and
700 nm band pass filter’s transmittance). Because these dyes’
fluorescence emission peaks were around 500—550 nm, these
fluorescence signals and GN'S luminescence were separated by
two BPFs with center wavelength of 510 and 700 nm.

separated GNR luminescence in the same way. Note that
the GNP luminescence is present in both channels while
the dye luminescence is present in only the 510 nm channel.
Figure 2aillustrates TPIP image of blood vessels measured
through a 510-nm BPF, and Figure 2b shows GNS’s TPIP
image collected through 700 nm BPF. These two images
were assigned to different channels (i.e., blood vessels tored
channel and GNS to green channel) and co-registered to
demonstrate both on the same image shown in Figure 2c. As
GNS luminescence signals were detected from a 510 nm
BPF (red channel) as well as a 700 nm BPF (green channel),
GNS luminescence appeared yellow (green+red) in
Figure 2c. In the images throughout the remainder of this
manuscript blood vessels appear red, GNSs and GNRs
appear yellow, and cytoplasm or nuclei appear green.

Luminescence Images of H&E-Stained Tumor Slices

To demonstrate GNP distribution in thin tumor slices, we
used H&E stained tumor slices which is commonly used for
histopathological test. Figure 3 illustrates light microscopy
images and TPIP images of H&E stained tumor slices
derived from control tumor and GNS- and GNR-injected
mice. Figure 3a,c,e shows cytoplasm stained with eosin as
pink and nuclei stained with hematoxylin as dark blue
within tumors. While light microscopy images did not
show any GNPs in tissue slices, TPIP images in Figure 3
clearly visualized cytoplasm (green) and GNPs (yellow). In
addition, we found that TPIP of GNS- and GNR-injected
mice was visible in all mice of Groups 2 and 3, whereas
Group 1 did not yield luminescence signals. This result
demonstrates that TPIP imaging can image GNPs in tissue
slices processed for standard H&E staining.

Luminescence Images of YOYO 1-Iodide- and

IHC-Stained Tumor Slices

Luminescence images of control tumor. To demon-
strate nuclei or blood vessels as well as GNP, we stained the
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Fig. 2. Co-registered TPIP images. a: TPIP image of blood vessels measured through a 510-nm
BPF. b: TPIP image of GNSs measured via a 700 nm BPF. ¢: Co-registered image of a and
b. Images measured through 510 and 700nm BPFs were assigned to different channels
(i.e., blood vessels to red channel and GNS to green channel) and co-registered to demonstrate
both on the same image.

Group 1
(Control)

Group 2
{GNS injection)

Group 3 (-
(GNR injection)}

Fig. 3. Light microscopy and TPIP images of tumor slices stained with hematoxylin and eosin.
a,c,e: White light microscopy images of control tumor and GNS- and GNR-injected mice. (Pink:
cytoplasm stained with eosin; dark blue: nuclei stained with hematoxylin.) b,d,f: TPIP images
of Groups 1, 2, and 3, respectively. (Green: cytoplasm stained with eosin; yellow: GNSs and
GNRs). While light microscopy images did not show any GNPs in tissue slices, TPIP images
clearly visualized cytoplasm (green) and GNPs (yellow).
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Fig. 4. TPIP images of control tumor slices with nuclei staining (a) and blood vessel staining
(b). (Green: nuclei; red: blood vessels.) GNP TPIP was not present in any of the seven mice in
Group 1, which served as control and received trehalose only.

tissue with YOYO-1 iodide or fluorescein-conjugated anti-
body. Figure 4a shows multiphoton microscopy images of
YOYO-1 iodide stained slices derived from the control
group (Group 1). GNP TPIP was not present in any of the
seven mice in Group 1 which served as control and received
trehalose only. Fluorescence from the fluorescein stained
blood vessels was clearly shown in Figure 4b, whereas GNP
TPIP signals from the control tumor were not detected.
Luminescence images of GNS-injected mice. For
further investigation of GNP-tumor targeting, we con-
structed high-resolution images with an extended
FOV using a motorized x—y scanning microscope stage
and image mosaicing technique using MATLAB. Figure 5
shows TPIP images derived from Group 2. We collected 80—
100 images with FOV of 900 umx900 um using a 10x
objective lens and combined them into one image to
construct cross-sectional images of the whole tumor.
Figure 5a,b shows GNSs as yellow and nuclei as green,
and Figure 5¢ demonstrates the mosaic image providing
clear visualization of peripheral accumulation of GNSs at
the tumor site demarcated by nuclei staining. In Figure 5b,
we also observed that some GNSs appeared located close to
the nuclei, which might indicate GNS’s internalization at
24 hours postinjection. For quantifying the concentration of
GNSs at tumor cortex and tumor core, we added the areas of
yellow dots where GNSs were detected at the tumor cortex
(edge to 120 um inside) or tumor core (whole tumor area

