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Abstract
BACKGROUND: Diagnosis of implant-associated infection is challenging. Several
radiopharmaceuticals have been described but direct comparisons are limited. Here
we compared in vitro and in an animal model 99mTc-UBI, 99mTc-Ciprofloxacin, 99mTcNCiproCS2 and 111In-DTPA-biotin for targeting E. coli (ATCC 25922) and S. aureus
(ATCC 43335).
METHODS: Stability controls were performed with the labelled radiopharmaceuticals
during 6 h in saline and serum. The in vitro binding to viable or killed bacteria was
evaluated at 37 °C and 4 °C. For in vivo studies, Teflon cages were subcutaneously
implanted in mice, followed by percutaneous infection. Biodistribution of i.v. injected
radiolabelled radiopharmaceuticals were evaluated during 24 h in cages and dissected
tissues.
RESULTS: Labelling efficiency of all radiopharmaceuticals ranged between 94% and
98%, with high stability both in saline and in human serum. In vitro binding assays
displayed a rapid but poor bacterial binding for all tested agents. Similar binding
kinetic occurred also with heat-killed and ethanol-killed bacteria. In the tissue cage
model, infection was detected at different time points: 99mTc-UBI and 99mTcNCiproCS2 showed higher infected cage/sterile cage ratio at 24 h for both E. coli and S.
aureus; 99mTc-Ciprofloxacin at 24 h for both E. coli and at 4 h for S. aureus; 111InDTPA-biotin accumulates faster in both E. coli and S. aureus infected cages.
CONCLUSIONS: 99mTc-UBI, 99mTcN-CiproCS2 showed poor in vitro binding but good
in vivo binding to E. coli only. 111In-DTPA-biotin showed poor in vitro binding but good
in vivo binding to S. aureus and poor to E. coli. 99mTc-Ciprofloxacin showed poor in
vitro binding but good in vivo binding to all tested bacteria. The mechanism of
accumulation in infected sites remains to be elucidated.
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Introduction
Implanted devices are increasingly used in modern medicine to alleviate pain or
improve compromised function. Implant associated infections constitute a major
complication leading to high morbidity, extensive patient care and costs [1]. The early
discrimination between infective and aseptic implant failures is essential for choosing
the appropriate therapy procedures. However, standard laboratory methods such as
tissue cultures and direct microscopy are either slow or have low sensitivity [2, 3].
Thus, the development of a sensitive and specific diagnostic tool for detection of
foreign body infections remains an important and challenging issue.
Nuclear imaging techniques for evaluation of loosening prostheses have been
increasingly used. To date, radiolabelled autologous leukocytes are the gold standard
for scintigraphic imaging of infectious foci [4]. In alternative, an indirect approach is
the radiolabelling of monoclonal antibodies or antibody fragments targeting specific
leukocytes antigens or receptors. However, both methods have some limitation: the
long and labour-intensive in vitro labelling procedure the first, and possible toxicity
for repeated studies the second. In addition, sensitivity and specificity reported in preclinical and clinical studies have been often contradictory or not satisfying [2, 5, 6].
In the last years, diverse and novel agents able to target directly the infecting
pathogens, rather than inflammatory cells, have been widely investigated. The
antimicrobial peptide UBI 29-41 was labelled with technetium-99m and showed
preferential accumulation at sites of experimental soft-tissue or foreign body
associated infections. In clinical studies radiolabelled UBI 29-41 was investigated as
an infection-specific agent allowing imaging of infectious foci in humans already 30
min after administration [7-12]. In addition, synthetic antimicrobials have been
evaluated and proposed as potential infection-specific radiopharmaceuticals. 99mTcCiprofloxacin, belonging to the fluoroquinolone class of anti-bacterial, was pioneering
this field and is the most extensively investigated. In both pre-clinical and clinical
studies, 99mTc-Ciprofloxacin reported controversial frequency of false-positive cases,
with specificity ranging between 41% and 83%. However, an increased specificity has
been described when imaging was delayed from 1 h to 4 h or 24 h after administration
of the radiopharmaceutical. Indeed, the delayed imaging would allow the clearance of
aseptic inflamed lesions, whereas the radioactivity is retained in infection sites [6, 1320].
The suboptimal radiochemical yield and the little understanding in the chemical
structure of 99mTc complexes of Ciprofloxacin stimulated the research towards better
chemically defined derivatives. Recently, a promising candidate, Ciprofloxacin
dithiocarbamate (CiproCS2), has shown a fast and effective labelling, occurring by
binding of two CiproCS2 molecules to a nitrido technetium-99m and resulting in a
highly stable compound. Pre-clinical studies conducted with the 99mTcN-CiproCS2
displayed in vitro bacterial binding and accumulation into infections sites higher than
the precursor Ciprofloxacin [21]. Further evaluation would be recommended for a
better characterization of this new radiopharmaceutical both in pre-clinical and
clinical settings.
Radiolabelled growth factors may also behave as specific agents accumulated by
bacteria due to their high replication rate. Recently, indium-111 labelled biotin
displayed high potentials for the diagnosis of vertebral osteomyelitis infections. When
compared to clinical, radiological or laboratory tests, the SPECT/CT imaging of
administered 111In-DTPA-biotin achieved a sensitivity of 84-100% and specificity of
98-84% [22]. However, clinical studies are required to confirm the diagnostic
potentials of this radiopharmaceutical.
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The aim of our study was to compare the performance of three well known
radiopharmaceuticals for bacteria imaging 99mTc-UBI [8], 99mTc-Ciprofloxacin [26,
27], 111In-DTPA-biotin [22] and one newly synthesized radiopharmaceutical: 99mTcNCiproCS2. All products were tested in vitro and in vivo for targeting S. aureus and E.
coli induced infection in a tissue-cage mouse model of foreign body infection. The
tissue-cage model is a well-studied and well-understood model of reproducible,
localized and persistent infection [23-25]. After subcutaneous aseptic implantation on
the back of the mice, perforated Teflon cages fill with a vascularised granulation tissue
and exudate, originating from an unspecific local inflammation process around the
foreign body. Percutaneous injection of bacteria into cages causes a persistent
infection, in which bacteria grow in adherent and planktonic growth phases. The
advantage of this model is the easy sampling of cage fluid, performed in successive
time points without harming the animals, allowing an accurate determination of
planktonic bacterial load or concentration of administered radiopharmaceuticals.
Materials and Methods
Labelling procedures
All labelling experiments and in vitro quality controls were performed at least three
times for the already characterized radiopharmaceuticals. 99mTcN-CiproCS2 was
labelled more than twenty times and quality controls performed in triplicate. We do
not report the HPLC data and in vitro quality control data for 99mTc-UBI 29-41, 99mTcCiprofloxacin and 111In-biotin since these data can be obtained from literature [7, 8,
10, 11, 13, 22, 26, 27, 29, 32].
99mTc-UBI

