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Abstract

Background: X-ray fluorescence (XRF) imaging for metal nanoparticles
(MNPs) is a promising molecular imaging modality that can determine dynamic
biodistributions of MNPs. However, it has the limitation that it only provides
functional information.

Purpose: In this study, we aim to show the feasibility of acquiring functional and
anatomic information on the same platform by demonstrating a dual imaging
modality of pinhole XRF and computed tomography (CT) for gold nanoparticle
(GNP)-injected living mice.

Methods: By installing a transmission CT detector in an existing pinhole XRF
imaging system using a two-dimensional (2D) cadmium zinc telluride (CZT)
gamma camera, XRF and CT images were acquired on the same platform. Due
to the optimal X-ray spectra for XRF and CT image acquisition being different,
XRF and CT imaging were performed by 140 and 50 kV X-rays, respectively.
An amount of 40 mg GNPs (1.9 nm in diameter) suspended in 0.20 ml of
phosphate-buffered saline were injected into the three BALB/c mice via a tall
vein. Then, the kidney and tumor slices of mice were scanned at specific time
points within 60 min to acquire time-lapse in vivo biodistributions of GNPs. XRF
images were directly acquired without image reconstruction using a pinhole col-
limator and a 2D CZT gamma camera. Subsequently, CT images were acquired
by performing CT scans. In order to confirm the validity of the functional informa-
tion provided by the XRF image, the CT image was fused with the XRF image.
After the XRF and CT scan, the mice were euthanized, and major organs (kid-
neys, tumor, liver, and spleen) were extracted. The ex vivo GNP concentrations
of the extracted organs were measured by inductively coupled plasma mass
spectrometry (ICP-MS) and L-shell XRF detection system using a silicon drift
detector, then compared with the in vivo GNP concentrations measured by the
pinhole XRF imaging system.

Results: Time-lapse XRF images were directly acquired without rotation and
translation of imaging objects within an acquisition time of 2 min per slice. Due
to the short image acquisition time, the time-lapse in vivo biodistribution of GNPs
was acquired in the organs of the mice. CT images were fused with the XRF
images and successfully confirmed the validity of the XRF images. The differ-
ence in ex vivo GNP concentrations measured by the L-shell XRF detection
system and ICP-MS was 0.0005-0.02% by the weight of gold (wt%). Notably,
the in vivo and ex vivo GNP concentrations in the kidneys of three mice were
comparable with a difference of 0.01-0.08 wt%.

Conclusions: A dual imaging modality of pinhole XRF and CT imaging
system and L-shell XRF detection system were successfully developed. The
developed systems are a promising modality for in vivo imaging and ex vivo
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quantification for preclinical studies using MNPs. In addition, we discussed
further improvements for the routine preclinical applications of the systems.
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1 | INTRODUCTION

Metal nanoparticles (MNPs) have been emerging
nanomedicine materials for drug delivery and as
radiosensitizers, owing to their unique properties.’
Among various candidate MNPs of high atomic number
(2) (e.g., gadolinium, platinum, silver, hafnium, and gold),
gold nanoparticles (GNPs) are particularly promising.2—
As an inert metal, GNPs have better biocompatibility and
less toxicity than other MNPs. Moreover, GNPs can be
synthesized in various sizes and shapes depending on
the characteristics of the target tumor, and surface mod-
ification can be applied to improve their tumor targeting
ability>

Prior to preclinical and clinical applications of GNPs,
determining the ex vivo and in vivo biodistribution
of GNPs is crucial. Inductively coupled plasma—
mass spectrometry (ICP-MS) and inductively coupled
plasma—atomic emission spectroscopy have been used
for ex vivo quantification of GNP concentrations.”-8
These methods have the advantage of a very low
detection limit (i.e., in ppt—ppb) and a high degree of
reliability, but a complex sample preparation process is
essential (e.g., lyophilized, dissolved, and diluted). Opti-
cal fluorescence imaging and photoacoustic imaging
have been used to determine the in vivo biodistribution
of GNPs.2'9 However, optical-based molecular imaging
modalities have the disadvantage of the limited pene-
tration depth to a few mm depending on an imaging
signal.!’

