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Background
Clostridioides difficile (C. difficile) infection (CDI) remains a persistent and formidable 
challenge in healthcare facilities worldwide, generating a significant burden in terms 
of patient health outcomes, healthcare resources, and infection control (Czepiel et  al. 
2019). It is the leading cause of hospital-acquired infections in US hospitals (Rose et al. 
2023) and has a high prevalence in European hospitals, accounting for 7.3% of all hospi-
tal-acquired infections (Szabó et al. 2022). CDI is associated with significant morbidity 
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and mortality, which are exacerbated by its propensity for recurrent infections and com-
plications such as pseudomembranous colitis and toxic megacolon (Czepiel et al. 2019). 
Despite advances in prevention and control of infection, the incidence and severity of 
CDI continue to rise, underscoring the urgent need for innovative diagnostic and thera-
peutic approaches to effectively manage this escalating public health problem (Viprey 
et al. 2022).

The most commonly used diagnostic strategy for CDI follows an algorithm that begins 
with initial screening based on an enzyme immunoassay (EIA) to detect the enzyme glu-
tamate dehydrogenase (GDH), which is highly sensitive for CDI (Gilligan 2008). Since 
both toxigenic and non-toxigenic strains of C. difficile produce GDH, a positive GDH 
result in EIA requires confirmatory testing. This confirmation typically involves real-
time PCR targeting the toxin B gene, with or without an intermediate EIA for the detec-
tion of toxins A and B. The intermediate EIA aims to reduce the overall cost of molecular 
testing. This diagnostic algorithm has been extensively evaluated in multiple studies, 
demonstrating a sensitivity of 85–90% and a specificity exceeding 99% compared to toxi-
genic culture, the previous gold standard for diagnosis of CDI (McDonald et al. 2018; 
Novak-Weekley et al. 2010; Crobach et al. 2009; Bocchetti et al. 2023).

Although this approach is widely adopted in clinical practice, it is not without limita-
tions. The associated challenges are particularly evident in cases where toxin concen-
trations are low, as patients may not have CDI but instead be asymptomatic carriers of 
toxigenic C. difficile. Colonoscopy, which would enable direct observation of the damage 
caused by the microorganism in the colon, is not recommended for severely ill patients 
because it significantly increases the risk of perforation. These tests are highly invasive 
and require the patient to be sedated, thus entailing specific risks and side effects (Cho 
et al. 2020; Fujitani et al. 2011). The challenges associated with CDI highlight the inad-
equacies of current diagnostic procedures and underscore the need for more accurate 
and reliable diagnostic tools.

Molecular imaging techniques have emerged as promising additions to conventional 
diagnostic approaches, offering the potential for non-invasive visualization and charac-
terization of infectious diseases. Radiological techniques, including radiography, ultra-
sound, computed tomography (CT), and magnetic resonance imaging, are frequently 
used, especially to identify cases of toxic megacolon. However, these purely structural 
imaging tools rely on anatomic or morphologic changes that often occur after molec-
ular events in the disease process, thereby precluding early detection of the infection. 
Furthermore, they are nonspecific and may reflect a combination of infection and host 
inflammatory response (Fujitani et al. 2011; Frickenstein et al. 2019; Guerri et al. 2019; 
Paláu-Dávila et al. 2016).

Nuclear imaging modalities such as positron emission tomography (PET) and single 
photon emission computed tomography (SPECT) have been investigated for their util-
ity in diagnosing CDI by targeting the metabolic processes associated with bacterial 
infection. Among these, PET imaging with [18F]F-fluorodeoxyglucose ([18F]F-FDG) has 
attracted considerable interest owing to its ability to detect areas of increased glucose 
metabolism characteristic of infectious foci (Casali et al. 2021). Our group has pioneered 
its application to detect and evaluate CDI in a mouse model (Cusso et al. 2020), where 
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we analyzed [18F]F-FDG uptake in the abdomen in models infected with two C. difficile 
ribotypes of different virulence.

[18F]F-FDG enters leukocytes, macrophages, and CD4-positive T cells at infection 
sites (Ishimori et  al. 2002), making it impossible to differentiate between infectious, 
inflammatory, and tumor lesions, and even organs with high basal metabolism. This can 
lead to confusion when foci are close to organs such as the heart or brain due to the 
natural glucose uptake in those organs, or to false positives due to non-specific uptake 
in non-infectious inflammatory processes (Bertagna et al. 2012; Rosenbaum et al. 2006). 
These limitations restrict its potential use, highlighting the need for more specific imag-
ing probes.

To address these challenges and improve diagnostic accuracy in CDI, our research 
efforts aim to develop a novel molecular imaging approach that combines the specificity 
of targeted molecular therapy with the sensitivity of radiotracer imaging. Our proposed 
strategy involves radiolabeling a commercially available monoclonal antibody, bezlotox-
umab, with the radionuclide [89Zr]Zr to create a customized radiotracer, tailored for the 
detection of C. difficile toxins. Bezlotoxumab targets and neutralizes C. difficile toxin B, 
thus providing an opportunity for targeted molecular imaging owing to its high affin-
ity and selectivity (Wilcox et al. 2017). By using this radiolabeled antibody in an animal 
model, we aim to explore the possibility of selectively targeting active CDI within the 
host, enabling precise localization and visualization of affected sites. All phases of this 
project have been designed in accordance with the recommendations published by A. 
Signore et al. (Alberto et al. 2023) for the development of new radiotracers to target bac-
terial infections.

Materials and methods
Unless otherwise specified, all reagents were purchased from Merck (KGaA, Darmstadt, 
Germany) and used without further purification.

Radiolabeling of commercial bezlotoxumab and physico‑chemical characterization

Commercial bezlotoxumab (Merck & Co., Inc., Rahway, NJ, USA) was radiolabeled with 
two different radionuclides: [125I]I for in vitro binding and kinetics studies, and [89Zr]Zr 
for physicochemical characterization, and in vivo and ex vivo studies. Both radioisotopes 
were purchased from Revvity, Inc. (Waltham, MA, USA). For both immunoconjugates, 
radiochemical yield was estimated as the fraction of purified radiotracer activity com-
pared to the initial amount of activity (%). Specific activity was calculated as the final 
radioactivity of radiotracer per milligram of antibody (MBq/mg).

