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Abstract

Purpose: Radiolabeled nanoparticles (NPs) are investigated for preclinical imaging and nano-
brachytherapy, where accurate in vivo localization is essential. Here, we present a benchtop 2D
multi-pinhole X-ray imaging system for characteristic X-ray imaging using an energy-resolving 2

x 2 cadmium zinc telluride detector.

Procedures: Polyethylene glycol (PEG)-coated iodine-125 ('?%1)-labeled gold (Au) core and silver
(Ag) shell NPs (hereafter '25I-NPs) were used. The multi-pinhole X-ray imaging system was
calibrated using '?’I-NPs containing solutions, and the detection limit was estimated. Three CT26
tumor-bearing BALB/c mice received intratumoral injections of 500 uCi '?5I-NPs. In vivo imaging
was performed with 10-min scan times at 0, 3, 6, 24, 96, and 120 h post-injection, followed by

endpoint ex vivo imaging of the excised tumor and major organs.

Results: The multi-pinhole X-ray imaging system showed linearity between activity and
characteristic X-ray photon counts with R? = 0.9992, and the detection limit was 0.05 uCi. In vivo
imaging quantified intratumoral retention kinetics, showing a marked decline within 24 h followed
by a slower phase through 120 h. Endpoint ex vivo imaging supported high tumor selectivity at
120 h, with 26.41 + 2.36% of the injected dose and 172.65 + 15.45% of the injected dose per
gram retained in the tumor. The liver and thyroid uptake remained low at 1.17 + 0.90% of the
injected dose and 0.77 + 0.60% of the injected dose per gram in the liver and 1.92 £ 0.17% of the
injected dose and 94.22 + 8.15% of the injected dose per gram in the thyroid. The difference

between in vivo and ex vivo measurements ranged from 0.03 to 3.51 pCi.

Conclusions: The multi-pinhole X-ray imaging system enables assessment of retention and
biodistribution of '2°I-NPs, providing guidance for preclinical optimization when tumor retention

and normal tissue safety are key design criteria.

Keywords: Radiolabeled nanoparticles, iodine-125, cadmium zinc telluride detector, multi-pinhole

collimator, intratumoral injection



Introduction

Radiolabeled nanoparticles (NPs) have been extensively investigated for preclinical imaging and
radionuclide-based therapy, including applications using gold nanoparticles (Au NPs) owing to
their favorable chemistry and potential for multifunctional platforms [1-3]. In particular, iodine-125
('l)-labeled Au-based NPs have attracted attention in preclinical single-photon emission
computed tomography (SPECT) imaging and in nano-brachytherapy, where accurate
assessment of in vivo localization is essential for both efficacy and normal tissue safety [4—6].
However, systemic administration remains challenging for many NPs because substantial off-
target accumulation in the reticuloendothelial system (RES), especially in the liver and spleen,
can reduce effective tumor delivery and confound quantitative evaluation [7, 8]. In addition,
deiodination and the consequent thyroid uptake can complicate the interpretation of
radioiodinated tracers and may increase undesired exposure to radiosensitive tissue [9, 10].

For radiolabeled NPs, simultaneously achieving high intratumoral accumulation while minimizing
uptake in normal organs is non-trivial, particularly when biodistribution is assessed only at a single
time point [11, 12]. To address these challenges, intratumoral injection offers a direct route to
maximize local delivery and to reduce systemic exposure compared with conventional
intravenous injection, thereby providing a rational strategy for enhancing intratumoral retention
[13—16]. In parallel, polyethylene glycol (PEG) coating is widely used as a surface modification
intended to reduce protein adsorption and subsequent RES sequestration, which may further limit
liver and spleen uptake [17—-20]. Furthermore, a time-resolved understanding of retention and
redistribution is important because early post-injection behavior can differ substantially from
biodistribution at later time points [21].