X-ray fluorescence (XRF) imaging and X-ray fluo-
rescence computed tomography (XFCT) using GNP
as a contrast agent are promising molecular imaging
modalities that are based on XRF photons.”-2-16 XRF
photon-based imaging modalities with a benchtop sys-
tem and a polychromatic X-ray source have been widely
investigated in preclinical studies because of the ease
of implementation in the laboratory scale. These molec-
ular imaging modalities are superior to optical-based
molecular imaging modalities in terms of penetration
depth because they use high-energy XRF photons (e.g.,
gold K4 and K,, at 68.8 and 67.0 keV, respectively) as
an imaging signal. However, the aforementioned molec-
ular imaging modalities have the common drawback
of providing only functional information. This drawback
can be solved by combining with an imaging modal-
ity, such as computed tomography (CT), which provides
anatomic information."”

In 2020, a benchtop XFCT study with a linear array
cadmium zinc telluride (CZT) detector and a single pin-
hole collimator was reported for in vivo imaging of
NaGdF, NPs.'® Fused images of XFCT and CT con-
firmed the feasibility of NaGdF, as a contrast agent for
the liver and lungs of mice. However, the validity of the
fused images might be questioned because the XFCT
and CT images were acquired from different experimen-
tal setups. More recently, a benchtop XFCT system was
developed for in vivo longitudinal imaging of molybde-
num oxide (MoO5) NPs in mice.'® XFCT and CT images
were simultaneously acquired using a custom three-
element silicon drift detector (SDD) and a transmission
detector. A short image acquisition time of 1.5 min per
slice and a spatial resolution of a few-100 um were
demonstrated. However, the low-energy XRF photon of
MoO, NPs (K, at 17.4 keV) might not be suitable for
thick imaging objects. In 2021, multiplexed in situ XFCT
imaging of MoO,, rhodium, and ruthenium NPs was
performed using this benchtop XFCT system 2°

In this paper, by installing a flat panel detector (FPD)
on an existing pinhole XRF imaging system, we inves-
tigated the feasibility of a dual imaging modality for
dynamic in vivo XRF images and CT images. The
optimal energy spectra of XRF and CT imaging were
different; as a result, the XRF and CT images were
sequentially acquired on the same platform. In addition,
time-lapse in vivo biodistributions of GNPs in the three
BALB/c mice were acquired to determine the response
of organs to the administration of 1.9 nm GNPs without
surface modification. Moreover, a pre-developed L-shell
XRF detection system was cross-validated with the
other modalities (ICP-MS and pinhole XRF system).
The in vivo and ex vivo GNP concentrations mea-
sured by the pinhole XRF images and the L-shell XRF
detection, respectively, were compared and validated by
ICP-MS.

2 | METHODS AND MATERIALS

2.1 | Pinhole X-ray fluorescence and
computed tomography imaging system

Figure 1a shows the dual modality pinhole XRF and
CT imaging system, which was developed by installing
a transmission CT detector (complementary metal—
oxide-semiconductor FPD (Dexela 1207, PerkinElmer,
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(a) Photograph of the dual modality pinhole X-ray fluorescence (XRF) and computed tomography (CT) imaging system. Imaging

objects (i.e., polymethyl methacrylate [PMMA] phantom and mice) were placed on the horizontal bed. (b) Photograph of the L-shell XRF
detection system. The column was filled with gold nanoparticle (GNP)-containing solutions or extracted organs of mice.

Waltham, MA, USA)) in an existing pinhole XRF imaging
system. The FPD comprised 1536 x 864 transistors and
photodiodes (i.e., pixel). It had a pixel pitch of 74.8 um
and an active area of 114.9 mm x 64.6 mm. Cesium
iodide (Csl) was used as a scintillator. A carbon fiber
window was positioned in front of the Csl scintillator to
shield ambient light and to provide mechanical protec-
tion. The FPD was used to detect transmitted X-rays
through the imaged objects. In order to minimize the
interference with transmitted X-rays, a custom-made
horizontal bed was created to minimize the effect of
the surrounding material. The distance between the
imaged objects and the FPD was made as close as
possible using a rotation and height adjustment stage
to minimize geometric penumbra. The source-to-object
distance and the object-to-detector distance were 60
and 7 cm, respectively. Dark current, gain, and defec-
tive pixel corrections were carried out according to the
manufacturer’s instructions.