Synthesis and physico‑chemical characterization of [125I]I‑Beztxab

Radioiodination of bezlotoxumab was performed following the traditional direct labeling 
method (Gustavsson et al. 2023). Briefly, 20 µg of bezlotoxumab (8 µL) was mixed with 
95 µL of phosphate-buffered saline (PBS) 1 × and 2 µL [125I]I (2.00–2.52 MBq). The reac-
tion was started by adding 5 µL of a 1-mg/mL solution of chloramine-T trihydrate and 
incubated at room temperature for 90 s. Then, 10 µL of a 1-mg/mL solution of sodium 
metabisulfite was added to stop the reaction, and the radiolabeled antibody was isolated 
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using Zeba™ Spin Desalting Columns with a molecular weight cut-off of 7 K (Thermo 
Fisher Scientific, Waltham, MA, USA).

The purity of the radiotracer was evaluated using instant thin layer chromatography 
(iTLC) with silica gel (SG) chromatographic paper (Agilent Technologies, Inc., Santa 
Clara, CA, USA) as the stationary phase and acetone 70% as the mobile phase.

Loss of protein was determined using indirect enzyme-linked immunosorbent assay 
(ELISA) with an anti-human IgG (Fc-specific) antibody and labeled and unlabeled Bez-
txab and calculated using a 4PL nonlinear regression model.

Synthesis and physico‑chemical characterization of [89Zr]Zr‑DFO‑Beztxab

For the labeling of the mAb with the radiometal [89Zr]Zr, bezlotoxumab was first con-
jugated to the isothiocyanatobenzyl-derivative of the chelator desferrioxamine (p-NCS-
Bz-DFO, Chematech, Dijon, France) by adapting the labeling approach from previous 
works (Vosjan et  al. 2010; Zeglis and Lewis 2015). Briefly, 1  mg of bezlotoxumab (40 
µL) was adjusted to 1  mL with 0.1 M sodium bicarbonate buffer (pH = 9.0). In paral-
lel, 1 mg of p-NCS-Bz-DFO was diluted in 200 µL of dimethyl sulfoxide, and 20 µL was 
added to the antibody solution in four additions of 5 µL, with gentle mixing between 
the additions. The mixture was incubated at 37ºC, 500 rpm for 30 min in an Eppendorf® 
ThermoMixer® C (Eppendorf, Hamburg, Germany). Conjugated antibody was purified 
using a PD-10 desalting column (GE Healthcare Bio-Science AB, Chicago, IL, USA) and 
collected in 2 mL of HEPES buffer 0.5 M.

The ratio of p-DFO-Bz-NCS to bezlotoxumab was measured using MALDI-TOF MS/
MS (Unidad de Espectrometría de Masas, Universidad Complutense de Madrid, Spain) 
following previous publications (Price et al. 2017). Briefly, unconjugated antibody (bezl-
otoxumab, 1-µL aliquot), p-DFO-Bz-NCS, and Bz-DFO-Beztxab were combined with 
an equal volume of sinapic acid, which was used as the matrix solution (10 mg/mL in 
50% acetonitrile, 50% water, and 0.1% trifluoroacetic acid). Samples were then depos-
ited onto a stainless-steel target plate and left to dry. Following the determination of the 
mass (m/z) of both the unaltered antibody and the immunoconjugate, the difference was 
divided by the chelator’s molecular weight, and the p-DFO-Bz-NCS:bezlotoxumab ratio 
was expressed as the number of chelates per antibody unit.

For radiolabeling, oxalic acid 1 M was added to 74–111 MBq of [89Zr]Zr-oxalic acid 
solution to a final volume of 2 mL. Then, 90 µL of sodium carbonate 2 M was added, and 
the mixture was incubated at room temperature, 500 rpm for 3 min in the ThermoMixer. 
Next, 300 µL of HEPES 0.5 M, 710 µL of Bz-DFO-Beztxab and 700 µL of HEPES 0.5 M 
were added to the mixture and kept in the reaction for 60 min at room temperature and 
500 rpm in the ThermoMixer. Lastly, radiolabeled antibody was purified using 100 kDa 
Amicon filters (centrifuged at 4ºC/21884 rcf/10 min, recovered at 4ºC/5471 rcf/5 min).

Purity was evaluated using iTLC with WhatmannTM strips (3 MM CHR; GE Health-
care Bio-Science AB, Chicago, IL, USA) as the stationary phase, and citric acid monohy-
drate/sodium carbonate (pH 4.9—5.1) as the mobile phase. The radioactivity of the TLC 
plates was read using a miniGita Single system (Elisa-Raytest, Angleur, Belgium).

Radiolabeled-antibody mass was determined using the Bradford-Coomassie assay 
according to the manufacturer’s instructions with a VICTOR Nivo Multimode Micro-
plate Reader (Revvity, Inc., Waltham, MA, USA).
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In vitro characterization

In vitro stability

In vitro stability of the radiotracers was evaluated in PBS 1 × and mouse serum for [125I]
I-Beztxab and in PBS 1 × for [89Zr]Zr-DFO-Beztxab. Briefly, aliquots of [89Zr]Zr-DFO-
Beztxab (3.70 MBq) and [125I]I-Beztxab (0.74 MBq) were added to 0.5–1 mL of PBS 1 × 
and mouse serum, which had previously been tempered at 37ºC with constant shaking. 
Samples were then collected at different time-points and analyzed using radio-TLC as 
described in the synthesis section.

•	 [89Zr]Zr-DFO-Beztxab PBS 1 × time-points: 0 h, 0.5 h, 1 h, 2 h, 4 h, 20 h, 26.5 h, 45 h, 
51 h, 68 h, 74 h, 95 h and 100 h.

•	 [125I]I-Beztxab PBS 1 × and mouse serum time-points: 0 h, 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 
7 h, 24 h, 27 h, 30 h, 48 h, 51 h, 54 h, 72 h, 75 h, 78 h, 96 h, 100 h, 168 h, 192 h.