From a translational standpoint, a practical preclinical workflow should support imaging at multiple
time points to capture short-term pharmacokinetics and retention trends, while also enabling
robust quantification across animals and organs [22]. While micro-SPECT provides sensitive
imaging for radiolabeled NPs, it can be relatively resource-intensive and may not be accessible
in all preclinical laboratories, motivating alternative imaging modalities for rapid screening of their
biodistribution [23-25]. Complementary projection-based strategies (e.g., 2D imaging with a
benchtop system) have therefore been explored for higher-throughput screening of NP kinetics
and biodistribution in mice, particularly when reduced cost and operational simplicity are
prioritized [26—29].

Here, we present a benchtop 2D multi-pinhole X-ray imaging system for detecting characteristic
X-ray emissions associated with 251 decay that leverages an energy-resolving High Energy X-ray

Imaging Technology (HEXITEC) 2 x 2 cadmium zinc telluride (CZT) detector integrated with a



multi-pinhole collimator. To the best of our knowledge, this is the first in vivo demonstration of
characteristic X-ray imaging of 2% using the multi-pinhole X-ray imaging system equipped with a
HEXITEC 2 x 2 CZT detector, and we extend its use to ex vivo evaluation. The objective of this
study was to evaluate the time-dependent in vivo biodistribution of '2°-labeled NPs following
intratumoral injection in CT26 tumor-bearing BALB/c mice, validated by endpoint ex vivo imaging.
This study further examined whether intratumoral injection provides sustained tumor retention

with limited off-target uptake over 120 h.

Materials and Methods

Multi-Pinhole X-ray Imaging System

Figure 1 shows the multi-pinhole X-ray imaging system, which integrates the HEXITEC 2 x 2 CZT
detector and the multi-pinhole collimator. The system consists of a stage for positioning the
imaging object, the multi-pinhole collimator, and the HEXITEC 2 x 2 CZT detector coupled to a
lead-shielded chamber. The HEXITEC detector can detect X-rays over an energy range of 4-200
keV and operates at room temperature [30]. The detector comprises four CZT modules; each
module contains a 2-mm-thick CZT crystal with a planar platinum cathode and a pixelated
platinum anode. The anode has an 80 x 80 pixel array with a 250 pm pixel pitch. The four modules
are tiled in a 2 x 2 arrangement to form a 4 cm x 4 cm active area. The multi-pinhole collimator
comprises four tungsten pinholes with inner and outer diameters of 2 and 4.88 mm, respectively;
the remaining structure was made of lead with an overall thickness of 9 mm. The pinhole pitch
was 1 cm. The detailed specifications and characteristics of the multi-pinhole X-ray imaging
system have been described previously [31].

125]-labeled metal nanoparticles were prepared at the Korea Atomic Energy Research Institute.
They were polyethylene glycol (PEG)-coated iodine-125 ('?51)-labeled gold (Au) core and silver
(Ag) shell NPs (hereafter '25I-NPs). Its solutions with activities of 0.145, 0.289, 0.578, 1.16, 2.31,
4.63,9.25,and 18.5 MBq (3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, and 500 uCi) were used to establish
a calibration curve relating activity to K-shell characteristic X-ray photon counts. A polymethyl
methacrylate (PMMA) phantom with a height of 1.5 cm and a diameter of 1 cm was used for each
activity. At the center, a cylindrical hole with a height of 1 cm and a diameter of 0.8 cm was filled
with 500 uL of '?%I-NPs containing solution. The scan time for each measurement was 10 min. In
addition, the '?5I-NP-loaded phantom filled with these solutions was used to evaluate the detection
limit of the multi-pinhole X-ray imaging system. All measurements were corrected for radioactive

decay.



= 4

| |

FIEXITEGC

4

Figure 1. Multi-pinhole X-ray imaging system, which integrates the HEXITEC 2 x 2 CZT detector

and the multi-pinhole collimator.

Image Processing and Analysis

The K, characteristic X-ray peak at 27.5 keV from '2°| decay was extracted using the 26-29 keV
energy window. Within this window, the peak and continuum background were modeled using
Gaussian and linear functions, respectively, and the background was subtracted to obtain the K-
shell characteristic X-ray photon counts. Image processing was performed on each detector pixel
to generate projection images. After continuum background subtraction, a pixel-by-pixel

nonuniformity correction was performed using a uniform photon field obtained from the 59.5 keV



photopeak of americium-241. The projection images were reconstructed using the maximum
likelihood expectation maximization algorithm. Details of the pixel-by-pixel nonuniformity
correction and reconstruction procedures have been described previously [31]. A pixel binning
factor of 2 was applied by merging 2 x 2 pixels to improve counting statistics. Bicubic interpolation
was applied to the reconstructed X-ray image for visualization. All image processing and
reconstruction were implemented in MATLAB (R2023a, MathWorks Inc., Natick, MA, USA).

