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Aims

Arthroplasty surgery of the knee and hip is performed in two to three million patients an-
nually. Periprosthetic joint infections occur in 4% of these patients. Debridement, antibiot-
ics, and implant retention (DAIR) surgery aimed at cleaning the infected prosthesis often
fails, subsequently requiring invasive revision of the complete prosthetic reconstruction.
Infection-specific imaging may help to guide DAIR. In this study, we evaluated a bacteria-
specific hybrid tracer (**"Tc-UBI,, ,,-Cy5) and its ability to visualize the bacterial load on fem-
oral implants using clinical-grade image guidance methods.

Methods
2mTc-UBL,, ,,-Cy5 specificity for Stapylococcus aureus was assessed in vitro using fluorescence
confocal imaging. Topical administration was used to highlight the location of S. aureus cul-
tured on femoral prostheses using fluorescence imaging and freehand single photon emis-
sion CT (fhSPECT) scans. Gamma counting and fhSPECT were used to quantify the bacterial
load and monitor cleaning with chlorhexidine. Microbiological culturing helped to relate

the imaging findings with the number of (remaining) bacteria.

Results

Bacteria could be effectively stained in vitro and on prostheses, irrespective of the presence
of biofilm. Infected prostheses revealed bacterial presence on the transition zone between
the head and neck, and in the screw hole. Qualitative 2D fluorescence images could be com-
plemented with quantitative 3D fhSPECT scans. Despite thorough chlorhexidine treatments,
28% to 44% of the signal remained present in the locations of the infection that were iden-
tified using imaging, which included 500 to 2,000 viable bacteria.

Conclusion

The hybrid tracer *"Tc-UBI,, ,,-Cy5 allowed effective bacterial staining. Qualitative real-time
fluorescence guidance could be effectively combined with nuclear imaging that enables
quantitative monitoring of the effectiveness of cleaning strategies.

Cite this article: Bone Joint Res 2023;12(1):72-79.
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Article summary antibiotics, and retention
surgery.

Hybrid bacteria-specific tracers facilitate
visualization and quantification of the

bacterial load on hip prosthesis.

implant

Article focus
Infection-specific image guidance may
help to improve efficacy of debridement,

72

VOL. 12, NO. 1, JANUARY 2023


mailto:t.buckle@lumc.nl

A RADIO- AND FLUORESCENTLY LABELLED TRACER FOR IMAGING AND QUANTIFICATION OF BACTERIAL INFECTION ON ORTHOPAEDIC PROSTHESES 73

Key messages
The hybrid tracer **"Tc-UBI
bacteria.
Topical application on femur prostheses allows identi-
fication and monitoring of bacterial infections.
Qualitative real-time fluorescence guidance combined
with nuclearimaging allowed response monitoring of
bacterial cleaning approaches.

-Cy5 effectively stains

29-41

Strengths and limitations
The hybrid nature of #"Tc-UBI,,, -Cy5 helps to
provide a direct correlation between the fluorescence
and nuclear readouts for bacterial load.
The use of clinical-grade prosthesis and imaging
modalities adds to the translational potential of the
imaging technology.
The clinical potential of image guidance concepts in
combination with *™Tc-UBI,, , -Cy5 still needs to be
validated in clinical trials.

29-41

Introduction

Surgical implantation of prosthesis, including hip or
knee arthroplasties after osteoarthritis, and fixation of
bone fractures and tendon reconstructions, are standard
orthopaedic interventions. Implantation-related infec-
tions occur in 4% of knee and hip arthroplasty cases,
converting to 104,000 patients/year in Europe alone.'
Herein Staphylococcus aureus is the most prevalent source
of infection.??

If periprosthetic joint infection (PJI) is suspected, the
standard treatment modality is debridement, antibiotics,
and implant retention (DAIR). Unfortunately, the reported
success rates of debridement with prosthesis retention
and long-term antibiotic use are found to be variable (21%
to 89%).“® The alternative is revision surgery, which has
severe implications for the patient including prolonged
hospitalization, high health and social costs,”'® and up
to 10% risk of recurrence.® The latter is likely related to
residual bacteria in the wound.