29-41
Lyophilized kits were reconstituted under aseptic conditions with Na99mTcO4, as
previously described [8]. Briefly, the kits consisted of two vials: vial 1 contained 40 µl
of NaOH and vial 2 contained 25 µg of UBI 29-41 and 12 µg of SnCl2. One ml of a 555
MBq/ml 0.9% saline solution of Na99mTcO4, eluted from a 99Mo/99mTc generator, was
transferred to vial 1. Thus, the content of vial 1 was resuspended and transferred to
vial 2. After 15 min at room temperature, 5 ml of 0.9% saline solution were added to
vial 2 (stock solution, SS) and labelling efficiency was analyzed as recommended by kit
instructions [8]. Stability of the 99mTc-UBI 29-41 was evaluated by resuspending 100
µl of the SS in saline and performing ITLC at different time points during 24 h.
99mTc-Ciprofloxacin
99mTc-Ciprofloxacin

(1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-yl-quinoline-3carboxylic acid) was prepared using a lyophilized kit, as previously described [26, 27].
The kit consisted of 3 vials: vial 1 contained 20 mg of Ciprofloxacin, vial 2 30 mg of Ltartarate acid and vial 3 50 mg of SnCl2. First, vials were reconstituted with 5 ml of
sterile saline solution 0.9%, 10 ml of water for injection and 10 ml of 0.1M HCl,
respectively. Vial 2 and 3 were further diluted 1:20 with water for injection in oxygen
free vials. Labelling was performed in a fourth oxygen free vial (reaction vial), in which
were transferred 250 µl from vial 1, 50 µl from 1:20 dilutions of vial 2 and 3, and finally
500 µl of a Na99mTcO4 solution with activity of 740 MBq. After 20 min at room
temperature the solution in reaction vial was filtered through a 0.22 µm Millipore and
diluted 1:10 in saline (stock solution, SS). Quality controls were performed as
described by the manufacturers [27]. Stability of the 99mTc-Ciprofloxacin was
evaluated by resuspending 100 µl of the SS in 900 µl saline or serum and performing
ITLC at different time points during 24 h.
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111In-biotin

A Diethylenetriaminepentaacetic acid a,w-bis-biocytinamide (DTPA-biotin) (SIGMAALDRICH, USA) solution of 500 µg/ml was prepared in Acetate buffer 0.05 M, pH 5.5
and sterile filtered with Millipore 0.2 µm filters. Labelling was performed as previously
described [22]. Briefly 1 ml of DTPA-biotin sterile solution (500 µg) was mixed to 110
MBq of Indium-111 chloride at room temperature for 15 minutes (stock solution, SS).
Labelling efficiency was determined by high-performance liquid chromatography
(HPLC), using a Phenomenex Jupiter 4 n column. As mobile phases 0.1% TFA/water
(solvent A) and 0.1% TFA/acetonitrile (solvent B) were used at a flow rate of 0.75
ml/min starting with a mixture of solvent A/B of 95/5% to a final ratio solvent A/B of
70/30% for 25 minutes. Stability of the 111In-Biotin was evaluated by resuspending 100
µl of the SS in 900 µl saline or serum and performing quality controls at different time
points during 24 h.
99mTcN-CiproCS
2