The contrast-to-noise ratio (CNR) was used to evaluate the reconstructed X-ray images. The CNR
was calculated as the ratio of the difference in the average photon counts between the region of
interest (ROI) and the background region to the standard deviation of the photon counts in the
background region:

CNR = Croi = Cs6 (1)

0BG

where ERO, and EBG are the average photon counts in the ROl and in the background region,
respectively. ogg is the standard deviation of the photon counts in the background region. The
ROI was defined in the center of the PMMA phantom, corresponding to the cylindrical hole filled
with the 12%|-NPs-containing solution. The background region was defined as the region within the
PMMA phantom surrounding the cylindrical hole, where no '2%I-NPs were present. According to
the Rose criterion, a CNR of 5 was chosen to determine the detection limit [32]. Therefore, 123I-
NPs were considered undetectable in the reconstructed X-ray images when the CNR was less
than 5.

Animal Study

Three 6-week-old female BALB/c mice with CT26 tumors were used. After cancer cell inoculation,
the tumors were allowed to grow for 7 days. All animal experiments were conducted after
confirming the absence of abnormal conditions. The mice were anesthetized with isoflurane gas
via inhalation and positioned on a horizontal bed. Subsequently, '>°I-NPs were suspended in 50
WL of phosphate-buffered saline with an activity of 500 uCi and intratumorally injected into each
CT26 tumor. The reconstructed X-ray images were obtained using the K-shell characteristic X-
ray photon counts, and image processing was performed as described in the Image processing
and analysis section. In vivo imaging was performed at 0, 3, 6, 24, 96, and 120 h post-injection,
with a scan time of 10 min. The mice were euthanized by CO, inhalation after in vivo imaging.
The tumor, liver, spleen, thyroid, and both kidneys were excised from each mouse and imaged

ex vivo using the multi-pinhole X-ray imaging system for 10 min without sample preparation. The



measured activity of each organ was normalized to the injected activity to calculate the
percentage of injected dose (%ID). The %ID was then normalized by organ weight to calculate
the percentage of injected dose per gram of organ (%ID/g). All animal experiments were approved
by the Institutional Animal Care and Use Committee of the Korea Atomic Energy Research
Institute (Approval No. KAERI-IACUC-2024-001).

Results

Multi-Pinhole X-ray Imaging System

Figure 2a shows the photon spectrum of the '?%|-NPs-loaded phantom filled with a solution
containing an activity of 500 uCi, with a 10-min scan time. The spectrum was extracted from the
central pixel of the 25|-NPs-loaded region. In the photon spectrum, the K, characteristic X-ray
peak at 27.5 keV from '2%| decay was observed. Figure 2b shows the calibration curve of the multi-
pinhole X-ray imaging system relating activity to K-shell characteristic X-ray photon counts. The
black dashed line represents the linear regression line between activity and K-shell characteristic

X-ray photon counts, indicating a strong linear relationship (R? = 0.9992).

Figure 2c shows the CNR as a function of activity in the reconstructed X-ray images (Fig. 2d).
The CNRs at activities of 3.9 and 500 uCi were 91.50 £ 9.64 and 9317.41 + 263.58, respectively.
According to the Rose criterion (CNR > 5), the multi-pinhole X-ray imaging system was able to
detect '?5I-NPs at an activity of 3.9 uCi. The black dashed line represents the linear regression
line between activity and CNR, indicating a strong linear relationship (R? = 0.9985). This
regression line was used to estimate the activity corresponding to a CNR of 5, which defined the
detection limit of the multi-pinhole X-ray imaging system. The estimated detection limit was 0.05
uCi. Figure 2d shows the reconstructed X-ray images of the '2%I-NPs-loaded phantom filled with
solutions containing 3.9-500 uCi of activity. With decreasing activity, the '2°I-NPs-loaded region

showed increased noise, while its location remained unchanged.