The pinhole XRF imaging system comprised a tung-
sten fan beam collimator, a horizontal bed, a lead pinhole
collimator, a tungsten collimator, and a CZT gamma
camera (Integrated Detector Electronics AS, Oslo, Nor-
way). The tungsten fan beam collimator was used for
X-rays that interacted with the GNP-injected objects to
generate K-shell XRF photons and Compton-scattered
photons. These secondary photons were detected by
the CZT gamma camera through the lead pinhole col-
limator. The field of view (FOV) of the CZT gamma
camera was 5.12 cm x 5.12 cm and comprised 32 x 32
pixels with a 1.6 mm pixel pitch. According to the the-
oretical equation for spatial resolution of the pinhole
imaging system?' the spatial resolution of our pin-

hole XRF imaging system was 4.4 mm. In order to
minimize unwanted photons caused by incident X-rays,
the pinhole collimator and the CZT gamma camera
were placed perpendicular to the direction of incident
X-rays, and the tungsten collimator was attached to
the front Al window of the CZT gamma camera. The
detailed specifications and characteristics of the pin-
hole XRF imaging system were described in our early
study.”

A small animal-sized phantom (2.5 cm in diameter,
5 cm in length) that was made of polymethyl methacry-
late (PMMA) was used to obtain a calibration curve
to correlate GNP concentrations with the K-shell XRF
photon counts. In the PMMA phantom center, a col-
umn of 0.64 cm in diameter and 1 cm in height was
inserted and was filled with GNP-containing solutions.
GNPs of 1.9 nm in diameter (AuroVist, Nanoprobes
Inc., Yaphank, NY, USA) were prepared according to
the manufacturer’s instructions and were serially diluted
with deionized water. The concentrations of the GNP-
containing solutions ranged from 0.125-2.0% by the
weight of gold, or wt% (1.25-20 mg/ml). The PMMA
phantom was scanned for 1 min to obtain the K-shell
XRF photon counts for each GNP concentration; this
measurement was repeated 10 times. For detection
limit analysis, the contrast-to-noise ratio (CNR) was
calculated as follows:

CNR = (XRFgro| — Bg)/ogg (1)

where XRFgrg, and B_g were the average photon counts
in the region of interest (ROI) and in the background
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region of the raw XRF image, respectively. The ROl was
defined as 4 x 6 pixels (0.64 cm x 0.96 cm) and was
the region projected by the GNP-filled column. The back-
ground region was defined as that which had the same
dimension as the ROI (i.e., 4 x 6 pixels) and was two pix-
els away from the ROl in the y-direction. og4 value was
the standard deviation of the average photon counts in
the background region.

2.2 | L-shell X-ray fluorescence
detection system

Figure 1b shows the L-shell XRF detection system with
an SDD (X-123SDD, Amptek Inc., Bedford, MA, USA).
X-rays of 40 kV filtered with 2 mm Al were used to
stimulate GNPs. The X-ray tube current was 10 mA.
Two dominant gold L-shell XRF peaks (L, and Lg4
at 9.71 and 11.4 keV, respectively) were used to mea-
sure the L-shell XRF photon counts. The same column
(0.64 cm in diameter, 1 cm in height) used in the pin-
hole XRF imaging system was scanned without a PMMA
phantom. The distance between the detector head and
the column center was 3 cm. The calibration curve
between the GNP concentrations and the L-shell XRF
photon counts was obtained using GNP-containing solu-
tions ranging from 0.0078-1.0 wt% (0.078-10 mg/ml).
The scan time was 5 min for each GNP con-
centration, and measurement was repeated three
times.

2.3 | X-ray sources and radiation dose
Polychromatic X-rays were generated using an X-RAD
320 biological irradiator (Precision X-Ray Inc., North
Branford, CT, USA) with a tungsten target. In order to
generate K-shell XRF photons of GNPs, the incident X-
ray energy must be above the 80.7 keV gold K-edge
energy. Thus, pinhole XRF imaging was performed using
a fan beam of 140 kV X-rays filtered with 1.5 mm Al,
0.25 mm Cu, and 0.75 mm Sn. However, because these
high-energy X-rays do not produce sufficient contrast on
CT, a cone beam of 50 kV X-rays filtered with 0.5 mm Al
was used for the CT scan. The X-ray tube currents were
18 mA for XRF imaging and 10 mA for CT scan. The
half-value layers of XRF and CT X-ray sources were
14.6 mm Al and 0.60 mm Al, respectively. Their mean
energy was 97.6 and 26.2 keV, respectively, in which
SpekCalc software was used to calculate.