Hydrophobicity of [89Zr]Zr‑DFO‑Beztxab

The hydrophobicity of the radiotracer was assessed using the partitioning method based 
on the LogP calculation. Briefly, 0.37 MBq of [89Zr]Zr-DFO-Beztxab was added to an 
immiscible biphasic solution consisting of 500 μL of 1-octanol and 500 μL of PBS 1 × 
(n = 3). This mixture was then incubated at 37 °C for 30 min with vigorous shaking and 
allowed to stand for a further 30 min to ensure proper phase separation. Finally, 100-μL 
samples were taken from each phase and their activity was measured using a Genesys 
gamma counter (Laboratory Technologies Inc., Elburn, IL, USA).

Binding kinetics for [125I]I‑Beztxab

Binding kinetics was measured using ELISA and LigandTracer (Wang et al. 2014).

ELISA: A 96-well half area clear flat bottom polystyrene high bind microplate (Corn-
ing Inc, Corning, NY, USA) was coated with 50 μL of 0.5 μg/mL C. diff Toxin B and 
left at 4  °C overnight. Wells were emptied, filled with 150 μL of ELISA Blocking 
Buffer (1% BSA, 0.15% Kathon ProClin™ 150 in PBS 1 ×, pH 7.4) and shaken at 900 
rpm for 1 h. Then, wells were emptied and washed four times with ELISA Washing 
Buffer (NaH2PO4 x H2O 0.32 mM, Na2HPO4 × 2H2O 2.17 mM, NaCl 150 mM, 7.5 
× 10–3% Kathon ProClin™ 150, 0.1% TWEEN® 20 in MQ water, pH 7.5). Next, 50 μL 
of unlabeled bezlotoxumab (n = 5) and [125I]I-Beztxab (n = 3) was added to the plate 
in serial dilutions from 10 nM to 0.64 pM in ELISA Incubation Buffer (0.1% BSA, 
0.15% Kathon ProClin™ 150, 0.05% TWEEN® 20 in PBS 1 ×, pH 7.4) and left at 4 °C 
overnight. The wells were then emptied and washed as described above and incu-
bated with HRP-conjugated polyclonal goat anti-human-IgG-F(ab′)2 antibody (Jack-
son ImmunoResearch Laboratories, West Grove, PA, USA) diluted 1:2000 at 900 
rpm for 1 h. Wells were emptied and washed, filled with 50 μL K Blue Aqueous TMB 
substrate (Neogen Corp., Lexington, KY, USA) and incubated for 5 min. The reaction 
was stopped by adding 50 μLof H2SO4 1 M, and signal absorbance was read with a 
spectrophotometer at 450 nm. The equilibrium dissociation constant (KD) was cal-
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culated using a one site-specific binding non-linear regression. For calculations, the 
concentration of [125I]I-Beztxab was corrected according to the percentage of protein 
loss calculated as described above.
LigandTracer: In a high-bind circular Petri dish (Corning Inc, Corning, NY, USA), 
300 µL of a 10 µg/mL solution of C. diff Toxin B was added on a local spot at the edge 
of the dish. The dish was left tilted at 4 °C overnight. Then, the solution was removed, 
and the surface of the dish was blocked with ELISA blocking buffer for 1 h. Block-
ing buffer was removed, 2 mL of running buffer (0.1% BSA in PBS 1 ×) was added, 
and the dish was placed in the Ligand Tracer Grey instrument (Ridgeview Instru-
ments AB, Uppsala, Sweden). Baseline was recorded for 15 min, running buffer was 
removed, and 2  mL of a 0.14–0.73 nM [125I]I-Beztxab (n = 3) solution was added. 
Radioactivity at the coated spot and at a non-coated spot (association) was recorded 
for 3 h. Then, the concentration of [125I]I-Beztxab was increased to 0.47–2.19 nM, 
and radioactivity was further recorded for 3  h. Lastly, [125I]I-Beztxab solution was 
removed, the dish was washed with running buffer, and dissociation was recorded 
in 2 mL of running buffer for 72 h. Association (ka), dissociation (kd), and KD rate 
constants were calculated with Trace Drawer 1.8.1 software (Ridgeview Instruments 
AB).

Toxin A and B quantification assay for Clostridioides difficile strains

Toxin of various C. difficile strains was quantified to identify the highest toxin-producing 
strain for use in our animal CDI model. The study was performed using C. difficile Toxin 
A/B FIA (SD Biosensor), a fluorescent immunoassay capable of measuring the fluores-
cence emitted by toxins A and B labeled with a fluorescent antibody. Three strains were 
included in this assay, namely, ATCC 43255 (ribotype 087), strain 14243227 (ribotype 
027), and strain 13061479 (ribotype 001). These strains were previously employed by our 
team in a study on CDI using a mouse model (Cusso et al. 2020). For each strain, two 
consecutive re-isolations were conducted on Brucella agar at 35 °C under anaerobic con-
ditions for a period of 48 h. A 0.5 McFarland suspension of the C. difficile strain was pre-
pared from the cultures, and 200 µL of the suspension was inoculated into another BHI 
broth (previously reduced in an anaerobic environment for four days). This was then 
incubated at 35 °C in anaerobiosis for four days. Following incubation, the broth was 
vortexed and subsequently centrifuged at 1200 rpm for three minutes. The supernatant 
was then transferred to an immunoassay extraction buffer and vortexed, and 3 µL of the 
mixture were added to the immunoassay device. After 15 min of incubation, the device 
was read on the F2400 fluorescence reader. This procedure was repeated twice for each 
of the strains.

Animal model of CDI

CDI was induced in female C57BL/6 mice (n = 16) following a protocol compris-
ing 10 days of preconditioning antibiotic in drinking water with cefoperazone 0.5 
mg/mL, with water and antibiotic renewed every 48 h, followed by a single dose of 
10 mg/kg clindamycin intraperitoneally 1  day before orogastric administration of 
106 colony-forming units (CFUs) of C. difficile ribotype 027 (Cusso et al. 2020). The 
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concentration of the bacterial inoculum was experimentally confirmed by CFU plat-
ing according to McFarland standards. As a control, a different group of animals (n 
= 14) underwent the same antibiotic treatment to develop a dysbiosis without spe-
cific C. difficile infection (DWI), caused by disruption of the gut microbiota. In addi-
tion, wild-type (WT) animals (n = 14) were used as healthy controls.