A number of imaging tracers for bacterial imaging
have been reported in literature, including antibiotics
and antimicrobial peptides.”'® Imaging experiments
conducted with the antimicrobial peptide UBI,, ,, have
demonstrated promising results in various disease
models and patients. In contrast to intravenous tracer
administration, topical tracer application could allow
effective ‘illumination’ of the infection with a minimal
amount of tracer.

Radiotracers have proven their value in preoperative
and intraoperative imaging, whereby they allow visual-
ization of disease using nuclear medicine imaging (e.g.
single photon emission CT (SPECT) imaging) and intra-
operative guidance using for example a gamma probe,
both based on the radioactive signature of the tracer.
Radiotracers also provide the gold standard for the
quantification of pharmacokinetics based on gamma
counting.” In parallel, fluorescent tracers are increas-
ingly applied for image guidance,'® allowing real-time

illumination of highlighted tissue based on tracer
uptake and subsequent fluorescence imaging. The
synergy between nuclear and fluorescence imaging, via
the use of bimodal or rather hybrid tracers, has helped
to provide a best-of-both-worlds strategy in image-
guided surgery.'?° This is achieved by facilitating both
radio and fluorescence guidance with a single imaging
agent. Earlier studies in rodent infection models have
suggested that such a hybrid strategy could also hold
promise in bacterial imaging.'®?'

In this study, we investigated if topical application of
the hybrid tracer **"Tc-UBI,, , -Cy5 allows identification
and monitoring of bacterial infections on real-size femur
prostheses (Figure 1). Following compound synthesis,
the tracer’s capacity was microscopically studied in a
mature (3D) bacterial culture that includes biofilm. The
presence of bacterial infection on different regions of
infected femoral stem including heads and acetabular
components, as well as the impact of debridement,
were macroscopically assessed using clinical-grade fluo-
rescence and radio guidance methods.

Methods

Details on general chemistry, synthesis of UBI,, -Cy5-
QAmine (Supplementary Figure a), compound analysis
(Supplementary Figure b), radiolabelling of UBI ,,-Cy5,
and staining of bacteria and bacterial biofilm are provided
in the Supplementary Material.

Culturing of bacteria and bacterial biofilm matrix. Stocks
of Staphylococcus aureus bacteria (S. aureus ATCC 29213, a
biofilm forming clinical isolate with a well-defined capac-
ity of developing biofilms in vitro and in vivo; American
Type Culture Collection (ATCC), USA) (stored at -20°C)
containing approximately 3 x 10° colony-forming units
(CFUs) were washed twice in 25 mM ammonium acetate
buffer (pH 5).

For microscopic 3D assessment of bacterial culture, S.
aureus was cultured in 35 mm culture dishes containing
a glass insert (MatTek, USA) containing a nanofibre poly-
styrene cell culture scaffold (Biotek 3D Insert PS scaffold;
MilliporeSigma, Netherlands). Scaffolds were incubated
for four to five days at room temperature in 2 ml of brain
heart infusion (BHI) broth (MilliporeSigma), containing
0.75 x 10° CFUs of S. aureus. Hereafter, scaffolds were
gently washed with 2 x 2 ml of 25 mM ammonium acetate
buffer pH 5. The latter is in agreement with the pH of bacte-
rial infection and provides optimal conditions for tracer
binding to the bacteria.

For macroscopic assessment of bacterial culture, eight
human femoral implants (both cemented and unce-
mented femoral stems, of various brands; deemed unsuit-
able during surgical fitting, discarded, and set aside for
research purposes) were used. Prior to use, the prostheses
were thoroughly cleaned with bleach (5% w/v) and ster-
ilized for 20 minutes at 120°C. Hereafter the prostheses
were submerged (five to six days at room temperature) in
250 ml of 30% BHI medium in sterile PBS containing 3 x
10? CFUs of S. aureus, to allow the growth of mature biofilm
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Fig. 1

Schematic overview of localization of a bacterial infection on a femoral prosthesis and experimental setup. Imaging modalities can be used to supplement
macroscopic assessment of the transplanted prosthesis, thereby allowing assessment of the presence of bacterial infection based on fluorescence imaging.
Visualization of the infection is achieved using fluorescence imaging. Identification of bacteria (in red) and biofilm (in green) is achieved via the use of

two different tracers: **"Tc-UBI,, ,,

-Cy5 and SYBR Green. The hybrid nature of *™Tc-UBI

10.-Cy5 also allows quantification of the bacterial load based on

determination of radioactivity levels based on gamma counting and nuclear (single photon emission CT (SPECT)) imaging. Images were partly created using

BioDigital (USA).