The kit was synthesized by I. A. Hajar et al. (University of Ferrara, Italy) and consisted
of 3 vials: vial 1 contained 5 mg of succinic acid dihydrazide (SDH), 5 mg of
ethylenediaminetetraacetic acid (EDTA), 0.1 mg of SnCl2 and phosphate buffer 0.1 M;
vial 2 contained 12 mg of 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinylN-dithiocarbamate)-3-quinolinecarboxylic acid sodium salt, (abbreviated as
Ciprofloxacin dithiocarbamate or CiproCS2); vial 3 contained 15 mg of γ-cyclodextrin.
Briefly, 1 ml of 99mTcO4- (740 MBq) was added to vial 1. After 30 minutes of incubation
at room temperature, 100 µl of a 0.5 M carbonate buffer (pH=9.5) were added. Then,
15 ml of normal saline were added to vial 3 and 12 ml of the obtained solution were
added to vial 2. Finally, 1 ml was transferred to vial 1 and the mixture was incubated
at room temperature for 20 minutes. Quality controls were performed by both instant
thin layer chromatography (ITLC), thin layer chromatography (TLC) and reverse
phase high-performance liquid chromatography (HPLC). ITLC silica gel strips and
TLC silica gel strips (Baker-flex®, J.T. Baker, USA) were used as stationary phase.
Regarding the former the mobile phase consisted in normal saline, while for the latter
a methanol/0.5 M ammonium acetate (80:20 v/v) solution was used to determine the
amount of free 99mTcO4- and unreacted 99mTc-nitrido intermediate. The amount of
colloids was determined using ITLC albumin absorbed strips as stationary phase and
an ethanol/water/ammonium (2:5:1) solution as mobile phase. High-performance
liquid chromatography (HPLC) was carried out using a Phenomenex Jupiter 4 n
column and 0.1% TFA/water (solvent A) and 0.1% TFA/acetonitrile (solvent B) as
mobile phases at a flow rate of 0.75 ml/min, starting with a solvent ratio of A/B = 95/5
for 10 minutes. Then, a gradient started over 15 min to a final ratio A/B = 5/95 and
held constant for 3 minutes then back to 95/5 during the last 2 min. Stability of the
99mTcN-CiproCS was evaluated by resuspending 100 µl of the SS in 900 µl saline or
2
serum and performing TLC analyses at different time points during 24 h.
Microorganisms
The laboratory strains E. coli (ATCC 25922) and S. aureus (ATCC 35556, methicillinsusceptible) were used. Bacteria were stored at -70 °C using a cryovial bead
preservation system (Microbank, Pro-Lab Diagnostics, Richmond Hill, ON, Canada).
Single cryovial beads were cultured overnight on Columbia sheep blood agar plates
(Becton Dickinson, Heidelberg, Germany). Bacterial cultures were prepared by
resuspending two to three colony forming units (CFUs) in 5 ml of Tryptic soy broth
(TSB) and incubating overnight for 18-20 h at 37 °C. For in vitro studies, overnight
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cultures were diluted 1:100 in TSB and further incubated at 37 °C to mid-logarithmic
phase. Following, when an optical density (OD600) between 0.3 and 0.4 was achieved,
cultures were centrifuged and bacterial pellets concentrated 10x in the appropriate
volume of phosphate buffer solution (PBS) or a 0.1% acetic acid and 0.05% Tween 80
supplemented PBS (incubation buffer solution, IBS) for testing 99mTc-UBI 29-41.
Hundred µl of resuspended bacterial cultures were mixed with 900 µl of
radiopharmaceutical solution, reaching a final load of ≈ 1´108 CFU/ml.
For in vivo studies, overnight cultures were washed three times and re-suspended in 5
ml of sterile saline 0.9%. Appropriate dilutions (inocula of 5´105 CFU and 5´106 CFU
injected per mouse-cage of S. aureus and E. coli, respectively) of the washed overnight
cultures were prepared and used for mice inoculation. Different inocula were prepared
according to bacterial growth thus having the same number of bacteria 24 h after E.
coli and 48 h after S. aureus inoculation. This was previously defined in a series of
experiments not reported here.
In vitro binding studies
Binding of the test radiopharmaceuticals to E. coli and S. aureus was investigated in
vitro.
Mid-logarithmic phase bacterial cultures were 10´ concentrated and aliquoted into
Eppendorf vials, together with the test radiopharmaceuticals. Vials were incubated for
1 h at 37 °C, in the presence and in the absence a 100-fold excess of unlabelled
radiopharmaceutical. Temperature dependency was evaluated by adapting bacterial
aliquots for 1 h at 4 °C before addition of the radiopharmaceuticals, followed by further
incubation for 1 h at 4 °C. Bacterial colony forming units were evaluated before and
after 1 h incubation in the presence of radiopharmaceutical. For this purpose, 50 µl
were 10-fold serial diluted in sterile saline and spread on Columbia agar plates. After
overnight incubation at 37 °C, plates were counted and the exact log10CFU/ml
calculated.
For measuring radiopharmaceuticals’ binding to non-viable bacteria, cultures were
exposed to 70% ethanol solution at 4 °C or in the buffer solution to 99 °C for 30 min
(E. coli) or 1 h (S. aureus). Ethanol exposed cultures where washed before performing
the binding tests. To confirm the non-viability of the resuspended heat-killed or
ethanol-killed bacteria, 100 µL were spread on Columbia blood agar plates and the
CFU enumerated after 24 h of incubation at 37 °C. Colony counts <10 CFU/ml were
considered valid for further binding evaluation.
For testing 99mTc-UBI 29-41, freshly prepared stock solutions (SS) were diluted 1:20
with the incubation buffer solution (IBS, phosphate buffer solution 0.02 M
supplemented with 0.1% acetic acid and 0.05% Tween 80), to a final concentration of
210 ng/ml, 2.3 MBq/ml. Following, Eppendorf vials were filled with 800 µl of IBS, 100
µl of bacterial suspension and 100 µl of diluted radiopharmaceutical.
The SS of 99mTc-Ciprofloxacin and 99mTcN-CiproCS2 were diluted in PBS 1:10 and 1:40,
respectively, from which 100 µl were transferred to Eppendorf vials containing 800 µl
of PBS and 100 µl of bacterial suspensions.
In the 111In-DTPA-biotin binding assay, the labelled SS was diluted 1:1000 in PBS, and
500 µl transferred to vials pre-filled with 500 µl of bacterial cultures resuspended in
PBS or a biotin depleted minimal medium.
The percentage of radiopharmaceutical bound to bacterial cells was calculated by
incubating the different radiopharmaceuticals with the bacteria suspensions for
different time points between 5 min and 1 h. Probes were then centrifuged for 5
minutes at 13,500 rpm at 4 °C. Pellets were washed with 500 µL of cooled buffer
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solution. Supernatants and re-suspended pellets were counted in a multi-well NaI γcounter (Cobra; Packard) and the counts per minutes (CPM) recorded. The percentage
of radiolabelled agents in the pellets was calculated as percentage of the CPMp/CPM0ratio per 8.0 log10 CFU/ml, where CPMp were the CPM associated to pellets and CPM0
the total CPM of the radiolabelled agent added per vial.
Tissue-cage infection model in mice
C57Bl/6 mice from in-house breeding or purchased from Charles River (Germany)
were housed in the Animal Facility of the Department of Biomedicine, University
Hospital Basel, Switzerland, at a mean temperature of 23±2 °C, 50-55% relative
humidity, and 12-h light/dark cycle. Drinking water and standard laboratory food
pellets (CR) were provided ad libitum. At the age of 12 weeks, one sterile
polytetrafluoroetylene (Teflon) cage (32 x 10 mm), perforated by 130 regularly spaced
holes of 1 mm diameter, was aseptically implanted into the back of each mouse, as
previously described [24, 28] (figure 1). Each cage was weighted and numbered before
implantation, in order to normalize the final cage-associated CPM measurements with
the weight of the cage tissue only. Two weeks after surgery, clips were removed from
healed wounds and sterility of the cage was confirmed by plating of percutaneously
aspirated cage fluid on Columbia blood agar plates. On the following day, 5´105 CFU
of E. coli or 5´106 CFU of S. aureus resuspended in 200 µL of 0.9% NaCl, were injected
into the cages. Cages in control animals were injected with sterile 0.9% NaCl.
Experiments were performed in accordance to the regulations of Swiss veterinary law.
The Institutional Animal Care and Use Committee approved the study protocol.

