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Spine implant infections portend disastrous outcomes, as diagnosis is challenging and surgical eradication is at odds with
mechanical spinal stability. Current imaging modalities can detect anatomical alterations and anomalies but cannot
differentiate between infection and aseptic loosening, diagnose specific pathogens, or delineate the extent of an infection.
Herein, a fully human monoclonal antibody 1D9, recognizing the immunodominant staphylococcal antigen A on the
surface of Staphylococcus aureus, was assessed as a nuclear and fluorescent imaging probe in a preclinical model of S.
aureus spinal implant infection, utilizing bioluminescently labeled bacteria to confirm the specificity and sensitivity of this
targeting. Postoperative mice were administered 1D9 probe dual labeled with 89-zirconium (89Zr) and a near infrared dye
(NIR680) (89Zr-NIR680-1D9), and PET-CT and in vivo fluorescence and bioluminescence imaging were performed. The
89Zr-NIR680-1D9 probe accurately diagnosed both acute and subacute implant infection and permitted fluorescent image-
guided surgery for selective debridement of infected tissue. Therefore, a single probe could noninvasively diagnose an
infection and facilitate image-guided surgery to improve the clinical management of implant infections.
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Introduction
Infection is a devastating complication after orthopedic surgery, as surgical implants provide a safe haven 
for recalcitrant, biofilm-associated infections. This is particularly evident in spinal surgery, as infection 
can lead to destabilization of  the spinal column, multiple reoperations, disability, paralysis, and even 
death (1, 2). Despite decades of  efforts aimed at “best practices” (3, 4), implant infection continues to 
occur after 2%–10% of  spine surgeries (1, 5–8). Staphylococcus aureus is the most common pathogen; it is 
capable of  forming biofilms on the implants and, thereby, blocking immune responses and antibiotic activ-
ity (9–11). While the majority of  biofilm-associated implant infections require removal of  the implants, 
this is often not possible with spinal implants, because they are necessary for mechanical stability of  the 
spine (12–14). As a result, improved diagnosis and treatment of  spinal infections has the potential to 
greatly improve patient outcomes.

Specifically, distinguishing between infectious and aseptic etiologies and determining the inciting 
pathogen are extremely challenging. Following an initial spinal surgery, patients frequently return with 
continued pain, which is concerning as a possible sign of  infection. Currently available x-ray, CT, and 
MRI modalities only provide anatomical information regarding altered bone and tissue surrounding the 

Spine implant infections portend disastrous outcomes, as diagnosis is challenging and surgical 
eradication is at odds with mechanical spinal stability. Current imaging modalities can detect 
anatomical alterations and anomalies but cannot differentiate between infection and aseptic 
loosening, diagnose specific pathogens, or delineate the extent of an infection. Herein, a fully 
human monoclonal antibody 1D9, recognizing the immunodominant staphylococcal antigen A on 
the surface of Staphylococcus aureus, was assessed as a nuclear and fluorescent imaging probe 
in a preclinical model of S. aureus spinal implant infection, utilizing bioluminescently labeled 
bacteria to confirm the specificity and sensitivity of this targeting. Postoperative mice were 
administered 1D9 probe dual labeled with 89-zirconium (89Zr) and a near infrared dye (NIR680) 
(89Zr-NIR680-1D9), and PET-CT and in vivo fluorescence and bioluminescence imaging were 
performed. The 89Zr-NIR680-1D9 probe accurately diagnosed both acute and subacute implant 
infection and permitted fluorescent image-guided surgery for selective debridement of infected 
tissue. Therefore, a single probe could noninvasively diagnose an infection and facilitate image-
guided surgery to improve the clinical management of implant infections.
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implants and have limited utility due to metal artifacts that obscure the bone-implant interface (15–18). 
Clinical algorithms that combine PET imaging with fluorine-18-fluorodeoxyglucose (18F-FDG) can be 
employed (19), but 18F-FDG accumulates at sites of  both infectious and aseptic inflammation (20–22). 
Therefore, the decision regarding appropriate management, including surgery and local and systemic anti-
biotics, is often made empirically without accurate information (19). This has the unwanted consequence 
of  subjecting patients to “unguided” surgical debridement that is either insufficient (failing to clear the 
infection) or excessive (removing healthy tissue that affects function of  the spine). Although intraoperative 
microbiologic cultures are informative, results take days (23, 24), and the empiric local and systemic antibi-
otic might not have efficacy against the causative organism.