The weight and clinical status of the animals were monitored every 2–3 days fol-
lowing the protocol established by Shelby et al. (Shelby et al. 2020), starting from the 
initiation of antibiotic treatment. The animals were monitored daily after infection 
or administration of the imaging agent. Clinical CDI was defined as a Clinical Sick-
ness Score (CSS) equal to or greater than 6.

Validation of the CDI animal model

The model was validated by measuring colon length, culturing C. difficile from feces, 
and performing hematoxylin and eosin (H&E)-based histology after in vivo imaging.

The length of the colon was determined by extracting the organ and measuring 
the total length from the cecum to the rectum with a ruler. Photographs of the colon 
were taken above the ruler for subsequent analysis.

The concentration of toxigenic C. difficile in stool samples was determined based 
on the procedure described below. Stool samples were weighed and homogenized 
in vials containing 1  mL of saline solution by using the gentle MACS Dissociator 
(Miltenyi Biotec) to ensure a uniform mixture. For molecular analysis, 100 µL of the 
homogenate from each vial was analyzed using the Xpert™ C. difficile assay (Gen-
eXpert, Cepheid, Sunnyvale, California, USA), which detects genes encoding toxin 
B, binary toxin, and the deletion at position 117 of the tcdC gene. This molecular 
technique was used to confirm that the strain infecting the mice corresponded to 
the originally administered ribotype 027, which carries this characteristic deletion. 
For culture analysis, serial 100-µL dilutions of the homogenate were prepared to 
achieve 1:1000 and 1:1,000,000 dilutions. A volume of 100 µL from the undiluted 
homogenate, as well as from the 10–3 and 10–6 dilutions, was plated in triplicate 
on Clostridium difficile agar plates (bioMérieux, Marcy-l’Étoile, France)s. All plates 
were incubated anaerobically at 37 °C for 48 h. Following incubation, TCD colonies 
were counted and expressed as CFUs per microgram of stool sample.

For H&E-based histological assessment, the bowel specimens were fixed for 24 h 
in 10% formalin and subsequently dehydrated in 70%, 96% and 100% alcohol and 
xylene for paraffin-embedding. Paraffin blocks were cut into 4-µm slices and stained 
after rehydration with H&E. All samples were evaluated by a pathologist blinded to 
the experimental groups. Inflammation was scored using a semi-quantitative scale 
adapted from (Phillips et al. 1992), assessing five key parameters: (I) crypt architec-
ture (normal or altered), (II) chronic inflammation in the lamina propria (graded 
as mild, moderate, or severe based on the extent of cellular infiltration), (III) acute 
inflammation (based on the proportion of polymorphonuclear leukocytes among 
inflammatory cells: < 1/3 = mild, 1/3–2/3 = moderate, > 2/3 = severe), (IV) depth of 
inflammatory involvement (mucosal, submucosal, muscular, or transmural), and (V) 
presence or absence of adenomatous changes.
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Ex vivo biodistribution of [89Zr]Zr‑DFO‑Beztxab

In order to determine the optimal uptake time for in  vivo PET/CT imaging, we con-
ducted ex-vivo biodistribution studies at 48 h and 5 days post-infection.

Animals received [89Zr]Zr-DFO-Beztxab (1.11–3.7 MBq in 200 µL of PBS 1 ×) intra-
venously 24 h after infection. The animals were then euthanized at their corresponding 
uptake times, and the organs of interest were harvested. The experimental groups and 
sample sizes were as follows:

•	 48 h post-infection: CDI (n = 4), DWI (n = 4), WT (n = 4).
•	 5 days post-infection: CDI (n = 3), DWI (n = 5), WT (n = 5).

The harvested organs included blood, heart, lungs, liver, spleen, kidneys, stomach, 
colon + cecum, skin, bone, and intestine. Feces was also sampled.

Activity was measured in a Wallac Wizard 1480–011 Automatic Gamma Counter 
(Revvity, Inc., Waltham, MA, USA) and biodistribution was expressed as mean percent-
age of injected dose per gram of tissue (%ID/g).

In vivo PET/CT imaging of [89Zr]Zr‑DFO‑Beztxab

PET/CT studies were conducted using a small-animal PET/CT scanner (PET/CT 
SuperArgus, SEDECAL Molecular Imaging, Madrid, Spain). Twenty-four hours after 
the infection time-point, the animals (CDI n = 9, DWI n = 5, WT n = 5) received [89Zr]
Zr-DFO-Beztxab (3.70 MBq in 200 µL of PBS 1 ×) intravenously. Images were acquired 
24 h after radiotracer administration and 48 h post-infection. Before CT acquisition, 
0.3 mL of Iopamiro (Bracco, Milan, Italy) was administered intraperitoneally. During 
acquisition, animals were anesthetized with 1.5% sevofluorane in oxygen (SevoFlo, Zoe-
tis Belgium SA, Louvain-la-Neuve, Belgium). PET data were collected for 30 min and 
reconstructed using FORE/2D-OSEM with 16 subsets and 1 iteration (voxel size: 0.388 
× 0.388 × 0.775 mm). The CT study was acquired using an X-ray beam current of 340 µA 
and a tube voltage of 40 kVp, and reconstructed using an FDK algorithm (Pascau et al. 
2006; Abella et al. 2012).

PET/CT images were analyzed using Multimodality Workstation software (Pascau 
et  al. 2006). On each CT image, a region of interest (ROI) was selected in the perito-
neal cavity (Fig.  1) using the kidneys as reference, and delimited by (1) an axial plane 
just below the most caudal kidney pole and (2) a coronal plane ventral to the kidneys, 

Fig. 1  Abdominal ROI selected for PET quantification, shown in the A axial, B coronal, and C sagittal planes
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always avoiding the bladder. These ROIs were automatically applied to co-registered PET 
images to measure mean standard uptake values in the ROI (SUVmean).

Data processing and statistical analysis

We used Prism 8.3.0 (GraphPad Software, La Jolla, CA, USA) for data processing and 
plotting. Values are presented as mean ± standard deviation.

Given that some data did not meet the criteria of normality and homoscedasticity, we 
used the Kruskal–Wallis test followed by a post hoc Mann–Whitney test for all the vari-
ables evaluated. In all cases, the significance threshold was set at p < 0.05.