(standing culture). When removed from the culture, the
prostheses were gently soaked twice in 25 mM ammonium
acetate buffer pH 5.
Fluorescence imaging. Fluorescence confocal microscopy
was performed using a Leica SP8 WLL 1 Laser Scanning
Confocal Microscope (Leica Microsystems, Germany) us-
ing a 100x magnification/1.4 Oil DIC Ill immersion objec-
tive. Sequential scanning settings were used to visualize
the different fluorescent features: Hoechst (A, 405 nm,
A, 430 to 480 nm), Cy5 (A = 633 nm, A_ = 650 to 700
nm), and SYBR Green (A, =488 nm, A_ = 500 to 550 nm).
Fibres, bacteria, and the associated biofilm matrix images
were merged and processed using LASX software (Leica
Application Software Suite 4.8; Leica Microsystems) (3D via
z-stack measurements and 3D reconstructions).
Macroscopic fluorescence imaging was performed using
a clinical-grade fluorescence laparoscopy setup (KARL STORZ
Endoskope, Germany) consisting out of a prototype modi-
fied IMAGE 1S light source with integrated Cy5 filter and
matching 0° modified laparoscope (Cy5 imaging of the
bacterial infection), an Image 1 HUB HD+ D-light P system
(AF settings for visualization of biofilm) and a standard clin-
ical grade 30 0° fluorescence laparoscope (Hopkinsll T0mm
laparoscope, Karl Storz Endoskope, Germany). Images
were recorded using integrated Karl Storz software. Previ-
ously described image processing software (in-house devel-
oped and written in MATLAB (The MathWorks, USA)??) was
adapted to allow representation of both Cy5 and SYMR
Green in rainbow and heat-mapped colour-coding, respec-
tively, which represented signal-to-background ratios (SBRs).
Staining of non-infected prostheses served as controls.
Freehand SPECT imaging. A handheld gamma camera
(Crystal Cam; Crystal Photonics, Germany) coupled to
the Declipse SPECT (SurgicEye, Germany) was used to vis-
ualize and quantify the radioactive signature used in 2D
gamma images (acquisition time: 10 s), as well as acquire
3D freehand SPECT (fhSPECT) scans (acquisition time: 3

to 5 mins).% Staining of non-infected prostheses served as
controls. Radioactivity present on the prosthesis was count-
ed using a dose calibrator (VDC101; Veenstra Instruments,
Netherlands).

Effect of cleaning on the presence of bacterial infec-
tion. Following initial macroscopic imaging and quan-
titative analysis, prostheses stained with **"Tc-UBI, , -
Cy5 were thoroughly scrubbed for two minutes with
chlorhexidine (0.5% w/v chlorhexidine digluconate in
ethanol 70% v/v; Added Pharma, Oss, Netherlands)*
and washed with sterile saline. Subsequential fluores-
cence imaging and quantification of the radioactive
signal were performed as described above. To assess
the remaining viable bacteria prior to and after clean-
ing, sterile cotton swabs were swiped for two minutes
over areas containing bacteria. Swabs were submerged
in 2 ml of BHI medium in sterile test tubes, covered,
and gently shaken for 17 hours at 37°C. Hereafter, the
optical density (OD) of the inoculated BHI medium was
measured in a Shimadzu UV-1289 Spectro-photometer
(Shimadzu Benelux, Netherlands) at 600 nm (OD65%0™),
Values were compared to the read-out of a calibration
curve of OD%m values with predetermined values of
viable S. aureus of the same strain (y = 0.033Ln(x) +
1,4618, R, = 0.908; see Supplementary Material for ad-
ditional details and Supplementary Figure b).
Statistical analysis. All data are presented as mean val-
ues (standard deviation). The differences in radioactive
counts on prostheses and various parts thereof were
determined and presented with their 95% confidence
intervals. Means, medians, and interquartile ranges
(IQRs) were reported for quantification of the bacterial
infection levels on specific locations of the prosthesis.
Differences in radioactive counts and the bacterial load
on prostheses and various parts were analyzed using
the two-tailed independent-samples t-test. Statistical
analysis was performed using R software version 3.6.3