To increase the specificity of  pathogen diagnosis, the fully human monoclonal antibody 1D9 that tar-
gets the immunodominant staphylococcal antigen A (IsaA) of  S. aureus (25, 26) labeled with a radionuclide 
(89-zirconium [89Zr]) or a near-infrared fluorophore (NIR680) was previously effective in noninvasively 
diagnosing a S. aureus soft tissue infection in mice using PET-CT or in vivo fluorescence imaging (FLI), 
respectively (26). However, it is unclear so far whether the 1D9 probe could facilitate diagnosis as well as 
guide treatment of  a more complex biofilm-associated S. aureus implant infection. Therefore, we investigat-
ed the 1D9 probe (25, 26), dual labeled with 89Zr and the NIR680 dye (i.e., 89Zr-NIR680-1D9), as a multi-
modal noninvasive approach to distinguish septic from aseptic inflammation, diagnose S. aureus infection 
specifically, and facilitate intraoperative image-guided selective debridement of  fluorescently labeled infect-
ed tissue in a preclinical S. aureus spinal implant infection model that utilized bioluminescently labeled 
bacteria to further confirm the specificity and sensitivity of  this targeting probe (27).

Results
1D9 fluorescent probe to detect an S. aureus in vitro biofilm. First, to determine whether the 1D9 antibody 
probe could detect S. aureus bacteria in a biofilm, in vitro–grown biofilms of  S. aureus strains Xen36, 
SH1000, and MS001, a ΔisaA mutant of  S. aureus (as a control because it does not express the 1D9 tar-
get), were incubated with 1D9 labeled with Alexa Fluor 555, and the selective targeting of  this probe 
was determined by confocal microscopy (Figure 1 and Supplemental Figure 1; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.124813DS1). The 1D9–Alexa Fluor 
555 probe readily detected S. aureus Xen36 and SH1000 in the in vitro biofilms. In comparison there was 
minimal background labeling in the ΔisaA mutant, which was likely due to nonspecific binding of  the 
antibody by the Fc-binding factors Spa and Sbi (26). These data revealed highly effective binding of  the 
1D9 antibody to in vitro S. aureus biofilms.

Mouse model of  spinal implant S. aureus infection using bioluminescence imaging. To evaluate the ability of  
conventional 18F-FDG PET-CT versus 89Zr-NIR680-1D9 PET-CT or in vivo FLI to detect an in vivo bio-
film infection, an established mouse model of  S. aureus spinal implant infection was employed (27). Spinal 
surgery with implantation of  an L-shaped implant and inoculation with bioluminescent S. aureus (Xen36 
strain) was performed in conjunction with in vivo bioluminescence imaging (BLI) on postoperative days 
(POD) 0, 1, 3, 5, and 7 (Figures 2 and 3). The mean in vivo BLI signal of  Xen36 bacterial burden was sig-
nificantly higher in infected mice compared with that in sterile mice at all POD time points (P < 0.05). On 
POD 7, the in vivo BLI signals were approximately 10-fold higher in infected versus sterile mice. This mod-
el was used for further experiments, as schematically represented in Figure 2A with different colored flags 
and Figure 2B with the illustration of  the process. Specifically, the experiments included the spinal implant 
surgery and S. aureus inoculation (Figure 2A, red), in vivo BLI imaging to monitor bacterial burden (Figure 
2A, blue), administration of  89Zr-NIR680-1D9 and PET-CT imaging (Figure 2A, green) or administration 
of  18F-FDG and PET-CT imaging (Figure 2A, orange), and FLI with or without image guided surgery 
(Figure 2A, yellow) and CFU enumeration (Figure 2A, purple).