The radiation doses to the skin of mice during
XRF imaging and CT scan were measured by ther-
moluminescent dosimeters (TLDs) (Harshaw TLD-100,
Thermo Fisher Scientific Inc., Waltham, MA, USA). TLDs
were divided into two groups, which were calibrated by
filtered 140 and 50 kV X-rays, respectively. The refer-
ence dosimetry was performed by following the AAPM

TG-61 protocol using a PTW 30013 Farmer-type ioniza-
tion chamber (PTW-Freiburg, Freiburg, Germany). The
luminescent signals of the TLDs were read by a Har-
shaw 3500 TLD reader (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

24 | Mice study

Three 6-week-old female BALB/c mice bearing the sub-
cutaneous 4T1 breast tumor were used (IACUC2004-
022, Nov. 09, 2020). Mice were obtained from Ori-
ent Bio (322 Galmachi-ro, Jungwon-gu, Seongnam-
si, Gyeonggi-do, Korea), and care and management
were conducted at Woojung Bio (593-8 Dongtan-ro,
Hwasung-si, Gyeonggi-do, Korea), maintaining a normal
state in a specific pathogen-free area. The tumor was
allowed to grow to about 200 mm? for 14 days from
the time of cancer cells inoculation. Mice experiments
were performed after confirming no abnormal changes
such as weight loss during tumor growth. The mice were
restrained on the horizontal bed and anesthetized with
isoflurane gas via inhalation for 70 min without recov-
ery. The kidney and tumor locations were marked on the
surface of the mice, and those were scanned for 1 min
before the injection of the GNP-containing solution (i.e.,
preinjection scanning). The slice thickness was 2 mm.
Subsequently, 40 mg of GNPs (1.9 nm in diameter) sus-
pended in 0.20 ml of phosphate-buffered saline was
injected through the tail vein. This was the same dose
of 1.9 nm GNPs as in our early study’ to generate a
biodistribution that would allow comparison with the pre-
vious results.'® Then, the kidney and tumor slices were
scanned (i.e., postinjection scanning) for 1 min at spe-
cific time points, as follows: T = 0 (i.e.,immediately after
the injection) and at 10, 20, 40, and 60 min. The time-
lapse XRF images of the kidney and tumor slices were
separately acquired using the direct subtraction method,
which was described in Section 2.5.

After the XRF imaging at T = 60 min, a CT scan
was sequentially performed by adjusting the distance
between the horizontal bed and the FPD and remov-
ing the tungsten fan beam collimator. After the CT
scan, the mice were euthanized via CO, inhalation. The
major organs were extracted and subjected to mea-
surement by an L-shell XRF detection system without
a sample preparation process. Subsequently, in ICP-
MS system (Nexion 350D, PerkinElmer, Waltham, MA,
USA), extracted organs were lyophilized and digested
sequentially with 8 ml of HNO3 and 8 ml of aqua regia
(2 ml of HNO3, 6 ml of HCI). The digestion process
was conducted on a hot plate at 160°C for 3 h. Ex vivo
GNP concentrations were measured as the average of
triplicate measurements. All animal experiments were
performed in accordance with the guidelines approved
by the Institutional Animal Care and Use Committee in
Woojung BIO.
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2.5 | Data acquisition and image
processing

Two gold K, XRF peaks (68.8 and 67.0 keV) were used
to measure the K-shell XRF photon counts. However,
because of the intrinsic limitation on energy resolution
(11.1 keV full width at half maximum at 59.5 keV) of the
CZT gamma camera, peaks were overlapped as a sin-
gle peak between 65.6 and 71.0 keV; this peak was used
to acquire an XRF image. The raw XRF photon counts
of each pixel were obtained using the direct subtrac-
tion method, in which the photon counts of the imaged
objects without GNPs (i.e., Compton-scattered photon
counts) were subtracted from that of the imaged objects
with GNPs (i.e., XRF and Compton-scattered photon
counts) to eliminate Compton background. The cor-
rected XRF photon counts were obtained by multiplying
the attenuation, sensitivity, and pixel-by-pixel nonunifor-
mity correction factors by the raw XRF photon counts;
a detailed explanation about correction factors can be
found in our previous studies.”-'® The corrected values
were converted into the GNP concentrations using a
calibration curve. A two-dimensional (2D) map of the
GNP concentrations with 32 x 32 pixels (i.e., raw XRF
image) was acquired and smoothed as 512 x 512 pixels
by applying bicubic interpolation. The XRF image acqui-
sition process was implemented in MATLAB (R2020a,
MathWorks Inc., Natick, MA, USA).