Figure 1. SPECT/CT scan of a C57Bl/6 mouse after subcutaneous implant of the tissue cage
and 99mTc-ciprofloxacin injection. No implant uptake is observed in the sterile cage.

Biodistribution studies
In biodistribution studies, 100 µl of test radiopharmaceuticals were administered into
the mice lateral tail vein, 24 h and 48 h after induction of E. coli and S. aureus infection,
respectively. In particular, the injected stock solutions were: 99mTc-UBI 29-41 (9.3
MBq, 0.40 µg per mouse), 99mTc-Ciprofloxacin (7.4 MBq, 13 µg per mouse), 99mTcNCiproCS2 (7.4 MBq, 10 µg per mouse) and 111In-biotin (0.6 MBq, 0.5 µg per mouse).

88

Each radiopharmaceutical was injected in at least 10 to 12 mice per sterile/ infected
testing group.
Bacterial counts into cage fluids were evaluated by plating 10-fold serial dilutions of
fluids collected on the day of radiopharmaceutical injection, plates were incubated for
24 h at 37 °C and the CFU counted.
Distribution of radiopharmaceuticals into the infected/sterile cage fluids was
determined at 30 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h p.i.. 100 µl of aspirated fluids
were resuspended in 1 ml PBS and counted in a γ-counter. The percentage of injected
dose (% IDTCF/ml) was calculated as measured CPM normalized per 1 ml cage fluid
and divided by the CPM0 of the injected dose. Distribution into organs, tissues and
explanted cages was measured at 30 min, 4 h and 24 h p.i. Mice were sacrificed with
an intra-peritoneal injection of 50-80 µl saline solution of pentothal (100 mg/ml).
Blood was collected by cardiac puncture and animals were perfused with 0.9% NaCl
solution for around 5 min. Following, tissues were dissected, weighted and collected
into test tubes for γ-counter (blood, heart, liver, spleen, stomach, kidneys, lungs,
intestine, muscle, bone and cage). The percentage of injected dose (% IDtissue/g) was
calculated as CPM associated to each organ divided by its weight in grams and by the
CPM0 of the injected dose. Furthermore, for each radiopharmaceutical the infected
cage/sterile cage ratio was measured, based on the Cage-fluid and the Cage-tissue to
blood %ID ratio.
Statistical analysis
Comparisons of in vitro binding results and in vivo biodistribution data were
performed using the Student t test for continuous variables. All results were given as
mean values±SEM, unless otherwise indicated. Differences were considered
significant when P values were <0.05. All calculations were performed using Prism
4.0a (GraphPad Software, La Jolla, CA, USA).
Results
Quality controls and stability assays
99mTc-UBI

29-41
The labelling efficiency of 99mTc-UBI 29-41 was 97±0.2%, while the radioactivity
associated with colloid or hydrolyzed 99mTc species was less than 1.6%. Specific activity
was 3.8×101 MBq/mmol.
The compound was stable in saline up to 6 h (95.6±1.52%), while in serum the
radiochemical purity reached 80.2%, as it has been previously reported [29].
99mTc-Ciprofloxacin

The labelling efficiency of 99mTc-Ciprofloxacin was 93±0.1%, with an amount of
colloids not higher than 5%. Specific activity was 1.14×104 MBq/mmol.
The compound was stable in serum up to 6 h (92.6±1.15%), whereas in saline its
radiochemical purity decreased to 58±12.5% after 6 h.
111In-DTPA-biotin
111In-DTPA-biotin

presented a labelling efficiency of 96±0.1%. Specific activity was
MBq/mmol and was highly stable in saline and serum up to 6 h, without any
significant decrease of the radiochemical purity (95.6±0.57%).
5.2×104