18F-FDG PET-CT imaging of  an S. aureus biofilm infection in vivo. Validating data demonstrated that conven-
tional 18F-FDG PET-CT imaging could delineate infected from sterile postoperative wounds at POD 7 (Sup-
plemental Figures 2 and 3). Further analysis showed that the 18F-FDG mean standard uptake value (SUVmean) 
in infected mice (n = 11) or sterile mice (n = 4) was significantly different during the acute infection on POD 
7 (SUVmean 1.54 ± 0.23 versus 0.88 ± 0.10; P < 0.001) and chronic infection on POD 22 (SUVmean 0.98 ± 0.25 
versus 0.63 ± 0.11; P < 0.05) (Figure 4, A–H). Both infected and sterile mice had decreased 18F-FDG accu-
mulation from days 7 to 22, with differences being less pronounced on day 22, highlighting the challenges of  
using 18F-FDG and PET/CT imaging to distinguish between infection and sterile inflammation. It should be 
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mentioned that the spinal implant S. aureus infection also resulted in increased systemic inflammation with an 
elevated SUV signal in the spleen. On POD 42, S. aureus CFUs were enumerated from ex vivo implants and 
tissue, and CFUs were only detected from implants of  infected mice but not sterile mice (Figure 4, J and K), 
confirming the in vivo BLI data, as previously described for this model (Figure 4I) (27, 28).

89Zr-NIR680-1D9 PET-CT imaging. The 1D9 antibody was dual labeled with 89Zr and NIR680 
(89Zr-NIR680-1D9) to assess specificity for S. aureus with PET-CT and FLI in the mouse model of  S. aureus 
spinal implant infection (Figure 5). 89Zr enabled assessment of  probe viability over a longer time frame than 
18F-FDG due to its longer half-life. On POD 8, 89Zr-NIR680-1D9 was administered, and accumulation of  
the probe was assessed by PET-CT imaging on POD 11 (Figure 5). Increased 89Zr-NIR680-1D9 accumu-
lation was observed in infected versus sterile mice (SUVmean 2.96 ± 0.22 vs. 2.01 ± 0.18; P < 0.001) (Figure 
5I). The probe remained at the site of  S. aureus infection for at least 7 days (POD 18), indicating longitu-
dinal probe stability (Figure 5G). On POD 18, the difference between infected and sterile mice increased 
further due to a lack of  change in the SUVmean in infected mice, but there was a decrease in the SUVmean in 
sterile mice (SUVmean 3.01 ± 0.23 vs. 1.54 ± 0.44; P < 0.001) (Figure 5J).

89Zr-NIR680-1D9 FLI. As an additional method to noninvasively detect the S. aureus spinal implant 
infection, after administration of  89Zr-NIR680-1D9 on POD 8, FLI was performed on POD 11 and POD 
18 (Figure 5, E–H). Similar to results with PET-CT imaging, the FLI signal was significantly higher in 
infected mice than in sterile mice (2.72 × 109 ± 1.19 × 109 vs. 6.60 × 108 ± 3.56 × 108 total radiant efficien-
cy; P < 0.01) (Figure 5K). However, on POD 18 both absolute FLI signals and differences between infected 
and sterile mice decreased substantially and were no longer statistically different, suggesting that the fluo-
rescent dye attached to 1D9 was either less stable or less sensitive than 89Zr PET/CT imaging (Figure 5L).

FLI-guided surgical debridement. An intraoperative experiment was performed to assess whether S. aureus 
labeled with 89Zr-NIR680-1D9 could be visualized and debrided in real-time using FLI-guided surgery. 
FLI-guided surgical debridement of  infected tissue was performed in real time on POD 10 after spinal 
implant surgery using the Solaris Fluorescence Image-Guided Surgery System (PerkinElmer) (Figure 6). 