For the CT scan, the imaged objects were scanned
for 3 s per projection, including exposure time (47 ms),
detector readout, and stage rotation. The rotation stage
rotated an imaged object, with a 2° increment using
the manufacturer-provided software to acquire 180 pro-
jections (i.e., 360° rotation). A ring artifact correction
algorithm was applied to reduce the ring artifact caused
by the nonuniformity of the sensitivity of the FPD
elements?? CT images were reconstructed using a fil-
tered back projection algorithm. Image reconstruction
was implemented using Scikit-Image, which is an open-
source image processing library in Python. The FOV of
CT images was 5.1 cm and consisted of 470 x 470
voxels with a size of 108.5 um. The CT image acqui-
sition took about 10 min. In order to fuse XRF and CT
images, we relied on the dorsal structure of the mouse.
Because the position of the mouse was kept the same
under anesthesia during the XRF and CT imaging, we
postulated that it could be possible to determine the
relative position of the mouse using the dorsal struc-
ture of the mouse, which was well distinguished in both
XRF and CT images. The spatial resolution of the CT
imaging system was estimated using the modulation
transfer function (MTF).2324 The edge spread function
(ESF) was determined from the CT image of a small
animal-sized phantom, and then MTF was obtained by
taking the Fourier transform of the first derivative of ESE.
In addition, CNR was calculated in the same ROI to
evaluate the quality and detectability of the CT image.

MEDICAL PHYSICS =2

The average Hounsfield units were used instead of the
average photon counts of the ROl and background.

3 | RESULTS

3.1 | Calibration curves

Figure 2a,b shows the K-shell and L-shell XRF
spectra measured with different concentrations of
GNP-containing solutions to obtain calibration curves.
Figure 2c shows the calibration curve of the pinhole
XRF imaging system obtained from the PMMA phan-
tom. The black dashed line in the linear regression curve
indicated a good linear relationship (i.e., R2 = 0.9989)
between the GNP concentrations and the corrected K-
shell XRF photon counts. According to the Rose criterion
for CNR (CNR > 5)2" the lowest detectable concentra-
tion of GNPs in the XRF images was about 0.07 wt%
(Figure 2d).

Figure 2e shows the calibration curve of the L-shell
XRF detection system obtained from the column. The L-
shell XRF photons were self-absorbed in the samples
because of their lower energy and higher attenuation
by the GNP-filled column. In particular, L-shell XRF pho-
tons were self-absorbed more at higher concentrations
of GNP-filled column. As a result, an exponential rela-
tionship (i.e., R? = 0.9999) was obtained between the
GNP concentrations and the L-shell XRF photon counts.

3.2 | Pinhole X-ray fluorescence and
computed tomography imaging system

Figure 3 shows the time-lapse XRF images of kidney
slices from mouse 1 (M1), mouse 2 (M2), and mouse 3
(M3). Figure 4 shows the CT image fused with the time-
lapse XRF images of a kidney slice from M3 and the CT
image fused with the time-lapse XRF images of a tumor
slice from M1. The left and right kidneys of the three
mice were clearly identified on the XRF images. The
difference in GNP concentrations of the left and right
kidneys was expected to be due to the mouse-to-mouse
variation of the anatomical location of the kidneys and
biological response (e.g.,kidney clearance of GNPs and
biodistribution of GNPs in the kidneys?°).

On the other hand, XRF images of the tumor slice
were not observed; we speculated that this was because
the amount of GNPs in the tumor was below the detec-
tion limit of the pinhole XRF imaging system. However,
the time-lapse XRF images of the bladder from M1
were acquired and fused with the CT images that
identified the tumor and bladder. The kidneys and blad-
der regions that were seen on both the XRF and CT
images were well matched in the fusion image. CT/XRF
fusion images succeeded in adding anatomic informa-
tion, which the XRF images alone could not provide.
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FIGURE 3 The first row is the time-lapse X-ray fluorescence (XRF) images of the kidneys of M1, the second row is the time-lapse XRF
images of the kidneys of M2, and the third row is the time-lapse XRF images of the kidneys of M3. The white boxes in the first column indicate
the region for average gold nanoparticle (GNP) concentrations quantification.
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FIGURE 4 The first row is the computed tomography (CT) image, time-lapse X-ray fluorescence (XRF) images fused with the CT image of
a kidney slice from M3, and the second row is the CT image, time-lapse XRF images fused with the CT image of a tumor slice from M1. The
white boxes in the second column indicate the region for average gold nanoparticle (GNP) concentrations quantification.
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(a) Computed tomography (CT) image of small animal-sized phantom. The white box indicates the edge region used for

modulation transfer function (MTF) calculation. (b) Corresponding MTF curve at the white box in (a)