except cortex) in Figure 5¢ and normalized those areas with
tumor cortex or core region. In this way, we found that there
were approximately six times more GNSs at the tumor
cortex than core. This peripheral accumulation feature was
found in six mice in Group 2. Because the remaining four
mice had a very small number of GNSs, it was challenging
to characterize GNS distribution features in those mice.

Perivascular accumulation of GNSs was demonstrated
by IHC. Figure 6 shows TPIP images of GN'S-injected mice.
From the images, we found that GNSs accumulated at
perivascular regions and short distance away from the
vessels within the tumor.

Luminescence images of GNR-injected mice. To
understand how nanoparticle’s morphology affects their
intra-tumoral distribution, we imaged GNR distribution
with Group 3 mice in the same way used for Group 2.
Figure 7a represents tumor edge to approximately 0.4 mm
inside the edge where GNRs had the same accumulation
pattern as GNSs. However, some GNRs were also found
even in the regions of 0.1-0.8 mm inside the edge as
illustrated in Figure 7b, while GNSs were limited in their
accumulation to within 400 um penetration inside the
tumor. Four mice from Group 3 had further penetration
of GNRs up to approximately 1.5 mm from the edge in the
8—10 mm diameter tumor, and we demonstrate this with
CD31-immunofluorescence staining in Figure 8b. These
results indicate that GNSs have a 400-um thick annular
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Fig. 5. TPIP images of GNS-injected mice with nuclei staining (YOYO-1 iodide staining).
a,b: TPIP images with FOV of 900 um x900 pm and 46 um x46 um, respectively. ¢: Combined
image with FOV of 9mmx7.5mm. (Green: nuclei; yellow: GNSs.) Images provide clear
visualization of peripheral accumulation of GNSs at the tumor site.

accumulation, whereas GNRshave a 1.5-mm thick annular Luminescence Images of H&E-Stained Liver and
pattern at the tumor cortex. Spleen Slices

Like GNS’s perivascular accumulation shown in Figure 6,
GNRs were also observed in the perivascular region. Figure We observed the effect of GNP morphology on the
8a,b demonstrates TPIP images of blood vessels and GNRs  microdistribution at the other primary organs where GNPs
measured at the tumor edge to 0.78 and 1.56 mm inside, accumulate (i.e.,liver and spleen). Weimaged H&E stained
respectively. liver and spleen slices explanted from Groups 2 and 3.

Fig. 6. TPIP images of GNS-injected mice with blood vessel staining (CD31-immuno-
fluorescence staining). a,b: TPIP images with FOV of 280 umx280 um. ¢: Combined image
with FOV of 380 umx380 pm. (Red: blood vessels; yellow: GNSs.) GNSs accumulated at
perivascular regions and short distance away from the vessels within the tumor.
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edge

Fig. 7. TPIP images of GNR-injected mice with nuclei staining
(YOYO-1 iodide). a: TPIP image with FOV of 1 mmx510 pm.
b: TPIP image with FOV of 720 um x490 pm measured at the
distance of approximately 100 um inside the tumor edge.
(Green: nuclei; yellow: GNRs.) GNRs have thicker annular
accumulation at the tumor cortex than GNSs.