Photon counts

o

10000

1500

g
g

3
8

CNR

8000 |

600D |-

4000

0ot 7ola
VAl A 2000

l".’ -
; [ . N

K-shell characteristic X-ray photon counts

o
/
)

i
e

] 10 20 30 40 o 100 200 300 400 500 o 100 200 300 400 500
Activity (uCi)

Energy (keV) Activity (UCi)

| 2000 250 uCi 1000
|
1000 . s00
0.5cm 0 °

[T100

15.6 pCi .

|
50 . 25
[} 0

Figure 2. (a) Photon spectrum of the '2°I-NPs-loaded phantom filled with a solution containing an
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activity of 500 pCi, with a 10-min scan time. (b) Calibration curve of the multi-pinhole X-ray
imaging system relating activity to K-shell characteristic X-ray photon counts. Error bars represent
the 95% confidence intervals, but some are smaller than the marker size. (c) CNR as a function
of activity in the reconstructed X-ray images. Error bars represent the 95% confidence intervals,
but some are smaller than the marker size. (d) Reconstructed X-ray images of the 2°|-NPs-loaded
phantom filled with solutions containing 3.9-500 uCi of activity. The color bars indicate the K-shell

characteristic X-ray photon counts.

Animal study

Figure 3 shows the photographs and in vivo reconstructed X-ray images of mouse 1 (M1), mouse
2 (M2), and mouse 3 (M3) at 0, 3, 6, 24, 96, and 120 h post-injection. The tumor, liver, and thyroid
were clearly identified in the in vivo reconstructed X-ray images. Due to the intratumoral injection
of '25I-NPs, the tumor and liver showed the highest uptake immediately after injection. As time
elapsed, '?°I-NPs were progressively cleared from the tumor and liver. The thyroid became more

clearly identifiable at T = 3 h.



Figure 4 shows the time-activity curves (TACs) of '25I-NPs in the tumor, liver, and thyroid of M1,
M2, and M3. To quantify the average activity in the in vivo reconstructed X-ray images, ROIs were
selected as 8 x 8 pixels in the tumor, liver, and thyroid. The TACs for the tumor showed that '2%I-
NPs were rapidly cleared by T = 24 h, followed by a slower decline thereafter. At T = 120 h, activity
in the tumor was similar across all three mice. M2 exhibited faster clearance from the tumor than
M1 and M3, and this was accompanied by a slightly higher early uptake of 2%I-NPs in the liver.
The TACs for the liver showed that activity in the liver decreased gradually over time in all three
mice. In contrast, the TACs for the thyroid showed lower uptake than the tumor and liver, but they
showed an early increase and then remained relatively stable through 120 h. M2 consistently

exhibited slightly higher activity in the thyroid than M1 and M3, similar to the liver.

Figure 5 shows the photographs and ex vivo reconstructed X-ray images of the excised tumor
and organs from M1, M2, and M3. Consistent with the in vivo reconstructed X-ray images at T =
120 h, uptake of 25|-NPs was clearly identified in the tumor and thyroid in all three mice, while the
liver showed relatively low uptake. In contrast, uptake in the spleen and kidneys was

indistinguishable from background, indicating negligible uptake of '2°I-NPs.