Figure 1. In vitro detection of S. aureus IsaA in biofilms using 1D9–Alexa Fluor 555. Biofilms of (A) S. aureus Xen36, 
(B) S. aureus SH1000, and (C) S. aureus MS001 (ΔisaA) were grown on coverslips for microscopy and, subsequently, 
stained with DAPI and the IsaA-specific monoclonal antibody 1D9 labeled with Alexa Fluor 555. Images recorded by 
confocal microscopy show the S. aureus DNA staining with DAPI (gray), IsaA staining with 1D9–Alexa Fluor 555 (red), 
and a merged image. Scale bars: 100 μm. Note that S. aureus MS001 (ΔisaA) shows some residual binding of 1D9–Alexa 
Fluor 555 due to the presence of the IgG-binding proteins Spa and Sbi (26).

https://doi.org/10.1172/jci.insight.124813


4insight.jci.org   https://doi.org/10.1172/jci.insight.124813

R E S E A R C H  A R T I C L E

Partial excision of  infected tissue was performed, and confirmation of  the S. aureus infection was performed 
by identifying FLI signal from both the excised tissue as well as remaining infected tissue at the surgical site. 
The surgeon confirmed that the FLI signal was superimposed over the visually evident inflammatory tissue 
around the infected spinal implant.

Discussion
The present study addresses the current clinical need for accurate, noninvasive diagnosis of  surgical 
implant infection. When evaluating a patient with potential implant infection, the surgeon is limited by 
three key factors. First, it is impossible to confidently discriminate infection from aseptic loosening due 
to limitations in current imaging modalities, including metal artifacts from the implant (15–22). Second, 
the surgeon cannot differentiate S. aureus from other bacteria, a distinction that affects management and 
prognosis; species-specific intraoperative antimicrobial adjuvants can only be utilized if  the bacteria is 
diagnosed prior to completing the operation (9, 11, 12). Third, the surgeon must intraoperatively rely sole-
ly on visual inspection of  affected tissue, which makes an assessment of  the extent of  disease imprecise.

Figure 2. Experimental timeline and overview. (A) Timeline. Full details are provided in the Methods. Procedures performed on mice on given postop-
erative days are indicated with flags. BLI, bioluminescence imaging; FLI, fluorescence imaging; 18F-FDG, fluorodeoxyglucose; 1D9, Staphylococcus anti-
body probe; Zr89-NIR680-1D9, 89-zirconium–labeled Staphylococcus antibody probe; CFUs, enumeration of CFUs; optical surgery, surgical debridement 
via the Solaris instrument. (B) Experimental overview. Zr89-680-1D9, dual 89-zirconium NIR680-labeled Staphylococcus antibody probe; SUV, standard 
uptake value; O/A FLI, optical-assisted (fluorescent) surgical debridement. The asterisks indicate the location of infection (neighboring color density).

https://doi.org/10.1172/jci.insight.124813
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To address this problem, we verified the feasibility of  sensitive, noninvasive, and real-time diagnosis of  
S. aureus implant infection in an established mouse model of  spine implant infection. This was accomplished 
by using the 89Zr-NIR680-1D9 dual-labeled antibody probe with multimodal PET-CT and in vivo FLI. These 
data provide the proof of  concept for a noninvasive approach to diagnose a specific pathogen preoperatively, 
guide surgical debridement intraoperatively, and evaluate treatment effectiveness postoperatively in a chal-
lenging patient population with spinal implants.