edge « 0.78 mm

edge -+ 1.56 mm

200 um

Fig. 8. TPIP images of GNR-injected mice with blood vessel
staining (CD31-immunofluorescence staining). a: TPIP image
with FOV of 790 pm x 520 pm. b: TPIP image with FOV of
1.56 mm x 530 um. (Red: blood vessels; yellow: GNRs.) Like
GNS’s perivascular accumulation, GNRs were also observed in
the perivascular region.
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Livers and spleens were extracted with tumors at 24 hours
following GNP injection and stained in the same way used
for tumor’s H&E staining. Figure 9a,c,e,g shows standard
light microscopy images, and Figure 9b,d,f,h demonstrates
TPIP images of H&E stained liver and spleen, respectively.
While TPIP images show GNPs clearly with high contrast,
light microscopy images could not distinguish GNPs in
the slices. Unlike intra-tumoral biodistribution of GNPs,
any significant difference of GNP accumulation between
organ’s edge and core was not found, and all GNPs were
shown to be aggregated.

DISCUSSION

The recent finding that GNPs exhibit bright lumine-
scence allows direct imaging of these particles within
tissue. It has been demonstrated that strong NIR excited
TPIP from a single GNR was 58 times brighter than a single
rhodamine 6G molecule [30]. Our previous study showed
that GNSs produced 140 times brighter signal than
fluorescent beads, 100nm diameter polystyrene beads
covered with fluorescein molecules, with the same incident
power [24]. This strong TPIP has been used to image
molecularly targeted GNRs for cancer cells in vitro [31] and
to image GNRs flowing in a mouse ear blood vessel in vivo
[30,32]. It has also been used to demonstrate GNS’s
microscopic distribution in bulk tissue ex vivo [24] and
to image anti-HER2-conjugated GNSs in vitro [33]. In
addition, the two-photon imaging is a powerful technique
for the early diagnosis of epithelial cancers because it
permits non-invasive imaging of subcellular features a
few hundred micrometers deep into tissue [34—36]. Given
these merits, TPIP imaging can be conceivable as a good
candidate for investigation of GNP distribution.

We demonstrate in this study the feasibility of using
intrinsic TPIP imaging to investigate GNP’s biodistribu-
tion in bulk tissue processed for standard H&E staining,
YOYO 1-iodide staining, and IHC techniques. For complete
evaluation of GNP accumulation clinically after GNP
administration to humans, it is essential to perform a
histopathological test, the gold standard for cancer dia-
gnosis, and staging providing precise geographic mapping
of cellular- and tissue-level architecture. Therefore, in this
study we examined the feasibility of using intrinsic TPIP
imaging to demonstrate nanoparticle’s distribution in thin
tissue slices. Tissue-level tumor and stromal cellular
architecture as well as biodistribution of GNPs were well
demonstrated in a multiplexed fashion using intrinsic TPIP
while light microscopy images of these stained slices were
not able to readily visualize GNPs. In addition, we showed
how GNP’s morphology affects their biodistribution within
organs. We did not notice any effects of photodamage
visually in any of the tissue slides used in this study. We
also did not observe signs of acute toxicity within the organ
imaged, which is consistent with previous studies reporting
the uptake and clearance of GNPs [25,26].

We found that GNSs and GNRs had a heterogeneous
distribution with higher accumulation at the tumor cortex.
However, GNRs have thicker annular accumulation at the
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Group 2 (GNS injection)
Light Microscopy Image TPIP Image
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Group 3 (GNR injection)
TPIP Image

Fig. 9. Light microscopy and TPIP images of liver and spleen slices stained with hematoxylin
and eosin. a,e: Light microscopy images of liver and spleen of GNS-injected mice. ¢,g: Light
microscopy images of GNR-injected mice. (Pink: cytoplasm stained with eosin; dark blue:
nuclei stained with hematoxylin.) b,f: TPIP images of liver and spleen of GNS-injected mice.
d,h: TPIP images of liver and spleen of GNR-injected mice. (Green: cytoplasm stained with
eosin; yellow: GNSs and GNRs.) While TPIP images show GNPs clearly with high contrast,
light microscopy images could not distinguish GNPs in the slices.