Ethics

C57BL/6 female mice from Charles River were housed in the animal facility of Hospi-
tal General Universitario Gregorio Marañón, Madrid, Spain (ES280790000087). All ani-
mal procedures conformed to EU Directive 2010/63EU and national regulations (RD 
53/2013) and were approved by the local ethics committees and the Animal Protection 
Board of the Comunidad Autónoma de Madrid (PROEX 244–19).

Results
Synthesis and characterization of the radiotracers [125I]I‑Beztxab and [89Zr]Zr‑DFO‑Beztxab

The radiotracer [125I]I-Beztxab was synthesized with a radiochemical yield of 75.36 
± 4.11%, a specific activity of 167.24 ± 45.14 MBq/mg and a radiochemical purity of 
higher than 99.99%, as established by TLC (Fig. 2A).

[89Zr]Zr-DFO-Beztxab was synthesized with a radiochemical yield of 71.58 ± 8.19%, 
a specific activity of 202.76 ± 34.04 MBq/mg and a radiochemical purity of higher than 
99.99% (Fig. 3A). The calculated LogP value using [89Zr]Zr-DFO-Beztxab was −2.41 ± 
0.86, which is in accordance with hydrophilic behavior.

Fig. 2  Characterization of [125I]I-Beztxab. A TLC chromatogram of purified [125I]I-Beztxab. B In vitro stability of 
[125I]I-Beztxab in PBS 1 ×. C In vitro stability of [125I]I-Beztxab in mouse serum
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In vitro characterization of [125I]I‑Beztxab

The in vitro stability of [125I]I-Beztxab in PBS 1 × remained at 100% at 24 h and slowly 
decreased to 90.7 ± 1.6% at 192 h. Stability in mouse serum remained at 100% after 1 h 
and slowly decreased to 86.9 ± 2.6% after 192 h (Fig.  2 B-C). In the case of [89Zr]Zr-
DFO-Beztxab, stability in PBS 1 × remained at 100% at 26.5 h and slowly decreased to 
95.0 ± 0.6% at 100 h (Fig. 3B).

The KD of bezlotoxumab and [125I]I-Beztxab measured by ELISA was 24.87 ± 9.04 and 
26.03 ± 3.80 pM, respectively (Fig.  4). The binding kinetic constants measured using 
LigandTracer were KD = 5.22 ± 1.66 pM, ka = 3.08 × 105 ± 9.76 × 104  M−1  s−1, and kd = 
1.52 × 10–6 ± 2.87 × 10–7 s−1 (Fig. 5).

Quantification of toxin expression in C. difficile strains

Table 1 shows the results of the C. difficile toxin A/B FIA immunoassay. Although this 
method is mainly qualitative, it offers indirect toxin quantification by providing data in 
fluorescence units, which serve as a relative measure of the amount of toxins A and B 
produced by each strain. Based on these measurements, high capacity for production 
of toxin A was observed for strains ATCC 43255 (ribotype 087) and 14243227 (ribotype 
027); high capacity for production of toxin B was observed for ATCC 43255 (ribotype 
087), and, especially, strain 14243227 (ribotype 027). As bezlotoxumab binds specifically 
to toxin B, the latter strain was selected for the animal CDI model.

Fig. 3  Characterization of [89Zr]Zr-DFO-Beztxab. A TLC chromatogram of purified [89Zr]Zr-DFO-Beztxab. B 
In vitro stability of [89Zr]Zr-DFO-Beztxab in PBS

Fig. 4  Determination of the dissociation constant (KD) of bezlotoxumab and [125I]I-Beztxab by ELISA. (Left) 
Binding curve of bezlotoxumab to C. difficile toxin B. (Right) Binding curve of [125I]I-Beztxab to C. difficile toxin 
B. Data are presented as the mean ± standard deviation of three independent experiments
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Validation of the CDI animal model

The CDI animals deteriorated rapidly within 24 h of administration of C. difficile. At 
24 h post-infection, the CDI group exhibited a cumulative CSS of 25, which increased 
to 46 at the imaging time-point of 48 h post-infection. In contrast, the DWI and WT 
groups showed a cumulative CSS of 5 and 2, respectively, at 24 h post-infection, and a 
cumulative CSS of 6 and 2, respectively, at 48 h post-infection. The ex vivo measure-
ments of colon length demonstrated a significant shortening in the CDI group (5.76 
± 0.40 cm) compared to the DWI (6.80 ± 0.50 cm, p < 0.01) and WT (6.50 ± 0.57 cm, 
p < 0.05) groups (Fig. 6).

Quantification of toxin from fecal samples was positive for the presence of C. dif-
ficile in all CDI animals. Quantification of TCD in stool samples was 177.90 ± 284.81 
CFU/µg.

The main histopathological lesions were architectural changes in the bowel crypts, 
increase of lymphocytes and plasma cells in the lamina propria of the bowel, and pol-
ymorphonuclear cells in both the lamina propria and the epithelium.

Fig. 5  Binding kinetics of [125I]I-Beztxab for C. difficile toxin B by LigandTracer, showing ligand association and 
dissociation (expressed as CPS in the targeted toxin B) over time

Table 1  Toxin A/B FIA immunoassay results

Strain Ribotype Mean relative toxin production

Toxin A Toxin B

ATCC 43255 087 86.52 ± 0.28 10.62 ± 4.76

14243227 027 86.14 ± 3.05 14.87 ± 11.03

13061479 001 63.31 ± 7.30 0.41 ± 0.04
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Ex vivo biodistribution

Table 2 and Fig. 7 present the biodistribution values of [89Zr]Zr-DFO-Beztxab in an 
independent group of animals (48 h and 5 days of infection). Colon + cecum uptake 
in CDI animals was 1.9-fold higher at 48 h post-infection (7.66 ± 5.02%ID/g) than at 

Fig. 6  A Ex vivo measurements of colon length of the three animal models. B Representative pictures of 
the measurement of colon length of the three animal models. C Representative H&E-based histology of CDI 
and DWI animal models. The statistical analysis was performed using the Kruskal–Wallis test for independent 
samples and a post hoc Mann–Whitney test, *p < 0.05

