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Non-invasive imaging techniques employing biomarkers with high selectivity for inflammation are essential
not only for the early diagnosis and prevention of chronic inflammatory diseases but also for guiding
appropriate drug therapy and enabling real-time evaluation of anti-inflammatory drug efficacy. In this study,
we conjugated radioactive zirconium to sorbitol, a compound that can selectively target inflammation, and
evaluated its inflammation-specific uptake and potential for assessing anti-infammatory treatment efficacy
in @ mouse inflammation model. Pharmacokinetic analysis demonstrated that radiolabeled sorbitol achieved
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maximal uptake in inflamed tissues within 1 h. Positron emission tomography imaging further confirmed its
utility in monitoring therapeutic effects during anti-infammatory drug treatment. Our findings suggest that
[89ZrIDTPA-sorbitol is a promising radioprobe for targeting rapid systemic inflammation, particularly in
tissues demonstrating minimal non-specific uptake, such as the brain, heart, and lung tissues. Additionally, it
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Introduction

Inflammation is a crucial immune response in the human body,
essential for eliminating external invaders such as bacteria, viruses,
noxious stimuli, and injury, as well as for repairing damaged
tissue." ™ These inflammatory reactions are initiated during innate
immune responses through the recognition of pathogen-associated
molecular patterns and damage-associated molecular patterns.’
They are subsequently triggered by cytokines produced by dendritic
cells, macrophages, and other immune cells, and are further refined
and sustained during adaptive immune responses.’* > While host
inflammatory responses are vital, repetitive or abnormal inflamma-
tory reactions are closely associated with chronic diseases,
including cardiovascular diseases, rheumatoid arthritis, inflam-
matory diabetes, chronic respiratory diseases, Alzheimer’s

“ National Primate Research Center, Korea Research Institute of Bioscience and
Biotechnology, Cheongju 28116, Republic of Korea. E-mail: hong75@kribb.re.kr

b KRIBB School of Bioscience, Korea University of Science & Technology (UST),
Daejeon 34113, Republic of Korea

¢ Department of Veterinary Public Health, College of Veterinary Medicine, Seoul
National University, Seoul 08826, Republic of Korea

4 SimVista, A-13, 194-25, Osongsaengmueongi-ro, Osong-eup, Heungdeok-gu,
Cheongju-si, Chungcheongbuk-do, Republic of Korea

¢ Department of Biomedical Sciences, Chonnam National University Medical School,
Gwangju 61469, South Korea

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tb02061h

This journal is © The Royal Society of Chemistry 2025

holds significant potential for the in vivo evaluation of anti-inflammatory drug efficacy.

disease, and cancer.">'* Conventional hematological assays,
such as C-reactive protein and erythrocyte sedimentation rate
tests, although proficient in indicating the presence of systemic
inflammation, typically require several days for results
processing.>™” Moreover, these assays lack the capability to
localize the site and extent of inflammatory activity within the
body and fail to provide rapid feedback. Early diagnosis of the
extent and precise location of inflammation is crucial not only
for the timely application of pharmacological interventions and
the development of treatment strategies but also for improving
patient outcome.

Inflammation targeting typically employs small molecules,
antibodies, and peptides that interact with cell membrane
receptors or bind to receptors activated by inflammation.'®°
Gadolinium, commonly used in magnetic resonance imaging
for inflammation, suffers from low sensitivity. This limitation is
addressed by encapsulating gadolinium within dendrimers,
micelles, or nanoparticles to enhance MRI sensitivity.>'** How-
ever, the toxicity of gadolinium presents challenges for MRI-
based inflammation imaging. Fluorescent imaging probes are
also affected by light scattering and tissue attenuation, impact-
ing penetration depth and making anatomical matching diffi-
cult, thus limiting the localization and quantitative analysis of
inflammation.>*** In contrast, positron emission tomography
(PET) imaging is highly suitable for inflammation imaging due
to its superior penetration, high sensitivity.”>*® Examples of
radioactive-labeled probes include 2-**F]-fluorodeoxyglucose
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([**F]FDG), which enters cells via type-1 and type-3 glucose
transporters exploiting glucose metabolism, while [**Ga]DOTA-
TATE targets inflammation by binding to somatostatin
receptors.”’>° However, the nonspecific uptake of these radio-
tracers complicates and hampers the interpretation of inflam-
mation imaging. Additionally, their short half-lives render them
unsuitable for long-term inflammation monitoring.

Sorbitol, a sugar alcohol is widely used as a metabolic
substrate in food, beverages, and pharmaceuticals. It can be
synthesized through the reduction of glucose, wherein the
aldehyde group is converted into a hydroxyl group with a
different orientation at carbon 2. Given that sorbitol is a glucose
derivative with a similar structure, we hypothesized that it could
potentially be used to target inflammation. In this study, we
stably labeled sorbitol with 8°Zr using a diethylenetriaminepen-
taacetic acid (DTPA) chelator and analyzed its selectivity for
inflamed tissues, compared with that of ["*F]FDG, in a mouse
inflammation model. In the present study, we aim to evaluate
the utility of zirconium-labeled sorbitol in diagnosing inflam-
mation and explore its potential as a method for evaluating anti-
inflammatory drugs.