BONE & JOINT RESEARCH



A RADIO- AND FLUORESCENTLY LABELLED TRACER FOR IMAGING AND QUANTIFICATION OF BACTERIAL INFECTION ON ORTHOPAEDIC PROSTHESES 75

White light

Fig. 2

Fluorescence confocal microscopy images of scaffolds containing bacteria in an associated biofilm matrix. a) Stapylococcus aureus is stained with UBI

Cy5

29-417

(red) and b) biofilm-associated matrix is stained with SYBR Green. c) The 2D white light image of scaffold fibres and scaffold fibres stained with d) Hoechst

(blue). A merged image is shown in e), and a 3D image is shown in f).

(R Foundation for Statistical Computing, Austria), and
all tests were two-sided with significance level set at p
< 0.05.

Results

Microscopic visualization of bacteria and biofilm ma-
trix. Bacterial staining was shown to be effective even in
the presence of biofilm-associated matrix (bacteria in red
(UBI,, ,,-Cy5; Figure 2a) and biofilm in green (SYBR Green;
Figure 2b)). Next to white light imaging (Figure 2c), nu-
clear Hoechst staining effectively highlight the fibres of
the culture scaffold (Figure 2d, in blue).

Macroscopic fluorescence imaging of bacteria cultures on
femoral stem and head prostheses. Topical application of
UBIL,, ,-Cy5 on femoral stem/head of infected prosthe-
ses revealed clear focal fluorescence staining (Figure 3,
Supplementary Figure d). The highest signal intensities
were measured at the junction of the femoral stem and
taper (for attachment of the femoral head; Figures 3a
and 3d), the rim of the femoral head (Figure 3b), and the
screw hole on the ‘shoulder’ of the femoral implant that

is used during surgical implantation (for this particular
implant; Figure 3c). In general, bacterial presence was
observed on scratched areas and areas with rough sur-
faces and sharp angles. Pseudo-coloured image process-
ing helped to strengthen the intensity differences in the
fluorescence images (Figure 3, Supplementary Figure d).
The highest SBR ratios were found on the sphere’s head
(max SBR 3.7) and the screw hole (max SBR 4.0). The
SBR could be related to the bacterial load following mi-
crobiological culturing of swabs taken from these areas
(Table I). Control experiments using non-infected pros-
theses showed no staining after application of UBI,,, -
Cy5 (Supplementary Figure e). The complementary use
of UBI,, ,,-Cy5 and SYBR Green during multicolour imag-
ing allowed subsequent visualization of bacteria and bio-
film within the same image (Figure 4).

Quantitative imaging of bacterial infection. Bacterial
staining with *™Tc-UBI ,.-Cy5 allowed quantitative as-
sessment of the tracer accumulation on the femoral
prosthesis. To this end, protheses were placed in a dose
calibrator that provided a measure of the overall activity
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Fig. 3

Visualization of bacterial infection on a femoral prothesis. Representative pseudo-coloured fluorescence imaging of Stapylococcus aureus with UBI

-Cy5 of

29-41

bacterial growth on various locations on femur prosthetic implants: a) connected head and neck of the prosthesis; b) femoral head; c) prosthesis ‘shoulder’
with screw hole; and d) junction between femoral neck and taper (for femoral head fixation). SBR, signal-to-background ratio of fluorescence intensity with

accompanying scale bar. n > 8.

Table 1. Quantifying the bacterial infection.

2*mTc-UBL,, ,, p-value comparison
Cy5s Viable before and after
Part of prosthesis (counts) bacteria, CFUs cleaning
Median Median
Mean (SD) (IQR) Mean (SD) (IQR)
Femoral sphere 1,401 (985)* 1,297 1.3(1.3x10%) 1.2 x 107 0.028
(660 to 2,108) (0.1 to 2.6 x 107)
After cleaning 350 (189) 220 0 0
(127 to 444) (0to 1.8)
Femoral neck 2,851 (2,308)* 2,666 3.5(5.7 x107) 9.4 x 10¢ 0.025
(1,789 to 4,081) (0.41t09.4 x 107)
After cleaning 616 (381) 481 0 0
(163 to 776) (0t0 0.8)
Screw hole 4,455 (2,305)* 4,501 1.0 (0.9 x 108) 2.4 x 107 0.025
(2,910 to 7,788) (0.2to 1.4 x 10%)
After cleaning 1,842 (809) 2,272 1.1 (1.9 x 10%) 1.6 x 103

(1,463 to 2,676)

(0.002 to 2 x 10)

n = 8 for each parameter.
*p < 0.05 compared to radioactivity binding on cleaned prostheses.