TABLE 1 Contrast-to-noise ratios (CNRs) on X-ray fluorescence
(XRF) (T = 0 min) and computed tomography (CT) images for
kidneys of M3 and bladder of M1

CNR
Organ XRF image CT image
Left kidney 32.6 0.83
Right kidney 60.3 1.33
Bladder 39.5 14.8

However, motion artifacts due to gravity were inevitable
because the mouse was rotated while being restrained
on a horizontal bed. Figure 5 shows the CT image of
a small animal-sized phantom and the corresponding
MTF curve. The MTF curve demonstrates a spatial res-
olution of 6.2 line pairs per centimeter (LP/cm) at 50%
MTF. Table 1 summarizes CNRs on the XRF and CT
images. The kidneys and bladder were detectable in
XRF images (i.e., CNR > 5). However, only the bladder

was detectable in CT images in this criteria. This result
highlights the importance of XRF images to accurately
determine the in vivo biodistribution of GNPs. The radia-
tion doses measured with TLDs during the XRF imaging
were 59.1 mGy per slice (i.e., the sum of the pre- and the
postinjection scanning) and 354 mGy per mouse (i.e.,
total radiation dose for XRF imaging). The radiation dose
of the CT scan was 321.7 mGy.

The GNP clearance curves in the kidneys and the
GNP accumulation curve in the bladder are shown in
Figure 6a,b, respectively. In order to quantify the aver-
age GNP concentrations in the raw XRF images, 4 x 4
pixels in the kidneys and bladder region were used. The
error bars indicated a 95% confidence interval of 4 x 4
mean pixel values. The GNP concentrations in the kid-
neys of three mice were maximum at 7= 0 min and were
rapidly excreted. On the other hand, the GNPs excreted
from the kidneys accumulated in the bladder. The mini-
mum and maximum GNP concentrations in the bladder
of M1 were at T = 0 and 20 min, respectively. Thereafter,
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(a) Gold nanoparticle (GNP) clearance curves in the kidneys of M1, M2, and M3. At T = 0 min, the GNP concentrations of the

kidneys differ among the mice but show a similar excretion rate over 10-60 min. (b) GNP accumulation curve in the bladder of M1. Because the
GNPs excreted from the kidneys accumulate in the bladder, they show an opposite tendency to the GNPs clearance curve in the kidneys.
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FIGURE 7 Ex vivo gold nanoparticle (GNP) concentrations of the extracted organs from (a) M1, (b) M2, and (c) M3 are measured by the

L-shell X-ray fluorescence (XRF) detection system (silicon drift detector [SDD]) and inductively coupled plasma mass spectrometry (ICP-MS).

Error bars indicate a 95% confidence interval of the mean

the GNPs were gradually diluted by the metabolism of
mice.

3.3 | L-shell X-ray fluorescence
detection system

The ex vivo GNP concentrations of the extracted organs
from the three mice were measured and compared
by the L-shell XRF detection system and ICP-MS
(Figure 7). The difference in the measured ex vivo GNP
concentrations between the L-shell XRF detection sys-
tem and ICP-MS was 0.0005-0.02 wt%. The lowest
detectable GNP concentration using the L-shell XRF
detection system was about 0.02 wt%. The GNP con-
centration of the tumor was up to 0.026 + 0.007 wt%,
which was lower than the detection limit of the pinhole
XRF imaging system; thus, XRF images of the tumor
slice could not be acquired. The in vivo and ex vivo
GNP concentrations in the kidneys measured by the pin-
hole XRF imaging system (M1: 0.17 + 0.03 wt%, M2:
0.12 + 0.02 wt%, M3: 0.08 + 0.01 wt%) and the L-
shell XRF detection system (M1: 0.086 + 0.003 wt%,
M2: 0.115 + 0.004 wt%, M3: 0.0889 + 0.0006 wt%)

were comparable. Furthermore, those were successfully
validated by ICP-MS (M1: 0.0990 + 0.0006 wt%, M2:
0.1281 + 0.0008 wt%, M3: 0.0676 + 0.0009 wt%).