99mTcN-CiproCS
2
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The labelling efficiency of 99mTcN-CiproCS2 determined by HPLC and TLC was
approximately 97±0.15%, with an amount of unreacted 99mTc-nitrido intermediate not
greater than 3%. Specific activity was 1.9×104 MBq/mmol.
The compound was stable in saline and serum up to 6 h, without any significant
decrease of the radiochemical purity (96.6±0.57%).
In vitro binding studies
99mTc-UBI 29-41, 99mTc-Ciprofloxacin, 99mTcN-CiproCS
111In-DTPA-biotin
2 and
displayed different binding properties to the E. coli and S. aureus. Overall, all tested
radiopharmaceuticals showed higher binding to EtOH-killed or heat-killed bacteria
than living bacteria (except for 99mTc-Ciprofloxacin and 111In-DTPA-biotin on heatkilled S. aureus).
As shown in table 1, 99mTc-UBI 29-41 and 99mTcN-CiproCS2 showed some specific
displaceable binding only to E. coli. 111In-DTPA-biotin showed in vitro specific
displaceable binding only to S. aureus. 99mTc-Ciprofloxacin showed specific
displaceble binding to both E. coli and S. aureus. The highest in vitro bacterial binding
was observed with 99mTcN-CiproCS2. Percentages of binding per 8.0 log10 CFU/ml
were calculated and reported in Table 1.
Table 1
In vitro binding assay reported as % CPM/CPM0 (means±SD) measured after 1 h
incubation of different radiopharmaceuticals with S. aureus or E. coli.
37 °C
99mTc-UBI

E. coli
S. aureus

29-41
0.94±0.08****
0.36±0.04

4 °C

EtOH Killed

Heat Killed

100x Cold
37 °C

0.61±0.15
0.28±0.05

3.34±0.35****
15.90±0.87****

12.02±0.52****
10.20±2.53****

0.72±0.07
0.28±0.11

1.6±0.16****
1.11±0.05

4.35±0.20****
2.12±0.25****

4.81±0.22****
0.52±0.04****

1.18±0.05
1.04±0.11

55.46±4.98**** 48.34±6.14****
95.14±4.15
93.14±4.03*

53.11±6.47****
92.56±7.97

25.41±3.17
98.86±3.19

99mTc-ciprofloxacin

E. coli
S. aureus

2.60±0.03****
1.43±0.07****

99mTcN-CiproCS

E. coli
S. aureus

2

32.51±3.47**
91.10±3.67***

111In-DTPA-Biotin

E. coli
0.23±0.06
0.10±0.03**
0.09±0.04**
0.10±0.04**
0.21 ±0.09
***
****
S. aureus
0.14±0.02
0.25±0.02
0.07±0.02
0.05±0.02
0.06±0.04
Values are mean(+SD); t-test vs 100x cold at 37 °C; *p<0.05; **p<0.025; ***p<0.01;
****p<0.005.

Bacterial viability was tested for cultures exposed to radiopharmaceutical solutions
during 1 h. Both S. aureus and E. coli cultures were not affected by the presence of any
of the radiopharmaceuticals and bacterial counts remained equal to control vials.
Whereas, in competition experiments, E. coli counts at 1 h incubation decreased when
exposed to the 100-fold excesses of unlabelled Ciprofloxacin and CiproCS2 by ≈0.8 and
≈3.5 log10 CFU/ml, respectively. In these cases, data were corrected for the loss of
bacteria.
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Biodistribution studies
The E. coli and S. aureus mean ± SD load into cage fluids was 9.4±0.82 log CFU/ml
and 6.3±0.62 log CFU/ml, respectively. No clinical or pathological signs of systemic
infection (haematogenous dissemination) were observed during organ dissection.
Thus, the cage fluid infections were considered persistent and localized.
Accumulation of the radiolabelled agents into cage fluids was measured at 30 min, 2
h, 4 h, 8 h, 12 h and 24 h p.i., the % IDTCF/ml calculated were plotted vs time and the
kinetic profiles are reported in figure 2. 99mTc-UBI 29-41 and 111In-DTPA-biotin (figure
2A and 2D) displayed a similar kinetic into cage fluids, with peak values measured at
30 min p.i. of 3.26±1.45 and 3.55±0.92, respectively, followed by fast clearance and
already at 12 h p.i. %ID/ml became <0.1. Similarly, 99mTc-Ciprofloxacin (figure 2B)
peaks of 2.94±1.01 %ID were achieved in cage fluids at 30 min p.i. Differently, the
penetration of 99mTcN-CiproCS2 (figure 2C) into cage fluids was lower than the other
tested agents, with a slow kinetic and peak values in sterile fluids between 8 and 12 h
of 0.23±0.01.
Radiopharmaceutical accumulation into dissected tissues, organs and cage tissues was
evaluated at 4 h and 24 h p.i. %ID/ g measured from total body biodistribution are
reported in Table 2, and plots of the cage associated %ID/ g are displayed in figure 3.
Distributions of the radiopharmaceuticals into cage tissues well correlated to the one
measured in the cage fluids. In Table 3 are reported the Cage-fluid and the Cage-tissue
to blood %ID ratios for all radiopharmaceuticals at 4 h and 24 h p.i..
Preferential accumulation of 99mTc-UBI 29-41 in E. coli infected than in sterile cages
was measured between 12 h (p=0.045) and 24 h p.i. (p=0.0069) (figure 2A and 3A).
The agent was fast cleared from blood and calculated cage fluid or tissue cages to blood
ratios ranged between 1.90 - 6.00 % in sterile animals and 4.50 - 18.35 % in infected
animals. At 24 h p.i. cage-fluid to blood ratios were significantly lower in non-infected
than in both E. coli (p=0.0008) and S. aureus (p=0.035) infected animals (table 2).
The uptake of 99mTc-Ciprofloxacin in both S. aureus and E. coli infected cage fluids
and tissues (figure 2B and 3B) were higher than in sterile ones between 4 h and 24 h
p.i. (p<0.05). Both cage and cage fluids to blood ratios were highly discriminative for
infections already from 4 h p.i..
99mTcN-CiproCS did not differentiate between sterile and S. aureus infection (figure
2
2C and 3C), but %ID, cage-fluid to blood and tissue-cage to blood ratios became
significantly higher in E. coli infected animals from 4 h p.i. (p=0.028) to 24 h p.i.
(p=0.0003).
111In-biotin accumulated in S. aureus infected cages more than in sterile animals at any
time after 4 h (p=0.0089) p.i. (figure 2D and 3D). %ID were significantly higher in E.
coli infected than in explanted cages at 4 h p.i. (p=0.028) but not at 24 h p.i. (figure
3D), while in E. coli infected cage fluids the accumulation was equal than the one in
sterile animals. On the other hand, the ratios of cage-fluid and tissue-cage to blood
were discriminative for both E. coli and S. aureus infections from 4 h to 24 h p.i. (table
2).
As previously described, in biodistribution studies both 99mTc-UBI 29-41 and 99mTcCiprofloxacin accumulated in the kidneys, which constitute the main elimination
route. In addition, 99mTc-Ciprofloxacin showed liver uptake, probably due to hepatic
metabolism [7, 9, 10]. In accordance to J. Zhang et al. [21] 99mTcN-CiproCS2
distributed mainly in liver and intestine, secondarily in spleen, lungs and kidneys.
111In-biotin showed a low accumulation in all organs and tissues, as it was cleared from