CFU, colony-forming unit; IQR, interquartile range; SD, standard deviation.

present on the prosthesis (gamma counts; Table 1). 3D
fhSPECT and 2D gamma camera images were created us-
ing a handheld gamma camera (Figure 5a). Planar 2D im-
ages showed the radioactive signal in an intensity-related
colour scaling, whereas fhSPECT allowed depiction of the
radioactive signal in 3D via assessment under various an-
gles. Using the Declipse SPECT, an image of the prosthesis
and the radioactivity data were converted into augment-
ed reality overlays that depicted the exact location of the
radioactive signal on the prosthesis. This could be directly
related to the location of the fluorescence signal on the

same prosthesis (Figures 5b and 5c). Control experiments
with #™TcO,” and the application of *™Tc-UBI,, ,.-Cy5 on
non-infected prostheses yielded significantly lower read-
outs (p = 0.039; Figures 5d and 5e).

Comparison between presence of radioactivity and
the number of bacteria present on a particular site of the
prosthesis allowed quantified assessment of the level of
infection presentin a particular area of the prosthesis (p =
0.028; Table I, Figure 5). In agreement with the SBR found
for fluorescence imaging, the lowest level of infection

BONE & JOINT RESEARCH
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Biofilm

Biofilm and bacteria

Bacteria
SBR

Fig. 4

Multicolour imaging of components of bacterial growth on the screw hole of a femur prosthesis. Representative imaging of: a) the biofilm unprocessed; b) at

the SYBR Green filter setting and pseudo-coloured processing with SYBR Green; and c) UBI

intensity. n = 3.

FhSPECT CrystalCam

Radioactivity

Fluorescence

,0.-CyS. Heat bars: SBR, signal-to-background ratio of fluorescence
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Fig. 5

Visualization of bacterial infection using *™Tc-UBI, , -Cy5. Gamma imaging allowed a) assessment of the presence and location of the bacterial infection
on the femur prosthesis and b) quantification of the level of bacterial infection based on gamma counting. c) Fluorescence imaging of the corresponding
locations of bacterial infection with the bacterial load represented based on the colour-coded signal-to-background ratio (SBR). d) Semiquantitative
assessment of fluorescence and e) quantification of the level of radioactivity on infected prosthesis stained with #"Tc-UBI,, , -Cy5 (circle), non-infected

prosthesis stained with #™Tc-UBI, .

was seen in the inner part of the sphere with higher levels
of infection in the prosthesis neck and screw hole.

Effect of cleaning on the presence of bacterial infec-
tion. To assess the effect of cleaning of the prosthesis
with chlorhexidine, radioactive counts and the mean
number of viable bacteria (CFUs) were compared before
and after cleaning of the areas where bacterial infection
was shown on imaging (Table I). Following cleaning,
the number of radioactive counts decreased by 72%
and 70% for the sphere and neck, respectively (Table I),
corresponding to a 7.55-log and 7.11-log reduction in
remaining CFUs. However, bacterial culturing could
not identify viable bacteria. As such, it appears that
non-viable bacteria can remain in place after cleaning.

-Cy5 (square), and non-infected non-stained prosthesis (triangle). fhSPECT, freehand SPECT.

In the screw hole, which has a rougher surface and is
harder to clean, a mere 50% decrease in the number of
radioactive counts and 6.84-log reduction of remaining
CFUs were observed, and viable bacteria were detected
(Table I).