Experimental section
DTPA-sorbitol conjugation

Detailed procedures for the conjugation of DTPA-sorbitol are
described in the ESI.f

Radiolabeling of zirconium-89

897r labeling procedures and radio-TLC analysis are described
in the ESL}

PET/CT imaging

Study 1. For inflammation induction, PBS and 4% carrageenan
(CG) were injected to the respective thighs. [**Zr]DTPA-sorbitol
(180 MBq kg ) were intravenously administered to animals
after approximately 10 seconds of inhalation anaesthesia with
isoflurane. PET/CT were performed at the indicated time points
for [*°Zr]DTPA-sorbitol kinetics (3 mice) and at 1 h for targeting
inflammatory lesion (n = 4).

Study 2. 9a-Fluoro-11,17a,21-trihydroxy-16a-methylpregna-
1,4-diene-3,20-dione (dexamethasone, DEX) (20 mg kg™ ') was
administered intraperitoneally 10 minutes prior to CG and PBS
administration. 6 h after inducing inflammation, [**ZrJDTPA-
sorbitol was injected via the tail vein with inhalation anaesthesia,
and PET/CT scanning was performed 1 h post-injection (n = 4).

Study 3. [*®*FJFDG were intravenously administered to ani-
mals with anaesthesia (n = 4). After 1 h, PET/CT scan was
conducted and major organs were excised for gamma-counter
measurement.

PET/CT imaging analysis

For PET/CT analysis, CT was performed for attenuation correc-
tion (480 projections, 50 kVp, 660 pA, 300 ms) followed by PET
scans were conducted using the micro PET/CT system (Mediso
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Ltd, Hungary). PET images were obtained by Tera-Tomo 3D
iterative reconstruction. PET images were co-registered with
anatomical CT images using Siemens Inveon Research Work-
place (IRW 2.0.0.1050).

Bio-distribution study

Mice (n = 4) were injected [*°Zr]DTPA-sorbitol (3.7 MBq) in the
tail vein and sacrificed at the indicated times. After PET/CT
scan, major organs were dissected, weighed and measured the
radioactivity using a gamma counter (Hidex AMG, Turku, Fin-
land). The results were calculated as % injected dose per gram
of tissue (%ID per g).

Immunohistology

Immediately after biodistribution assay, left and right thigh
muscles were fixed in 4% paraformaldehyde and embedded in
paraffin, as described previously.>" Briefly, four to five pm
sections were stained with hematoxylin and eosin and exam-
ined microscopically for signs of inflammation.

Results and discussion
Synthesis and characterization of [**Zr]DTPA-sorbitol

Amino-sorbitol was conjugated with NCS-DTPA through amide
bond formation via a condensation reaction, resulting in a
DTPA-sorbitol conjugate, which can be used to track inflamma-
tion in vivo using a real-time PET imaging system (Fig. 1). The
DTPA-sorbitol conjugate was confirmed by 'H and "*C nuclear
magnetic resonance, liquid chromatography-mass spectrome-
try, and high-performance liquid chromatography (Fig. S1 and
S2, ESIY).

DTPA-sorbitol was conjugated with [**Zr]oxalate in HEPES
buffer at pH 7.4. To determine the optimal reaction time and
stability, we analyzed the labeling efficiency over 60 min using
radio-thin-layer-chromatography. Labeling using [**Zr]DTPA-
sorbitol was efficient, with a radiochemical yield of 87.51%
achieved in just 10 min, reaching 99.24% at 50 min, with
stability maintained for up to 72 h (Fig. 2 and Fig. S3, ESI¥).
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Fig. 1 Preparation of amino-sorbitol conjugated with NCS-DTPA.
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Fig. 2 (a) Radioactive zirconium conjugation with DTPA-sorbitol in
HEPES buffer, pH 7.4, 36.5 °C. (b) Kinetic analysis of radiolabeled zirconium
chelation with DTPA with radio-TLC.

Visualization of [*°Zr]DTPA-sorbitol uptake in acute
inflammation sites by real-time PET/CT imaging