Figure 3. Bioluminescence imaging. (A) Bioluminescence (BLI) in infected (n = 11) and sterile (n = 4) mice. Mean total BLI, represented as total flux (photons/s) 
at each postoperative time point. Error bars represent SEM. (B) Representative BLI images from 3 infected and 1 sterile mouse at postoperative time points.

https://doi.org/10.1172/jci.insight.124813
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Prior studies have reported S. aureus–specific imaging probes using labeled antibiotics (29), peptides 
(30–32), bacteriophage (33), carbon nanotubes (33), and clotting factors (34). While promising, most 
continue to be limited by suboptimal specificity and clinical applicability (35). Our group therefore 
recently developed and validated the specificity of  the 1D9 antibody, which was able to accurately 
distinguish a S. aureus infection from other bacteria or sterile inflammation (26). The specificity of  this 
particular probe is encouraging and prompted the current study. However, our findings indicate that the 
probe has the capability to detect clinically relevant biofilm-associated infection that it is far superior 
over conventional 18F-FDG PET-CT imaging (20, 22, 36–41) and that it provides the opportunity for 
FLI-guided intraoperative surgical debridement. In addition, the multimodal capability of  89Zr-NIR680-
1D9 permits increased sensitivity and specificity via PET-CT, which is not affected by tissue quality or 
presence of  metal artifact (42). Further, PET is clinically relevant, as there is established availability and 
clinical use of  PET-CT imaging equipment throughout the United States and worldwide; the existence 
of  FDA approvals and clinical use of  the relevant radiolabeled tracers (18F-FDG and 89Zr) permits 
incorporation into practice (43, 44), and the feasibility of  open-air optical imaging has been previously 
demonstrated in surgical fields (45, 46).

This study has several limitations. First, 89Zr was chosen for its long half-life (72.4 hours), enabling 
us to assess the stability of  the 1D9 component over a longer time period (11 days, versus only a few 
hours with 18F-FDG). However, 89Zr has the potential for release of  Zr4+ from conjugation with deposi-
tion into bone marrow, which could be prevented with advances in chelator technology, such as DFO 
used in the present study (44). Second, the FLI signals could have been influenced by factors, such as 
body habitus, hair regrowth, and skin pigmentation, which might have contributed to decreased sensi-
tivity of  in vivo FLI compared with 89Zr/PET-CT imaging. This has important implications for trans-
lation, as optimal timing of  probe injection prior to surgical debridement would need to be established. 
Finally, as a preclinical study in a mouse model, there are obvious differences from humans in the com-
plexity of  surgery, extent of  infection burden, and depth of  tissue. However, we believe the advantages 
of  using this mouse model as a proof  of  concept outweigh its limitations: the ease of  reproducibility 
and relative cost-effectiveness compared with large-animal studies permit a well-powered study, and 
the ability to genetically modify the host permits future adaptive studies. Additionally, the longitudinal 
nature of  the bioluminescent imaging permits rapid accumulation of  data while minimizing animal 
burden and, at the same time, promoting confirmation of  infection intensity.

In conclusion, in this preclinical spinal implant S. aureus infection model, the 89Zr-NIR680-1D9 
dual-labeled probe in conjunction with PET-CT and FLI imaging provided the capability for preoper-
ative, noninvasive, and specific diagnosis of  an S. aureus spinal implant infection and for intraoperative 
surgical debridement. We are hopeful that our data represent a promising target imminently available 
to clinicians, permitting the distinction of  infection from aseptic loosening, differentiation of  S. aureus 
from other pathogenic bacteria, and FLI-guided surgical debridement. Further, as antibodies are readily 
designed against a host of  bacteria species, this work opens up the possibility of  widespread applications 
against a multitude of  infectious targets. As infection is a major complication for many implants, devices, 
and prostheses, in addition to spinal implants (9), our results might have broad clinically applicability to 
improve the diagnosis and treatment of  biofilm-associated infections.