Table 2  Ex vivo biodistribution results expressed as %ID/g

CDI DWI WT

48 h p. infection
 Blood 21.46 ± 1.11 27.03 ± 1.47 26.11 ± 2.12

 Heart 6.19 ± 0.70 7.43 ± 0.82 8.03 ± 1.75

 Lungs 9.25 ± 1.19 12.56 ± 2.15 11.43 ± 1.88

 Liver 6.18 ± 0.47 5.93 ± 0.67 6.31 ± 0.63

 Spleen 8.53 ± 2.75 6.96 ± 1.53 6.81 ± 1.25

 Kidneys 12.23 ± 2.03 11.74 ± 0.47 11.21 ± 1.01

 Stomach 3.33 ± 1.38 2.22 ± 0.53 2.76 ± 0.67

 Colon + cecum 7.66 ± 5.02 3.43 ± 0.43 3.21 ± 0.78

 Skin 3.71 ± 0.78 3.94 ± 1.14 4.99 ± 1.29

 Bone 3.50 ± 0.56 3.87 ± 0.64 3.27 ± 0.30

 Intestine 3.65 ± 1.68 3.54 ± 0.40 3.76 ± 0.98

 Feces 2.71 ± 0.63 1.10 ± 0.52 1.31 ± 0.20

5 d p. infection
 Blood 11.93 ± 2.08 22.57 ± 8.64 20.03 ± 6.66

 Heart 6.61 ± 1.97 7.44 ± 1.94 6.86 ± 1.18

 Lungs 9.08 ± 4.16 14.45 ± 1.96 14.27 ± 2.86

 Liver 6.31 ± 1.72 8.54 ± 4.67 7.84 ± 1.19

 Spleen 7.46 ± 2.07 13.10 ± 8.58 9.92 ± 3.17

 Kidneys 7.69 2.39 11.07 ± 1.92 11.49 ± 2.05

 Stomach 1.57 ± 0.50 1.78 ± 0.52 2.23 ± 0.18

 Colon + cecum 4.01 ± 0.88 2.02 ± 1.68 1.99 ± 0.46

 Skin 4.65 ± 1.59 6.18 ± 2.00 5.49 ± 0.90

 Bone 3.96 ± 0.53 6.81 ± 0.58 7.43 ± 0.80

 Intestine 2.10 ± 0.50 3.50 ± 0.50 3.54 ± 1.07

 Feces 1.00 ± 0.15 1.79 ± 1.09 1.95 ± 1.00
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5 days (4.01 ± 0.88%ID/g). Thus, the 48-h time point was chosen for in vivo studies to 
optimize PET imaging. Colon + cecum uptake at 48 h was significantly higher in CDI 
animals (7.66 ± 5.02%ID/g) than in DWI (3.43 ± 0.43%ID/g) and WT animals (3.21 
± 0.78%ID/g). Differences between CDI animals and the other groups were lower at 
5 days.

In vivo PET/CT imaging of [89Zr]Zr‑DFO‑Beztxab

Qualitatively, in vivo PET/CT images of [89Zr]Zr-DFO-Beztxab confirmed the existence 
of specific and localized radiotracer uptake in different segments of the digestive tract. 
In contrast, the control groups exhibited slight abdominal uptake, basically in excretory 
organs and the circulatory system, with no apparent accumulation in the digestive sys-
tem (Fig.  8A, B). Quantification of abdominal uptake (SUVmean) showed an increase 
in [89Zr]Zr-DFO-Beztxab uptake in infected animals (SUVmean 0.85 ± 0.06; p = 0.003) 
compared with WT animals (SUVmean 0.66 ± 0.07) (Fig. 8C).

Discussion
Despite ongoing advancements in identifying infection sites, effective non-invasive 
detection methods remain scarce. A major challenge lies in differentiating between 
inflammatory and infectious processes, which can lead to false-positive diagnoses 
(Rosenbaum et al. 2006). Building on the success of immunoPET imaging in oncology 
(Menke-Van Der Houven et al. 2019) and our group’s previous work in targeting bacte-
rial toxins (González et  al. 2024), this study evaluates an immuno-PET tracer using a 
[89Zr]Zr-radiolabeled antibody targeting C. difficile toxin B.

To this end, two different radiolabeling approaches of the monoclonal antibody bezlo-
toxumab were performed. The [125I]I radiolabeling, with a radioisotope half-life of 59.49 
days, enabled long-lasting in vitro binding studies up to 2000 min. Additionally, direct 

Fig. 7  Biodistribution of [89Zr]Zr-DFO-Beztxab in colon-cecum in the three animal models 48 h and 5 days 
post-infection (48 h post-infection: CDI n = 4, DWI n = 4, WT n = 4; 5 days post-infection: CDI n = 3, DWI n = 5, 
WT n = 5). The statistical analysis was performed using the Kruskal–Wallis test for independent samples and a 
post hoc Mann–Whitney test, *p < 0.05
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radioiodination is a simple, fast and inexpensive reaction, unlike [89Zr]Zr. However, 
despite its potential for SPECT imaging, its low gamma energy (35 keV) limits its use 
as an imaging agent (Kim et al. 2015). Following in vitro binding validation with [125I]
I, we radiolabeled bezlotoxumab with [89Zr]Zr, a well-established radioisotope used in 
immunoPET for in vivo PET imaging in humans (Jauw et al. 2019). Its half-life of 78.42 h 
allows for longitudinal studies while providing more sensitive PET images.

[125I]I radiolabeling was performed with a low amount of radioactivity owing to the 
long half-life of the radioisotope and the low activity required for in vitro binding assays. 
This resulted in a good radiochemical yield of 75.36 ± 4.11% and, consequently, a rela-
tively low specific activity of 167.24 ± 45.14 MBq/mg. The high radiochemical purity of 
more than 99.99% and the long in vitro stability in PBS ensured that the results obtained 
in the in vitro binding assays were not caused by the binding of free [125I]I.

Radiolabeling with [89Zr]Zr resulted in a good radiochemical yield of 71.58 ± 8.19%, 
similar to that of other immunotracers for toxins developed by our group (González 
et al. 2024). A higher specific activity of 202.76 ± 34.04 MBq/mg was achieved in this 
case. Even though this value is still relatively low for monoclonal antibodies, it remains 
in the range of other similar antibodies and in the intended value for small animal imag-
ing (74–222 MBq/mg) (Verel et al. 2003; Wuensche et al. 2022; Sharma et al. 2020). As in 
the previous case, the radio-chemical purity was higher than 99.99%, and in vitro stabil-
ity in PBS remained above 95.0 ± 0.6% at 100 h.