To evaluate the potential cytotoxicity of the synthesized DTPA-
sorbitol for successful inflammation targeting, we conducted
in vitro toxicity tests. The results showed no signs of cytotoxicity
upon incubating the cells with various concentrations of DTPA-
sorbitol (Fig. S4, ESIf). To assess the uptake of [*°Zr]DTPA-
sorbitol in inflamed tissues, the radiolabelled probe was intra-
venously injected into mice (n = 4) with CG-induced inflamma-
tion. Histopathological analysis of both thigh tissues was
performed 6 hours post-CG exposure, revealing a significant
leukocyte infiltration in the inflamed tissue, while PBS-injected
tissue exhibited normal histology (Fig. 3d). PET imaging con-
ducted over a period of 10 minutes to 6 hours provided real-
time visualization of systemic distribution and rapid accumula-
tion of the radioprobe at inflammation sites, with subsequent
renal and bladder excretion (Fig. 3a). Within 10 minutes post-
injection, the radiolabeled sorbitol demonstrated rapid locali-
zation to the CG-induced inflammation site (left thigh), fol-
lowed by systemic circulation and clearance via the kidneys and
bladder. At 1 h post-injection, PET imaging confirmed a higher
accumulation of sorbitol in the inflamed left thigh relative to
the contralateral, PBS-injected control tissue, with additional
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Fig. 3 PET kinetic imaging study by [®°Zr]DTPA-sorbitol. (a) and (b) The
procedure for the [®°ZrIDTPA-sorbitol kinetic PET imaging and coronal
(upper) and axial section (lower) combined PET-CT images of [2°Zr]DTPA-
sorbitol (3.7 MBq) in carrageenan-induced inflammation mice recorded at
10 min, 1, 3, 6 hours after tail vein injection of [89Zr]DTPA-sorbitol. (c)
Region of interest (ROI) quantification results are shown as %ID per g of CG
and PBS injected thigh after intravenous injection of [29ZrIDTPA-sorbitol
(n = 3). (d) Histological analysis of bilateral thigh tissues at 6 hours post-
CG-induced inflammation.

uptake observed in the gallbladder, spleen, and intestines.
Systemic clearance of the radioprobe was evident at 1 hour
compared to the distribution observed at 10 minutes. By 3 hour
post-injection, radiolabelled sorbitol had largely cleared from
the inflammation site, with residual signals detected primarily
in the gastrointestinal tract, persisting for up to 6 h (Fig. 3b).
These results indicate that [*Zr]DTPA-sorbitol rapidly and
selectively accumulates in inflamed tissues shortly after admin-
istration, with peak uptake observed at 1 hour post-injection
and low background signal, providing clear visualization of
inflammatory regions (Fig. 3a).

Assessment of the effect of anti-inflammatory agents on
[*°Zr]DTPA-sorbitol uptake in inflammatory lesion using
established inflammation-targeting strategies

To validate the application of [**Zr]DTPA-sorbitol PET imaging
as a tool for assessing anti-inflammatory drugs, we compared
the distribution of radioactive sorbitol in a CG-induced inflam-
mation model and DEX-treated mice. Based on the PET kinetic
imaging results (Fig. 4a), biodistribution analysis was con-
ducted at 1 h (optimal inflammation targeting time) after the
administration of radiolabeled sorbitol. In the [**Zr]DTPA-
sorbitol PET study, uptake in digestive organs and rapid renal
excretion were consistent with those of those of previous
kinetic studies (Fig. 3b). In contrast, ["*F]FDG was excreted
through the kidneys more rapidly than sorbitol, yet showed
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Fig. 4 In vivo study of [2°ZrIDTPA-sorbitol in CG-induced inflammation
and anti-inflammatory treated mice. (a) PET images (axial, coronal sec-
tions) of a mouse injected with [89Zr]DTPA-sorbitol. (b) Bio-distribution of
major organs of inflammation and anti-inflammation models. G: gallblad-
der, I: intestines, B: bladder. CG: carrageenan, DEX: dexamethasone.

markedly higher uptake in the brain, heart, and lungs, as well as a
tendency for elevated uptake in normal muscle tissues injected
with PBS (Fig. S6a, ESI). From an inflammation-targeting per-
spective, the percent injected dose per gram tissue (%ID per g) of
[®°Zr]DTPA-sorbitol in inflammation-induced tissues was approxi-
mately 2.45 times higher than that of ["*FJFDG, whereas in PBS-
injected tissues, ['*F]FDG was approximately 2.58 times higher.
Importantly, sorbitol uptake was significantly lower in the
inflammed sites treated with anti-inflammatory drugs compared
to the solely inflamed tissue sites (Fig. 4b and Fig. S6b, ESIt).
The results of the hematoxylin & eosin staining, which was
conducted simultaneously, also clearly demonstrate the induc-
tion of inflammation by CG and its inhibition by DEX (Fig. 5).

Conclusions

In this study, we have demonstrated inflammation-targeted imaging
using PET imaging with radiolabeled sorbitol. We labeled sorbitol
with zirconium-89 using a chelator and its specific uptake in CG-
induced inflammation sites was demonstrated in vivo. Unlike high
molecular weight antibody- or peptide-based radiotracers, this
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Fig. 5 Histological images from the thigh tissues of mice. Photograph of
CG + DEX showing the inhibition effect of DEX against CG-induced
inflammation.

compound avoided hepatic uptake and was rapidly excreted through
the urinary system. Additionally, the potential of [**Zr]DTPA-sorbitol
as a method for evaluating the efficacy of anti-inflammatory treat-
ments was effectively validated. Sorbitol was metabolized in
inflamed tissues much faster than expected. Thus, sorbitol is
expected to be used as an imaging probe for non-invasive assess-
ment of various inflammatory conditions anti-inflammatory effects.
Furthermore, the simple and rapid labeling procedure, along with
excellent binding stability, enhances the reliability of experimental
results and suggests potential applications in diagnosing inflamma-
tory diseases in organs with minimal non-specific uptake such as the
brain, lungs, heart, and liver. Further PET imaging studies on the
application of this radiolabeled compound for cancer diagnosis and
treatment are currently underway.
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