tumor cortex than GNSs. We also found that GNSs and
GNRs were observed in unique patterns close to vascula-
ture. We believe that these two-dimensional TPIP images of
the thin tissue slices adequately represent the GNP’s
distribution patterns within the bulk tumor due to
randomly selected orientation of the thin tissue slices and
the consistency of the GNP’s distribution patterns of all
tumor samples (7—10 mice/group) within a group. The
peripheral and perivascular accumulation features of
GNPs were coincident with our previous findings using
bulk tumors [24]. Li et al. [37] also observed the
similar distribution patterns of GNSs using photoacoustic
microscopy imaging. They demonstrated extravasation
and accumulation of GNSs within the tumor site and
reported their heterogeneous and peripheral accumula-
tion. Diagaradjane et al. [38] showed GNS accumulation
near the perivascular region using scanning electron
microscopy images. Whereas the EPR effect accounts for
the bulk of the accumulation of GNPs within tumors, we
were able to discern subtle differences in global and
regional accumulation of GNPs that may be attributable
to their size and shape. Since xenografted human tumors
derive their blood supply from the mouse vasculature,
larger vessels envelop the tumor periphery and smaller
branches invade deeper into the tumor. GNPs penetrate
tumors either via extravasation through fenestrations of
vessels or by traveling through smaller terminal branches.
The smaller GNRs extravasated further from the vascula-
ture lumen into tumor parenchyma, possibly a reflection of
the effect of size on tumor penetration. They were also
entrapped more efficiently once they penetrated deeper
into tumors through smaller vascular branches, possibly
a reflection of greater entrapment due to non-uniform

shape. Some turbulence at low velocities within small
vessels or spaces might also lead to a greater chance of being
confined.

It was also noticeable that some tumors (4 out of 10 mice
for Group 2 and 3 out of 10 mice for Group 3) did not
have significant numbers of nanoparticles to image. We
attribute this to variability of the reticuloendothelial
system (RES) activity and tumor aggressiveness. We have
observed that some mice had more hair than others, which
might reflect varying degrees of immunocompetence. It
could suggest that some tumors may be more aggressive
than others, which causes various levels of angiogenesis in
each mouse. Since GNPs have been known to target tumor
via EPR effect [10], different levels of angiogenesis might
affect the numbers of particles accumulated at the tumor
site. In addition, this variability of immunocompetence
could induce varying degree of GNP’s clearance by RES.
Particle clearance is related to the process of particle
recognition and uptake. Opsonin, known as any substances
(i.e., complement or antibodies) in blood serum facilitating
phagocytosis, plays a pivotal role in the particle recognition
process, and RES is responsible for particle uptake.
Opsonin makes foreign particles (i.e., pathogen, quantum
dot, carbon nanotube, GNPs, etc.) more recognizable to
the RES by binding to the foreign particles in order to
eliminate them from the circulation [39,40]. Therefore, we
hypothesize that variability of immunocompetence could
affect the amount of opsonins and activity of RES resulting
in different levels of GNP uptake into the organs (i.e., liver
and spleen) of RES and accumulation at the tumor site.

Unlike intra-tumoral biodistribution of GNPs, we did
not find any significant difference of GNP accumulation
between the liver and spleen cortex and their core, and all
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GNPs in these organs appeared aggregated. It might be
explained that GNPs are captured by Kupffer cells in the
liver and macrophages in the spleen [32]. Kupffer cells of
the liver and macrophages of the spleen are the primary
components of the RES which are responsible for particle
clearance. In addition, it has been known that Kupffer cells
mostly contribute to hepatic uptake of particulates [41,42].
Therefore, we can expect to see entrapped GNSs and GNRs
by Kupffer cells and macrophages in the TPIP images of the
liver and spleen.

From this study, we found that direct luminescence-
based imaging of GNPs can hold a valuable and promising
position in understanding their accumulation kinetics and
distribution of GNPs at the intra-organ level. We anticipate
that the techniques demonstrated in the current study
could extend the longitudinal in vitro studies [43,44] to an
in vivo setting whereby one could understand the targeting
kinetics (i.e., cell internalization, particle transport, and
cell-specific targeting) in a more realistic solid tumor
environment. In turn, this information will be valuable to
develop models for generating thermal dosimetry of GNPs
in therapeutic settings. In addition, these techniques will
be increasingly important as the use of these particles
progresses to human clinical trials where standard histo-
pathology techniques are used to analyze their effects.
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