91

blood already at 4 h p.i. A slight accumulation into kidneys indicated the latter being
involved in the radiopharmaceutical elimination.
All tested radiopharmaceuticals were cleared from most organs and tissues at 24 h p.i..

Figure 2. Distribution profiles of 99mTc-UBI 29-41 (A), 99mTc-ciprofloxacin (B), 99mTcNCiproCS2 (C) and 111In-DTPA-biotin (D) at 2, 4, 8, 12 and 24 h p.i. into cage fluids sterile (black
diamonds and dotted lines), E. coli (close circles and continuous lines) or S. aureus (empty
circles and dashed lines) infected. Data represent % ID/ ml of tissue fluid, expressed as mean
± 1 SEM of three to five mice per testing group. Significant differences between infected and
control cage fluids are indicated as follow: * P < 0.05, ** P < 0.005, ***P < 0.0005.

Table 2
Biodistribution after i.v. injection of 99mTc-UBI 29-41, 99mTc-ciprofloxacin, 99mTcNCiproCS2 and 111In-DTPA-biotin expressed as means (±SD) %ID/g of tissue
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99mTc-UBI

Blood
Heart
Liver
Stomach
Spleen
Kidneys
Lungs
Intestine
Bone
Muscle

29-41

99mTc-ciprofloxacin

99mTcN-CiproCS
2

111In-DTPA-biotin

4h

24 h

4h

24 h

4h

24 h

4h

24 h

0.06(±0.01)
0.14(±0.01)
0.77(±0.02)
1.09(±0.18)
0.38(±0.10)
40.18(±1.88)
0.62(±0.06)
0.71(±0.07)
0.09(±0.01)
0.05(±0.02)

0.02(±0.00)
0.02(±0.01)
0.17(±0.07)
0.23(±0.16)
0.09(±0.03)
5.80(±2.90)
0.05(±0.03)
0.13(±0.07)
0.03(±0.01)
0.01(±0.00)

0.71(±0.17)
2.16(±0.63)
7.34(±3.76)
2.11(±0.74)
1.94(±0.85)
15.42(±1.95)
1.61(±0.36)
2.71(±1.03)
3.15(±0.46)
0.62(±0.17)

0.55(±0.05)
1.01(±0.04)
3.14(±0.27)
1.26(±0.14)
1.35(±0.05)
9.94(±0.40)
1.09(±0.14)
0.84(±0.14)
3.64(±0.25)
0.38(±0.06)

3.35(±0.31)
0.64(±0.09)
21.13(±0.93)
0.67(±0.36)
7.76(±0.96)
3.78(±0.65)
5.62(±2.99)
14.50(±3.87)
1.58(±0.27)
0.82(±0.09)

0.75(±0.03)
0.20(±0.02)
8.51(±1.29)
0.31(±0.12)
2.48(±0.75)
0.87(±0.17)
0.51(±0.18)
1.12(±0.13)
0.68(±0.05)
0.22(±0.03)

0.03(±0.00)
0.06(±0.01)
0.08(±0.01)
0.06(±0.04)
0.09(±0.02)
1.48(±0.31)
0.04(±0.01)
0.18(±0.06)
0.06(±0.00)
0.03(±0.01)

0.02(±0.00)
0.01(±0.00)
0.07(±0.02)
0.03(±0.01)
0.07(±0.01)
1.00(±0.21)
0.38(±0.70)
0.08(±0.04)
0.04(±0.00)
0.01(±0.01)

Table 3
%ID-to-blood ratios in cage fluids or explanted cages from mice injected with 99mTcUBI 29-41, 99mTc-ciprofloxacin, 99mTcN-ciproCS2 or 111In-DTPA-biotin
Sterile
inflammation

99mTc-

UBI
29-41

99mTc-

ciprofloxacin
99mTcN-

ciproCS2

111In-

Biotin

4h
24
h
4h
24
h
4h
24
h
4h
24
h

E. coli infection

Fluids
(%ID/ml
)

Cages
(%ID)

Fluids
(%ID/ml)

Cages
(%ID)

4.39
(±1.07)
1.90
(±1.11)
0.26
(±0.06)
0.52
(±0.03)
0.22
(±0.02)
0.82
(±0.04)
4.69
(±1.42)
2.26
(±0.38)