Methods
S. aureus bioluminescent strain. The bioluminescent S. aureus strain Xen36 (PerkinElmer) was used as the 
inoculum of  interest. This strain was derived from the parental strain S. aureus ATCC-49525 (Wright), 
which is a clinical isolate from a septic patient. This specific bioluminescent derivative has been utilized in 

Figure 4. 18F-FDG PET imaging. 18F-FDG PET/CT imaging was performed on POD 7 (acute infection) and POD 22 (chronic infection) in (n = 11) infected mice 
and (n = 4) sterile mice (see Methods and Figure 1). PET images were performed on the G8 PET/CT imaging system (PerkinElmer). (A) Selected coronal and 
sagittal PET images of 3 infected mice on POD 7. (B) Selected coronal and sagittal PET images of 3 sterile mice on POD 7. (C) Selected coronal and sagittal 
PET images of 3 infected mice on POD 22. (D) Selected coronal and sagittal PET images of 3 sterile mice on POD 22. (E) SUVmean and SUVmax for infected and 
sterile mice on POD 7. (F) SUVmean and SUVmax for infected and sterile mice on POD 22. (G) Bioluminescence images of infected mice on POD 7. (H) Biolumi-
nescence images of sterile mice on POD 7 (I) BLI data for infected and sterile mice on POD 7. (J) CFUs cultured from the implant on POD 42 after implant 
infection inoculation. (K) CFUs cultured from surrounding tissue on POD 42 after implant infection inoculation. CFUs were analyzed in (n = 10) infected 
mice and (n = 4) sterile mice. +, infected steel implant; ++, sterile steel implant; BLI, bioluminescence imaging; SUV, standard uptake value. Cross bars 
represent the mean. Error bars represent SEM. The statistical test used was 2-tailed Student’s t test; *P ≤ 0.05, **P ≤ 0.01, ***P = 0.0001.

https://doi.org/10.1172/jci.insight.124813
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prior validated studies (27, 47). S. aureus Xen36 uniquely utilizes a luxABCDE operon, which is optimized 
and integrated into the host’s native plasmid (48). As a result, the Xen36 strain is capable of  producing a 
blue-green bioluminescent light with a peak wavelength emission of  490 nm. This emission signal is only 
produced by living metabolically active bacterial organisms. Previous research has shown that the Xen36 
strain is therefore optimal for research focusing on the longitudinal monitoring of  bacterial burden through 
bioluminescence (Supplemental Figure 4) (47).

1D9 antibody. 1D9 is a fully human IgG1 monoclonal antibody specific for the S. aureus IsaA protein 
(25, 26, 49). In-house production and purification of  1D9 was performed as described by Romero Pastrana 
et al. (25, 26). Briefly, 1D9 was produced by transient transfection of  Expi293F cells (Life Technologies). 
1D9 antibodies were then purified from the cell culture medium using a HiTrap Protein A HP column (GE 
Life Sciences) and subsequent HiTrap column desalting (GE Life Sciences).

In vitro S. aureus biofilm detection with 1D9 fluorescent probe. S. aureus strains Xen36, SH1000 (50), and 
MS001 (ΔisaA) (51) were grown overnight in tryptic soy broth (TSB) in a shaking incubator at 37°C. S. 
aureus biofilms were grown on 13-mm coverslips in a 24-well plate containing TSB, supplemented with 5% 
glucose and 3% NaCl, and inoculated with the overnight culture to an optical density at 600 nm (OD600) 
of  0.1. The Alexa Fluor 555 dye (Thermo Fisher Scientific) was cross-linked to the human monoclonal 
antibody 1D9 via activated N-hydroxysuccinimide ester chemistry. Coverslips with biofilm were incubated 
with 30 μg/ml of  the 1D9–Alexa Fluor 555 conjugate for 30 minutes in PBS. To remove unbound antibody, 