The KD values of [125I]I-Beztxab determined by ELISA showed a high binding affin-
ity of bezlotoxumab for C. difficile B toxins, in the picomolar range (Roskos et  al. 
2007). A slight increase in the KD of [125I]I-Beztxab compared to the unlabeled ver-
sion may indicate a small loss of affinity. However, the standard deviations of the 

Fig. 8  A Representative images of in vivo PET/CT imaging of [.89Zr]Zr-DFO-Beztxab in the three animal 
models 48 h post-infection. The red arrow indicates colon-cecum uptake. B Additional images of CDI animal 
models 48 h post-infection. The red arrows indicate colon-cecum uptake. C PET/CT images quantification in 
the three animal models (CDI n = 9, DWI n = 5, WT n = 5) expressed as SUVmean. The statistical analysis was 
performed using the Kruskal–Wallis test for independent samples and a post hoc Mann–Whitney test, **p 
< 0.01
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two values overlap, suggesting that the difference may be due to measurement error. 
There is a small difference between KD values measured by ELISA (26.03 ± 3.80 pM) 
and LigandTracer (5.22 ± 1.66 pM). Compared to ELISA, LigandTracer usually yields 
lower KD values because it provides a more reliable result by collecting data over sev-
eral days with different ligand concentrations, thus enabling the measurement of ka 
(3.08 × 105 ± 9.76 × 104 M−1  s−1) and kd (1.52 × 10–6 ± 2.87 × 10–7 s−1). Nevertheless, 
both KD values are in the picomolar range, demonstrating the high binding affinity of 
the antibody. The association and dissociation constants also indicate rapid binding 
and slow release of the antibody to its target, with values approximately ten times 
higher and lower, respectively, than those of other antibodies (Faresjö et  al. 2021; 
Gustavsson et al. 2020).

Among the C. difficile strains evaluated for toxin production, strain 14243227 
(ribotype 027) and strain ATCC 43255 (ribotype 087) exhibited the highest relative 
levels of toxin A production, with strain 14243227 also displaying the highest relative 
level of toxin B production. Moreover, our previous work using a mouse model with 
PET/CT imaging and [18F]F-FDG found higher levels of toxins in animals infected 
with this strain (Cusso et al. 2020). Bezlotoxumab binds specifically to toxin B; there-
fore, strain 14243227 was selected for the initial evaluation of a radiotracer based on 
this antibody, excluding the other strains in order to validate the probe’s performance 
in an optimal scenario. Although it is reasonable to question whether a C. difficile 
strain that produces high levels of toxin B in vitro, such as the one used in this study, 
will do so in vivo, previous studies involving multiple ribotype 027 strains have dem-
onstrated consistently high in vivo toxin B production (Verdoorn et al. 2010). As this 
strain also exhibits a relatively high production of toxin A, future studies with differ-
ent targeting antibodies can be conducted using the same strain.

We used two different animal models, one for C. difficile infection and another 
to develop a dysbiosis without infection (DWI). Dysbiosis, an imbalance in the gut 
microbiota, is linked to several diseases such as inflammatory bowel disease (Hanei-
shi et  al. 2023). We induced dysbiosis using a combination of antibiotics disrupting 
gut microbiota and favoring C. difficile infection (Vasilescu et al. 2022). A healthy gut 
microbiome usually protects against pathogens through nutrient competition, antimi-
crobial production, and maintenance of an acidic environment (Minkoff et al. 2023). 
When disrupted, it allows C. difficile to proliferate. The two models selected enabled 
us to test the radiotracer’s ability to differentiate between active infection and inflam-
matory pathways triggered by dysbiosis.

Animal models were validated in three different ways: (1) The reduction in colon 
length indicated the existence of inflammation (Zhou et  al. 2018). (2) Bacterial cul-
tures from fecal samples confirmed the presence of C. difficile in all CDI animals, but 
not in the rest. Toxin quantification presented high variance (177.90 ± 284.81 CFU/
µg), which is attributable to the skewed, non-normal distribution of C. difficile colo-
nization in vivo, indicative of an exponential growth dynamics of the bacteria, where 
minor variations in colonization timing or host factors can result in substantial dis-
parities in bacterial burden (Ozaki et al. 2004; Koenigsknecht et al. 2015; De-la-Rosa-
Martínez et al. 2025). (3) H&E-based histology confirmed inflammation of the colon, 
with higher levels in the DWI model. This finding further underscores the capability 
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of our radiotracer to detect toxin B for diagnosing C. difficile infection, while avoiding 
non-specific uptake by colon inflammation.

Ex vivo biodistribution studies were conducted in the three animal models prior to 
PET/CT imaging to determine optimal radiotracer uptake time, aiming to identify 
the best time-point for early diagnosis. Biodistributions were performed at 48 h and 
5 days of infection, with 24 h and 4 days of radiotracer uptake, respectively. The uptake 
in the colon and cecum at 48 h post-infection was found to be 1.9 times higher (7.66 
± 5.02%ID/g) than the uptake observed at 5  days post-infection (4.01 ± 0.88%ID/g). 
Based on this finding, the 48-h time-point was selected for subsequent in  vivo PET 
imaging studies to maximize detection sensitivity. Furthermore, at 48 h post-infection, 
colon and cecum uptake were significantly higher in CDI animals (7.66 ± 5.02%ID/g) 
than in DWI animals (3.43 ± 0.43%ID/g) and WT controls (3.21 ± 0.78%ID/g). The 
smaller difference between DWI or WT and CDI between day 2 and day 5 likely reflects 
the natural progression of the disease. By day 5, partial resolution of inflammation in the 
DWI group and faster recovery in mice compared to humans may influence tracer kinet-
ics and clearance (Tomkovich et al. 2020). Lower ex vivo uptake on day 5 supports this 
trend. These differences suggest that this time frame is optimal for distinguishing active 
CDI from DWI-driven inflammation and healthy controls.