6.00
(±1.35)
4.00
(±1.73)
0.35
(0.08)
0.81
(±0.09)
0.31
(±0.04)
1.25
(±0.07)
4.72
(±0.86)
5.33
(±0.58)

5.68
(±2.21)
18.35
(±2.91)****
0.44
(±0.06)****
1.66
(±0.65)***
0.35
(±0.06)****
1.59
(±0.08)****
7.44
(±1.31)**
3.82
(±0.85)***

6.03
(±0.70)
11.33
(±5.13)**
0.65
(±0.05)****
2.38
(±0.74)****
0.74
(±0.15)****
2.87
(±0.45)****
8.89
(±0.95)****
7.00
(±1.00)**

S. aureus infection

Infected
cage/sterile
cage (ratio)
1
2.83
1.85
2.93
2.38
2.29
1.88
1.31

Fluids
(%ID/ml)

Cages
(%ID)

4.50
(±1.92)
4.82
(±1.87) **
0.53
(±0.03)****
0.80
(±0.05)****
0.14
(±0.09)*
0.85
(±0.17)
9.51
(±0.29)****
6.24
(±1.17)****

7.83
(±3.91)
8.67
(±5.69)
0.76
(±0.18)****
1.33
(±0.11)****
0.22
(±0.09)
1.52
(±0.24)*
9.61
(±1.36)****
9.00
(±1.73)****

Values are mean(±SD); t-test vs sterile fluids or sterile cages; *p<0.05; **p<0.025;
***p<0.01; ****p<0.005.
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Infected
cage/steril
e cage
(ratio)
1.30
2.16
2.17
1.64
0.70
1.21
2.03
1.68

Figure 3. Distribution of 99mTc-UBI 29-41 (A), 99mTc-ciprofloxacin (B), 99mTcN-CiproCS2 (C)
and 111In-DTPA-biotin (D) at 30 minutes, 4 h and 24 h p.i. in explanted cages sterile (bars with
lines), E. coli (dark bars) or S. aureus (empty bars) infected. Data represent % ID/g of tissue,
expressed as mean ± 1 SEM of three to five mice per testing group. Significant differences
between infected and control cages are indicated as follow: * P < 0.05, ** P < 0.005, *** P <
0.0005.

Discussion
Several classes of radiopharmaceutical have been developed, with the common aim of
targeting either host or bacterial cells specifically involved in the infective process. We
compared three well-known and promising radiopharmaceuticals and one newly
synthesized, that bind to bacteria with different mechanisms. First, we evaluated in
vitro the radiopharmaceutical binding activity to laboratory strains of E. coli and S.
aureus, followed by study of their biodistribution in sterile and infected animals. For
in vivo targeting bacterial infections, we used a tissue-cage mouse model of implantassociated infection.
The labelling kits demonstrated a high labelling efficiency and high stability both in
saline and serum, with exception of 99mTc-ciprofloxacin, whose radiochemical purity
decreased in saline to approximately 60% within 6 h.
The correlation of the in vitro binding results with the binding to bacteria in vivo was
unclear, and summarised in table 4. The different uptake mechanism and kinetics of
radiopharmaceuticals to bacteria may result being highly affected by the conditions
adopted in the in vitro tests. In our studies, the in vitro binding of the four
radiopharmaceuticals to E. coli and S. aureus was poorly satisfactory. All
radiopharmaceuticals showed strain differences and generally higher capacity to bind
to dead than alive bacteria.
Indeed, the initial interaction of antimicrobial peptides, as UBI 29-41, to microbial
plasmatic membranes is mainly guided by electrostatic interaction between the
positively charged peptide and the negatively charged lipid bacterial membranes.
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Table IV
Summary of results from in vitro and in vivo experiments

99mTc-UBI

29-41
99mTc-

ciprofloxacin
99mTcN-

ciproCS2
111In-

Biotin

In
vitro*
E. coli

In
vitro*
S.
aureus

p<
0.005

ns

p<
0.005

p<
0.005

p<
0.025

ns

ns

p < 0.01

In
vivo
fluid**
E. coli

In vivo
fluid**
S.
aureus

p<
0.005
at 24h
p<
0.05
at 24h
p<
0.0005
at 24h

p<
0.005
at 24h

ns

p<
0.0005
at 8h

ns

ns

In
vivo
cage**
E. coli
p<
0.05
at 24h
p<
0.05
at 24h
p<
0.005
at 24h
p<
0.005
at 4h

In vivo
cage**
S.
aureus
ns
p<
0.005
at 24h
ns
p<
0.005
at 4h

In
vivo
T/B
fluid**
E. coli
p<
0.005
at 24h
p<
0.01
at 24h
p<
0.005
at 24h
p<
0.025
at 4h

In
vivo
T/B
cage**
E. coli
p<
0.025
at 24h
p<
0.005
at 24h
p<
0.005
at 24h
p<
0.005
at 4h

In vivo
T/B
fluid**
S.
aureus
p<
0.025 at
24h
p<
0.005
at 24h
ns
p<
0.005
at 4h

In vivo
T/B
cage**
S.
aureus
ns
p<
0.005
at 24h
p<
0.05
at 24h
p<
0.005
at 4h

*calculated between binding at 37 °C vs binding in presence of 100-fold molar excess of cold
pharmaceutical; **calculated between infected vs sterile. ns = non-specific.