Figure 5. 89Zr-680-1D9 PET Imaging. 89Zr-680-1D9 PET/CT imaging was performed on POD 11 (acute infection) and POD 18 (chronic infection) in (n = 11) 
infected mice and (n = 4) sterile mice (Figure 1B). Fluorescence labeled antibody targeting S. aureus (NIR680-1D9) was radiolabeled with 89Zr for PET 
imaging, and antibody probe was also imaged separately on FLI (see Methods). (A) Selected coronal and sagittal PET images of 3 infected mice on POD 11. 
(B) Selected coronal and sagittal PET images of 3 sterile mice on POD 11. (C) Selected coronal and sagittal PET images of 3 infected mice on POD 18. (D) 
Selected coronal and sagittal PET images of 3 sterile mice on POD 18. (E) Fluorescence images of infected mice on POD 11. (F) Fluorescence images of 
sterile mice on POD 11. (G) Fluorescence images of infected mice on POD 18. (H) Fluorescence images of sterile mice on POD 18. (I) SUVmean and SUVmax 
for infected and sterile mice on POD 11. (J) SUVmean and SUVmax for infected and sterile mice on POD 18. (K) FLI data for infected and sterile mice on POD 
11. (L) FLI data for infected and sterile mice on POD 18. +, infected steel implant; ++, sterile steel implant; FLI, fluorescence imaging; SUV, standard 
uptake value. The asterisks indicate axillary, brachial, and inguinal lymph nodes. Error bars represent SEM. The statistical test used was 2-tailed Stu-
dent’s t test; **P ≤ 0.01, ****P < 0.0001.

https://doi.org/10.1172/jci.insight.124813
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the biofilms were washed with 1× PBS and, thereafter, fixed in 4% paraformaldehyde in 1× PBS. Finally, 
the DNA of  the bacteria was stained with DAPI (Roche), and the coverslips were mounted on microscopy 
slides. Image acquisition was performed with a Leica TCS SP8 confocal microscope. The recorded images 
were processed using ImageJ software (National Institutes of  Health).

Preparation of  S. aureus for inoculation. Bacterial preparations were performed in accordance with previ-
ously published experiments, with minor alterations as needed (27, 47). First, S. aureus Xen36 was isolated 
from potential contaminants using kanamycin plates. This is possible due to a kanamycin resistance gene 
linked to its aforementioned lux operon (48). As such, 200 μg/ml kanamycin (MilliporeSigma) was added 
to ensure purity. S. aureus Xen36 was then streaked onto agar plates (Luria Broth plus 1.5% bacto agar, 
Teknova) and cultured at 37°C for approximately 24 hours. Single colonies of  S. aureus Xen36 were then 
isolated and individually grown in TSB and cultured again for 24 hours at 37°C in a shaking incubator 
(200 rpm) (MaxQ 4,450, Thermo). After an additional 2 hour subculture of  a 1:50 dilution from the resul-
tant culture, midlogarithmic phase bacteria were isolated. Finally, after centrifugation, bacterial cells were 
pelleted, resuspended, and washed in PBS. A single bacterial inoculum (1 × 103 CFUs in 2 μl PBS) was 
approximated by measuring the absorbance at 600 nm (A600, Biomate 3, Thermo Fisher). This dose was 
determined based on a previously published protocol (27).

Mice. Twenty-four 12-week-old male C57BL/6J wild-type mice (JAX 000664, Jackson Laboratories) 
were utilized for experimental purposes. According to institutional ARC protocol, all mice were housed 
in cages, a maximum of  4 at a time, and stored with a 12-hour light/dark cycle. During the dark phase of  
the cycle, no experimentation was permitted. Water was available at all times. Due to potential interference 
with FLI signaling, alfalfa-free chow was used for feeding. Veterinary staff  assessed mice daily to ensure 
the well-being of  the animals throughout the entirety of  the experiment. The transportation of  mice to 
PerkinElmer facilities in Hopkinton, Massachusetts, USA, on POD 5 was conducted in accordance with 
institutional ARC protocol.