4 | DISCUSSION

A dual modality of pinhole XRF and CT imaging sys-
tem was developed by adding a transmission detector
to the existing pinhole XRF imaging system. The pinhole
XRF imaging system, which can directly acquire 2D XRF
images without image reconstruction due to pinhole col-
limator and a 2D CZT gamma camera, could acquire
time-lapse XRF images from the kidneys and bladder of
living mice. In addition, it is important to note that unlike
the other dual imaging modalities of XRF and CT using
single-crystal or linear array detectors 21820 a 2D array
detector used in this study can address the key technical
limitations of single-crystal or linear array detectors. The
use of a 2D array detector has been proved to reduce
the excessive image acquisition time and radiation dose
during XRF imaging. Until now, XRF studies using 2D
array detectors have rarely been reported.”3"-3¢ How-
ever, with the energy and spatial resolutions of 2D array
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detectors improved, those will be widely used in XRF
imaging. Hence, a dual imaging modality of pinhole XRF
and CT demonstrated will provide useful information for
the implementation of dual imaging modality XRF and
CT systems using 2D array detectors.

The 1.9 nm in diameter GNPs were accumulated
in the kidneys immediately after injection and were
rapidly excreted into the urine over time. In this study,
time-lapse XRF images of both kidneys from three
mice were successfully acquired and quantified, unlike
in our early study, in which only XRF images of
the right kidney were available to quantify GNP con-
centrations. Therefore, in the present study, the GNP
clearance data (i.e., excretion rate) for both kidneys
were much more comparable with the results of pre-
vious studies?>25 Furthermore, compared to our early
study,” the radiation dose delivered to the mice for XRF
image acquisition was reduced by about half (107 to
59.1 mGy), and the detection limit was improved (~0.125
to ~0.07 wt%). This was because the change of the hor-
izontal bed geometry reduced Compton-backscattered
photons that caused noise in the XRF images and
unnecessary radiation dose.

CT images of mice were acquired using FPD and
were fused with the XRF images. The CT image res-
olution (i.e., 6.2 LP/cm at 50% MTF) was comparable
to that reported by the benchtop XFCT and CT sys-
tem using the same FPDZ* With additional anatomic
images, the CT/XRF fusion images confirmed the valid-
ity of the functional information provided by the XRF
image. In a typical small animal in vivo micro-CT, the
imaged object is stationary and a rotating gantry geom-
etry, in which the X-ray tube and detector rotate, is the
most common?’ However, the X-ray tube and detec-
tor of the current system were stationary, whereas the
mouse was rotated horizontally. Therefore, in the current
CT acquisition setup, the mouse was kept upside-down
during part of the CT scan, and as a result, motion arti-
facts due to gravity appeared on CT images. However,
we postulated that the horizontal rotation of the mouse
and motion artifacts were acceptable in terms of ani-
mal well-being and practical application. This is because
there were no other devices suffering the mouse, and
motion artifacts appeared mostly on the surface of the
mouse. Nevertheless, it is still necessary to develop a
horizontal bed to minimize motion artifacts by reducing
the movement of soft tissues.

The radiation dose (321.7 mGy) delivered to the mice
for CT image acquisition was comparable with that
suggested by micro-CT studies?®2° Nevertheless, we
should reduce radiation dose by optimizing tube volt-
age, tube current, filter material,and scanning procedure.
Increasing the tube voltage can accomplish better pho-
ton counting statistics, less noise, and less radiation
dose with a shorter scan time. Considering the expo-
sure time (47 ms) of the FPD, the radiation dose can be
reduced by decreasing the scan time per projection (3 s)

MEDICAL PHYSICS =

for CT image acquisition. Furthermore, the use of MNPs
with relatively low K-edge energies, such as europium
(i.e.,48.5 keV) and gadolinium (i.e.,50.2 keV), can simul-
taneously acquire XRF and CT images using a single
X-ray spectrum. Thus, the radiation dose for acquiring
CT/XRF fusion images can be further reduced.

GNPs having 1.9 nm-diameter and no surface modifi-
cation were injected into tumor-bearing mice. Therefore,
GNPs can be leaked and accumulated into the tumor
interstitium through the tumor vasculature by relying
mainly on the enhanced permeability and retention
effect (i.e., passive targeting).>° However, many studies
have shown that therapeutic particles that were smaller
than 10 nm extravasated to normal tissues>'~33 In addi-
tion, most of the GNPs for the in vivo studies went
through nonspecific opsonization adsorbed opsonin to
the GNPs and were removed by the reticuloendothe-
lial system for the immune response.®* As expected, the
GNP concentration of the tumor was much lower than
that of the liver or spleen. It may be inappropriate to
expect tumor accumulation of 1.9 nm GNPs by only rely-
ing on a passive targeting strategy without any surface
modifications. In order to improve tumor targeting ability,
various ligands, such as antibodies for active targeting®®
and polyethylene glycol for passive targeting,® can be
modified on the surface of GNPs to enhance tumor
accumulation.