Figure 6a—c show the in vivo and ex vivo activity in the excised tumor and organs of M1, M2, and
M3. Across the excised tumor and organs, the difference between in vivo and ex vivo
measurements ranged from 0.03 to 3.51 pCi. In the tumor, the in vivo activity was 146.73 + 8.53,
122.61 £ 7.75, and 123.69 £ 7.42 uCi for M1, M2, and M3, respectively, whereas the
corresponding ex vivo activity was 144.06 + 7.27, 124.96 £ 5.12, and 127.20 £ 6.68 uCi. In the
liver, the in vivo activity was 3.27 £ 1.79, 9.14 £ 2.27, and 4.02 + 2.12 uCi, respectively, whereas
the ex vivo activity was 3.04 + 1.29, 10.39 £ 2.23, and 4.05 + 1.45 pCi. In the thyroid, the in vivo
activity was 9.88 £ 3.07, 10.30 + 2.36, and 8.64 + 2.04 uCi, respectively, whereas the ex vivo
activity was 10.39 + 2.80, 9.37 + 2.95, and 8.98 + 2.86 uCi. Figure 6d,e show the average %ID
and %ID/g across all three mice. The average %ID in the tumor, liver, and thyroid was 26.41 +
2.36,1.17 £0.90,and 1.92 + 0.17, respectively. The average %ID/g in the tumor, liver, and thyroid
was 172.65 + 15.45, 0.77 £ 0.60, and 94.22 + 8.15, respectively.
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Figure 5. Photographs and ex vivo reconstructed X-ray images of the excised tumor and organs
from M1, M2, and M3. The color bar indicates the activity.
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Discussion

1251-NPs remained highly localized within the tumor for 120 h after intratumoral injection, while
maintaining a comparatively low uptake in major off-target organs over the same period. Rather
than relying on a single time point biodistribution measurement, imaging at multiple time points
allowed the evaluation of the retention kinetics of 25I-NPs [33]. The tumor uptake exhibited a
marked early decline within 24 h, followed by a slower phase that persisted through 120 h, which
was consistent with an initial loss from the injection site (e.g., redistribution within the tumor,
drainage through lymphatics, or vascular leakage) and a longer-lived fraction retained within the
tumor microenvironment [34]. Importantly, at T = 120 h, the biodistribution of '5I-NPs showed
high tumor selectivity; the tumor retained approximately 26 %ID at T = 120 h, whereas the liver
and thyroid remained at approximately 1-2 %ID. Consistently, when normalized by organ weight,
the tumor also showed a high uptake of approximately 173 %ID/g, whereas the liver remained

low at less than 1 %ID/g. The absence of discernible uptake above background in the spleen and
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kidneys at T = 120 h further supported the notion that systemic exposure was limited at late time

points and that the residual activity was not widely redistributed to RES organs [35].

It should be noted that our imaging evaluated the biodistribution of the radioiodine label on the
125-NPs, rather than directly measuring the NPs themselves, and thus reflected in vivo
biodistribution of NPs only to the extent that the '2°| label remained associated with the '2%I-NPs.
The early liver uptake, which was highest at the earliest time point and declined thereafter, was
suggestive of transient leakage into circulation followed by clearance rather than predominant
RES trapping [36]. Consistent with this interpretation, the low late-time liver and spleen uptake
suggested limited RES sequestration, which is in line with the PEG coating reducing protein
adsorption and macrophage uptake [18]. From the standpoint of radioiodinated NPs, thyroid
uptake is commonly monitored as an indicator of in vivo deiodination [37]. In this study, activity in
the thyroid remained low in terms of %ID, with approximately 2 %ID at T = 120 h. By
contrast, %ID/g was approximately 94 %I|D/g, which is expected given the small thyroid weight.
Notably, the thyroid TAC showed an early increase and was largely maintained thereafter, which
is consistent with limited deiodination of the radioiodine label on the '?5I-NPs [38]. Imaging at
multiple time points demonstrated quantitatively that 25I-NPs exhibited strong intratumoral
retention with minimal late-time redistribution to RES organs and a modest thyroid %ID,
supporting their suitability for applications in which tumor retention and normal tissue safety are

key design criteria [39].

The benchtop 2D multi-pinhole X-ray imaging system could be used not only for in vivo imaging
of '25|-NPs but also for quantitative biodistribution evaluation, validated against ex vivo
measurements obtained on the same system. In preclinical imaging workflows, such as SPECT,
robust quantification is often tied to fully tomographic acquisition and reconstruction [40]. However,
tomographic systems impose cost, infrastructure, and operational complexity that can limit
throughput and accessibility [41]. In this context, our study supported the feasibility of quantitative
evaluation with the 2D imaging system by combining multiple time points in vivo imaging to
generate TACs in the same animals and an in vivo and ex vivo comparison at an endpoint. This
reduced inter-animal variability and allowed interpretation to focus on trends such as early and
late change rather than only at a single time point, while enabling a consistency assessment that
is often not readily available when ex vivo quantification is performed with a different modality
(e.g., gamma counter) and different geometries [42]. This 2D imaging system is not a replacement
for full tomographic reconstruction when 3D localization is essential, but the small in vivo and ex

vivo differences supported the use of the 2D imaging system as a practical alternative for rapid,
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repeated measurements of retention and redistribution across time [43]. It also demonstrated a
reproducible workflow in which noninvasive in vivo evaluation and endpoint ex vivo validation are

coupled.