Cytokines may also play a role. Later in time, the amphipathic nature of antimicrobial
peptides induces hydrophobic interactions and insertion of peptides through the
membranes with formations of pores. Finally, the pores mediate internalization and
accumulation of antimicrobial peptides in the bacterial cytoplasm, where they
presumably specifically bind to intracellular targets [7, 30]. Indeed, as seen in table 3,
at 4 h p.i. the uptake of 99mTc-UBI 29-41 in sterile cages is very similar to infected ones.
By contrast, at 24 h p.i. the peptide accumulates only in infected cages.
Similarly, Ciprofloxacin, a fluoroquinolone antimicrobial targeting bacterial DNAgyrase, has been described to be taken up by gram positive and gram negative bacteria
in a non-saturable mode, as simple diffusion through non specific protein channels or
directly through the phospholipids bilayer. Bacterial uptake of Ciprofloxacin is
reduced at lower temperatures, which is in accordance with our results. The
Ciprofloxacin binding to bacteria may be affected by the phase of bacterial growth, the
culture medium or the degree of aeration during growth. In addition, the active efflux
system across the cytoplasmic membrane and the washing step performed after
exposure of bacterial cultures to radiolabelled Ciprofloxacin may play key roles in the
final binding percentage [31]. Previously, by using the same 99mTc-Ciprofloxacin kit
preparation applied in our study, Sierra et al. reported, an in vitro binding to S. aureus
of 22-23%, which is 10-fold higher than what we could measure [26]. However, Sierra
et al. tested a bacterial density of OD600 = 1.5, which is three times higher than the one
we used in the in vitro binding studies. In our in vitro studies, we chose a bacterial
density with OD600 0.5 because corresponding to ≈ 8 log10CFU/ml, which is the highest
bacterial counts achieved in vivo in the mouse cage fluid. Indeed, bacterial densities
like ours have been used in in vitro assays in previous studies and led to a binding
percentage similar to the one we report [32, 33].
Differently from the other tested agents, biotin is a vitamin and was reported to have
a specific, temperature and energy dependent receptor-mediated binding to E. coli
[34]. However, our results showed that the binding of 111In-DTPA-biotin was not
dependent on bacterial viability. A possible explanation for this discrepancy is the
different concentration of biotin and bacteria that we used in our experiments.
Our results show that the binding of 99mTc-UBI 29-41 is temperature dependent, nondisplaceable in S. aureus, and occurs also in killed bacteria; the binding of 99mTcCiprofloxacin depends on temperature, is specific and displaceable for both bacterial
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strains but occurs also in killed bacteria; the binding of 99mTcN-CiproCS2 is specific
and displaceable only for E. coli; 111In-DTPA-biotin binding is temperature dependent,
specific and displaceable S. aureus and poorly occurs in killed bacteria.
The distribution studies of 99mTc-UBI 29-41, 99mTc-Ciprofloxacin and 111In-DTPAbiotin performed in the mouse tissue cage model showed a rapid penetration into the
cage tissues and fluids followed by an exponential clearance. The peak concentrations
were higher in sterile than infected cages, but clearance of sterile cages occurred earlier
than infected, thus giving the possibility to discriminate between sterile inflammation
and infection with late acquired images. Differently, the penetration of 99mTcNCiproCS2 into cage fluids followed a slow kinetic and peak concentrations were
achieved between 8 h and 12 h p.i..
In contrast with the low binding obtained in vitro, a significantly higher accumulation
of the radiopharmaceuticals into infected tissue cages was achieved between 4 h and
12 h p.i.. 99mTc-Ciprofloxacin and 111In-DTPA-biotin were discriminative for both E.
coli and S. aureus infections. In previous pre-clinical and clinical studies, 99mTc-UBI
29-41 was reported to be accumulated preferentially at infection sites between 30 min
and 4 h p.i [7, 12, 35-37]. However, the tissue cage model did not support early time
points due to delayed clearance of the non-infected cages. Indeed, at 30 min p.i., the
radiopharmaceuticals showed comparable concentrations in sterile and infected cages
and became discriminative for E. coli infected cages between 12 h and 24 h p.i..
99mTcN-CiproCS displayed low penetration into all cages, with peak values between
2
7- and 20-folds lower than the ones measured with the other tested
radiopharmaceuticals. Contrarily to the in vitro binding results, which led to higher
binding affinity to S. aureus then to E. coli, 99mTcN-CiproCS2 was able to discriminate
only for E. coli and not for S. aureus infected cages.
The infected cage/sterile cage ratios of 99mTc-Ciprofloxacin and 111In-DTPA-biotin at 4
h were higher than for 99mTc-UBI 29-41 and 99mTcN-CiproCS2. At 24 h T/NT ratios >2
were observed with 99mTc-UBI 29-41, 99mTc-Ciprofloxacin and 99mTcN-CiproCS2 in E.
coli infected cages, whereas in S. aureus cages and in all 111In-DTPA-biotin injected
mice the radioactivity was mainly cleared. T/NT ratio >3 were not achieved at any time
and with any bacteria, a finding that in our opinion may constitute a limiting factor for
their human use for detecting residual infection during or after therapy.
Conclusions
We report here for the first time, a comparison between three well established
radiopharmaceuticals, and one new, proposed for bacteria imaging. We compared in
vitro labelling stability of published formulated kits, in vitro binding to different
strains of bacteria, in vivo biodistribution in a reliable and reproducible animal model
of foreign body infection.
All compounds showed in vitro uncertain specific bacterial binding and in vivo poor
discrimination for infected sites, and thus, do not constitute promising option for
diagnosis occult implant associated infections. In particular, while 99mTcCiprofloxacin and 111In-DTPA-biotin accumulated in both E. coli and S. aureus
infected cages, 99mTc-UBI 29-41 and 99mTcN-CiproCS2 preferentially discriminated for
E. coli infected cages, although the mechanism of accumulation in infected sites still
remains to be elucidated.
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