PET/CT imaging analysis of the CDI animal model clearly showed a distinct and pre-
cisely localized uptake pattern for [89Zr]Zr-DFO-Beztxab in different segments of the 
lower digestive tract. This pattern is typically associated with CDI. Interestingly, DWI 
and WT models exhibited a markedly different uptake profile, which was localized 
mainly in excretory organs and the circulatory system, with low accumulation within the 
gastrointestinal tract. This disparity supports the specificity of the radiotracer uptake in 
delineating the pathophysiological processes associated with bacterial infection. Uptake 
in bones and joints is high in all animal models. The reason for this may be demetalliza-
tion of [89Zr]Zr in DFO-conjugated 150-kDa IgG isotype antibodies in plasma, which is 
a common issue that has been observed in previous studies (Raavé et al. 2019) and often 
leads to uptake of free [89Zr]Zr in bone tissue, especially in joints (Abou et  al. 2011). 
This qualitative analysis of the images is supported by the quantitative analysis, where 
abdominal uptake was more pronounced in the infected group than in the WT and DWI 
animals. The fact that we observed colonic PET uptake even with low levels of TCD 
may suggest a higher sensitivity of PET, although this speculation would require further 
confirmation.

Our study is subject to limitations. First, the sample size for the ex vivo biodistribution 
analysis performed 5 days post-infection was insufficient to obtain statistically significant 
results, although the trend suggested higher uptake in the colon of CDI animals. Second, 
only one strain of C. difficile (ribotype 027) was used, namely, the one that demonstrated 
the highest level of toxin B production among the evaluated strains. While this choice 
facilitated radiotracer validation in an optimal scenario, future studies should evaluate 
tracer performance on strains with lower toxin B production to determine a more realis-
tic detection limit. Third, PET image quantification was performed using an abdominal 
ROI rather than a more specific colonic and cecal ROI owing to challenges in differenti-
ating these organs on CT images. This lack of specificity may have affected the accuracy 
of uptake measurements. In addition, the study was conducted in a mouse model, which, 
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while useful for preclinical evaluation, does not fully replicate the complexity of human 
CDI. Differences in immune response, gut microbiota composition, and toxin distribu-
tion between mice and humans may limit the direct translation of findings to clinical 
practice (Best et al. 2012). Fourth, no attempt was made to detect C. difficile outside the 
gastrointestinal tract. Finally, the study did not evaluate potential cross-reactivity with 
other gut bacteria or inflammatory conditions, potentially affecting the specificity of the 
tracer in clinical settings. These limitations should be addressed in future research to 
refine the diagnostic accuracy and translational potential of this immunoPET approach.

While not intended to replace current diagnostic algorithms for CDI, this immun-
oPET radiotracer may serve as a valuable complementary tool to enhance diagnosis and 
foresee patient prognosis. The ability to non-invasively detect CDI in early stages rep-
resents a significant advancement over invasive techniques such as colonoscopy, which 
carries substantial risks in severely ill patients (McDonald et  al. 2018). Early detec-
tion would allow for timely intervention, potentially reducing disease progression and 
severe complications such as pseudomembranous colitis and toxic megacolon (Rajack 
et  al. 2023). Although our work focuses on the acute phase (2–3 days post-infection), 
the design of the tracer opens the possibility of detecting the disease at earlier stages, 
since toxin production may begin before any macroscopic endoscopic lesions appear. 
However, claiming an early detection (even before the onset of symptoms or diarrhea) 
was out of the scope of our study and would require additional studies. The radiotracers 
also enable specific visualization of toxin-producing bacterial foci in  vivo, which may 
be important for precise differentiation between active infection and colonization. This 
could be particularly advantageous in complex clinical scenarios, such as patients with 
coexisting gastrointestinal disorders or recurrent CDI, where misdiagnosis can lead to 
unnecessary treatment or delayed care. Recurrent CDI remains a major challenge, often 
requiring repeated and prolonged courses of therapy (Finn et  al. 2021). The proposed 
radiotracer could identify residual infection sites and differentiate recurrent infection 
from post-treatment inflammatory changes, reducing the reliance on empirical ther-
apy and potentially curbing antimicrobial resistance associated with overuse of broad-
spectrum antibiotics. Additionally, the ability to monitor the response to therapy in vivo 
would enable clinicians to adjust treatments dynamically, potentially improving patient 
outcomes. Finally, this immunoPET approach could be used as a non-invasive tool in 
clinical trials to quantify reductions in radiotracer uptake over time (an indicator of 
decreased toxin B activity) providing a direct measure of treatment efficacy against CDI.

Conclusions
We synthesized and characterized two C. difficile-specific radiotracers based on bezlo-
toxumab. Radiolabeling with both [125I]I and [89Zr]Zr was successfully achieved with a 
high radiochemical yield, purity, and stability, thus supporting the use of these radiotrac-
ers for in vivo assessments. In vitro binding assays using [125I]I-Beztxab confirmed high 
and rapid uptake of bezlotoxumab, with slow release even at long time-points. PET/CT 
imaging using [89Zr]Zr-DFO-Beztxab revealed distinct and specific uptake in the diges-
tive tract of CDI animals, but not in the other groups. These findings support the radi-
otracer’s ability to differentiate between active infection and dysbiosis without specific 
C. difficile infection, providing valuable evidence of its diagnostic potential.
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[125I]I-Beztxab	� [125I]I-radiolabeled bezlotoxumab
[18F]F-FDG	� [18F]F-fluorodeoxyglucose
[89Zr]Zr-DFO-Beztxab	� [89Zr]Zr-radiolabeled bezlotoxumab
DWI	� Dysbiosis without specific C. difficile infection
C. difficile	� Clostridioides difficile
CDI	� Clostridioides difficile infection
CFU	� Colony-forming units
CT	� Computed tomography
EIA	� Enzyme immunoassay
ELISA	� Enzyme-linked immunosorbent assay
GDH	� Glutamate dehydrogenase
H&E	� Hematoxylin and Eosin
PBS	� Phosphate-buffered saline
PET	� Positron emission tomography
p-NCS-Bz-DFO	� P-Isothiocyanatobenzyl-deferoxamine
ROI	� Region of interest
SPECT	� Single photon emission computed tomography
TCD	� Toxigenic C. difficile
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