A common limitation of intravenous injection studies is that systemic administration is typically
inefficient for tumor accumulation, with a substantial fraction of injected NPs accumulating in RES
organs and only a small fraction remaining in the tumor. Reported tumor accumulation after
intravenous injection is typically less than 1 %ID, with dominant RES uptake [44]. In an
intravenous injection study using '?°I-labeled Ag NPs, activity in RES organs was substantial, with
approximately 25 %ID/g in the liver and approximately 42 %ID/g in the spleen at T = 24 h [45]. By
contrast, in this study, intratumoral injection resulted in liver activity of less than 1 %ID/g at T =
120 h, likely reflecting the combined effects of administration route and the PEG-mediated stealth
effect in reducing RES uptake. Against this background, '25I-NPs retained approximately 26 %ID
in the tumor at T = 120 h after intratumoral injection, highlighting the impact of administration route
on achieving high intratumoral accumulation rather than competing with RES uptake for systemic
delivery. The tumor retained approximately 26 %ID at T = 120 h, while liver and thyroid remained
at approximately 1-2 %ID, supporting a high tumor-to-normal-organ contrast for the '25|-NPs. This
distinction is relevant to the nano-brachytherapy rationale, because therapeutic efficacy in this
setting is driven primarily by intratumoral residence time and early leakage kinetics rather than by
incremental improvements in intravenous targeting efficiency [46]. It should be noted that direct
quantitative comparisons with intravenous injection studies are not always straightforward
because reporting metrics and time points often differ. Nevertheless, at T = 120 h, the high tumor
retention with low late-time off-target uptake supported the advantage of intratumoral injection in
maintaining the localization of '?°I-NPs. Future work should include a matched intravenous
injection group using the same '?%I-NPs. This would improve the ability to separate effects on
tumor retention and off-target uptake. In addition, quantification relied on characteristic X-ray
emissions associated with 25 decay as a surrogate for the in vivo biodistribution of NPs; although
endpoint ex vivo measurements on the same system supported consistency, complementary
methods such as inductively coupled plasma mass spectrometry would further strengthen

interpretation by directly quantifying the '2°I-NPs.

Conclusions
This study demonstrated the feasibility of the benchtop multi-pinhole X-ray imaging system for
quantitative in vivo imaging of intratumorally injected '?°I-NPs at multiple time points in CT26

tumor-bearing BALB/c mice. To the best of our knowledge, this study provides the first in vivo

13
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demonstration of characteristic X-ray imaging of 12| using a multi-pinhole X-ray imaging system
equipped with the HEXITEC 2 x 2 CZT detector, and it further extends the approach to ex vivo
evaluation. The multi-pinhole X-ray imaging system showed a strong linear relationship between
activity and K-shell characteristic X-ray photon counts, and the estimated detection limit was 0.05
MCi. In vivo imaging at multiple time points up to T = 120 h quantified intratumoral retention kinetics
in the same animals, showing a marked early decline within 24 h followed by a slower phase
through 120 h. Endpoint ex vivo imaging supported high tumor retention at T = 120 h, with 26.41
+ 2.36 %ID and 172.65 £ 15.45 %ID/g retained in the tumor. Agreement between in vivo and ex
vivo measurements, with differences ranging from 0.03 to 3.51 uCi across organs, supported the
quantitative reliability of the system. Overall, the multi-pinhole X-ray imaging system enables rapid,
repeated quantitative assessment of intratumoral retention and biodistribution of '2%I-NPs,
providing a practical preclinical imaging workflow when intratumoral residence time and normal

tissue safety are key design criteria.
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