The GNP concentrations in the kidneys measured by
the pinhole XRF imaging system were comparable to
those by the L-shell XRF detection system and ICP-
MS, with a difference of 0.01-0.08 wt%. In our early
study,” an excision of the extracted kidneys for ex vivo
measurements was a major cause of the discrepan-
cies between in vivo and ex vivo GNP concentrations
(0.19-0.23 wt%). On the other hand, in the present study,
the kidneys were not excised and were measured by
the L-shell XRF detection system and ICP-MS. The L-
shell XRF detection system was successfully validated
and confirmed by ICP-MS and the pinhole XRF imaging
system. It will be a promising modality for ex vivo quantifi-
cation of GNP concentrations with in situ convenience
and superior detection limit. The ex vivo quantification
limit of GNP concentration using this system was about
10 times lower than in our early study (~0.02 wt% vs.
~0.2 wt%).

Nevertheless, some technical challenges in the L-
shell XRF detection system need further improvement.
First, a collimator is required to reduce unwanted pho-
tons that can cause noise in the L-shell XRF photon
counts and interfere with the precise measurement
of GNP concentrations. Second, one should correct
the self-absorption of L-shell XRF photon counts and
obtain a linear relationship between GNP concentra-
tions and the corrected L-shell XRF photon counts. In
this study, the self-absorption of L-shell XRF photons
was not explicitly taken into account because it was
negligible in the GNP concentrations of the extracted
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organs (up to 0.12 wt%). However, in order to ensure
the validity of the L-shell XRF detection system, a self-
absorption correction of L-shell XRF photons needs to
be more quantitatively addressed in the future. Third,
organ samples prepared through a homogenization pro-
cess that renders lyophilized and dissolved forms should
be used to minimize the uncertainty brought about by
the heterogeneous distribution of GNPs in the organs.

The current pinhole XRF imaging system can acquire
XRF images within 2 min, but the detection limit needs to
be improved to at least 0.01 wt%. In order to overcome
the limitations of the direct subtraction method, the 2D
convolutional neural network (CNN) model for Comp-
ton background elimination can be used to acquire
XRF images without preinjection scanning.®” Therefore,
the image acquisition time and radiation dose can be
reduced by half while maintaining the quality of XRF
images. Alternatively, by doubling the postinjection scan-
ning time, more XRF photon counts can be obtained
while maintaining the image acquisition time and radi-
ation dose, and the detection limit can be improved.
In particular, acquiring XRF images without preinjection
scanning means no need to restrain mice under anes-
thesia during XRF imaging. This allows to wake up and
leave free the mice between anesthesia sessions, and
thus, mice can be scanned repeatedly at any time after
an injection of GNP-containing solution. However, the
2D CNN model at the current training stage has diffi-
culty in acquiring reliable in vivo XRF images due to a
lack of training datasets. In addition, there is a need to
seek a new filter material that can improve the quality of
XRF images and the detection limit. The detection limit
can be further improved by replacing a commercial CZT
pixelated detector with a commercial cadmium telluride
(CdTe) pixelated detector, which has a better energy res-
olution and a higher maximum count rate3® However,
due to the small size of the CdTe pixelated detector FOV
(i.e., 2 cm x 2 cm), it is currently might not be suitable
for preclinical studies on small animals.

5 | CONCLUSIONS

A dual imaging modality of pinhole XRF and CT system
with a 2D CZT gamma camera and FPD was success-
fully developed. The XRF and CT images of living mice
were acquired and fused to provide time-lapse func-
tional and anatomic information. In particular, time-lapse
XRF images in the organs provided valuable insight
into the pharmacokinetics of 1.9 nm bare GNPs. The in
vivo and ex vivo biodistributions of GNPs measured by
pinhole XRF images and L-shell XRF detection, respec-
tively, were validated by ICP-MS. The procedure of the
L-shell XRF detection system to measure MNP con-
centrations was easier than that of ICP-MS. Once the
aforementioned technical challenges are addressed, a
dual imaging modality of pinhole XRF and CT sys-

tem together with L-shell XRF detection system can be
routine in vivo imaging and ex vivo quantification for
preclinical studies using MNPs.
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