Gamma counting and fhSPECT imaging after
cleaning showed a clear decrease but not a complete
disappearance of signal (Table I; Supplementary Figure
vi). The relatively low detection sensitivity of fluores-
cence imaging hampered effective monitoring of the
debridement procedure. In particular, low bacterial
loads could not be accurately visualized using fluores-
cence imaging.
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Discussion

Our findings demonstrate the feasibility of using **™Tc-
UBI,, ,,-Cy5 for the visualization of bacteria in both a
microscopic and macroscopic manner. The use of
femur protheses as a model system helped to establish
critical locations for bacterial growth, and provided a
setup to monitor the effectiveness of surgical debride-
ment procedures. The fact that this could be achieved
with clinical-grade methods, e.g. (multicolour) fluores-
cence, portable gamma camera, and fhSPECT,?2?* indi-
cates promise for future translation of the presented
concepts into orthopaedic care. That said, further
studies are needed to validate the clinical potential of
presented concepts. Such studies may use infected
surgical explants® or large animal infection models,?®
but will preferably evaluate in-human use.

Where initial visualization of bacterial infections
guides DAIR, secondary imaging provides a means to
monitor the response to debridement. This combina-
tion of intraoperative feedback has the potential to
improve the DAIR procedure. In turn, this converts to
lower non-curing rates. Novel DAIR strategies that are
currently under evaluation, e.g. non-contact induction
heating,”% or bacteriophage-based debridement,?
can benefit from the presented imaging paradigm
both during product development and during clinical
implementation.

In addition to improving the effectiveness of the
DAIR procedure, bacterial imaging helps to increase
the fundamental knowledge of bacterial coloniza-
tion in relation to the morphology of the implant. For
example, bacteria in the screw hole on the ‘shoulder’
of the femoral implant, which is used for implant inser-
tion, proves particularly problematic (Figures 2c, 4, and
5), especially as these bacteria show a high persistence
after therapy (Table I). This is a finding that may impact
future implant designs.

Although fluorescence imaging provides a qualita-
tive read-out, it is subject to signal attenuation and has
limited sensitivity.?° In line with this, we found that fluo-
rescence is not the ideal modality to identify residual
bacterial loads (e.g. dead or viable bacteria). As a result
of our hybrid tracer design, the **"Tc radiolabel comple-
ments fluorescence imaging by providing sensitive
and quantitative interpretation that allows treatment
monitoring.

Translating image guidance technologies to in-human
use is a costly and challenging process. This is especially
the case when the imaging technologies merely enable
execution of an existing treatment method such as DAIR.
One could state that a new technology should help to
advance care and, at the same time, its use should make
sense from an economic perspective. Currently, the phys-
ical and emotional effects of PJI result in quality-adjusted
life years (QALYs) of 4.4 QALYs per patient.>>*' Valued
at €40,000 per QALY, improvement in QALY outcome
related to reduction of the number of repeat surgeries
is already worth approximately €176,000 per patient. As

such, it seems that a solid business case can be made for
intraoperative bacterial imaging. This is further substan-
tiated by the fact that the imaging methods required for
the detection of **"Tc-UBI,, ,-Cy5 are already clinically
available (Figures 3 and 4), and that the UBI,, ,, peptide is
effective in targeting a wide variety of bacterial strains.32-33
The fact that bacterial staining can be achieved following
a topical tracer application of 40.4 ng of UBI, ,, suggests
that staining can be achieved within a micro-dosing
regimen;3¢3” micro-dosing helps to limit the costs of both
translation and routine implementation.

In conclusion, topical application of the hybrid bacte-
rial tracer *"Tc-UBI , -Cy5 allows bacterial visualization,
therapy guidance, and quantification of debridement
effectiveness on femoral implants.

Supplementary material

Supplementary methods, including general

chemistry, synthesis of UBI29-41-Cy5-QAmine

(UBI29-41-Cy5), radiolabelling of UBI29-41-CyS5,
staining of bacteria and the bacterial biofilm, and calibra-
tion curve Staphylococcus aureus. Supplementary results,
including HPLC and MALDI-TOF analysis of UBI29-41-
Cy5-QAmine. Figures showing the molecular structure of
UBL,, ,-Cy5, calibration curve for Staphylococcus aureus
in brain heart infusion medium, analysis of UBI29-41-
Cy5-QAmine, fluorescence imaging of bacterial infection
on femoral prostheses, imaging of biofilm associated ma-
trix on femur prosthesis, and effect of cleaning on the
presence of bacterial infections.
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