Mouse surgical procedures. Surgical implantation of  spinal implant was performed in accordance with pre-
viously published protocols (27). In brief, mice were anesthetized in the prone position by utilizing inhaled 

Figure 6. NIR680-1D9 targeting of S. aureus spine implant infection. Following identification of infection with 18F-FDG and 89Zr-680-1D9 PET imag-
ing, infection was then visualized using the Solaris Fluorescence Image-Guided Surgery System (PerkinElmer). On POD 10, 48 hours after 1D9 anti-
body probe i.v. injection on POD 8, a mouse with acute spinal implant infection was isolated under the image-guided surgery system and analyzed 
both with and without fluorescent excitation at 680 nm. Prior to skin incision (A and D), no fluorescent signal was visible. Following skin incision (B 
and E), fluorescent signal was only present with excitation. Following partial excision of infected tissue, as identified by fluorescent signal (C and F), 
fluorescent signal remained present both in host tissue and explanted tissue. (G) BLI of the infected mouse on POD 7. (H) BLI of a sterile mouse on 
POD 7. BLI, bioluminescence imaging; 89Zr, 89-zirconium; 1D9, Staphylococcus antibody probe.
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isoflurane (2%) via nose cone on a sterile surgical bed. Hair was removed from sacrum to upper thoracic 
spine with rodent clippers. Skin was cleansed and sterilized with triple washes of  alternating Betadine solu-
tion and isopropyl alcohol. Knees were maximally flexed to identify approximate level of  L4 vertebral body. 
A longitudinal 2-cm incision was made through skin with a 15-blade surgical scalpel. The spinous processes 
were palpated in midline, and the incision was carried down to bone. Subperiosteal dissection was per-
formed on the right side of  the spinous process, carried lateral to the transverse process, at the level of  the L4 
vertebral body. Absorbable braided suture size 5-0 was passed cephalad and caudad to the L4 body through 
the fascia and left open, in preparation for future closure. A 25-gauge spinal needle was used to ream the spi-
nous process of  L4, followed by implantation of  a 0.1-mm “L-shaped” surgical grade stainless steel implant 
(Modern Grinding), and was laid down along the lamina with the long arm laying cephalad. The implant 
was inoculated with 1 × 103 CFUs/2 μl bioluminescent S. aureus Xen36, taking care to ensure all solution 
contacted the implant. The previously passed absorbable suture was tied immediately following inoculation 
to ensure containment of  inoculum on the implant. The skin was closed in running fashion with absorbable 
suture. Pain medicine was administered via subcutaneous injection of  subcutaneous buprenorphine (0.1 
mg/kg) (Zoopharm) immediately postop and then every 12 hours for 3 days thereafter. Mice recovered on 
a heating pad and monitored for the appropriate return to normal activity. Postoperative radiographs (Fax-
itron LX-60 DC-12 imaging system) confirmed appropriate placement of  implant.

Confirmation of  S. aureus infection with BLI. Mice were anesthetized by utilizing inhaled isoflurane (2%). 
Once anesthetized, in vivo BLI was performed using the IVIS Lumina II (PerkinElmer) (48). Imaging was 
performed in accordance to previously published protocols (27). Bacterial burden was confirmed on POD 
0, 1, 3, 5, and 7 (Figure 2). Data are presented via color scale overlaid on a grayscale photograph and were 
quantified as total flux (photons per second) within a standard ovoid region of  interest (ROI) (~16,000 
pixels) using LivingImage Software (PerkinElmer) (Figure 3). These intensities were averaged with respect 
to the SEM (Figure 3A).

18F-FDG PET injection, 1D9 injection, and imaging. We first performed a validation experiment with 
18F-FDG microPET imaging using the G8 PET-CT system (PerkinElmer) to detect active glucose uptake 
associated with microbial infection and tissue inflammation (Supplemental Figures 2 and 3). Each mouse 
received 100 μCi 18F-FDG (PETNET Solutions Inc.) via i.v. injection. The animals were kept warm and 
maintained under 1.5% isoflurane gas anesthesia for 1 hour for tracer uptake. Subsequently, the mice 
were imaged with a standard 10-minute static 18F-PET imaging protocol followed by a standard 2-minute 
whole-body CT scan. After acquisition, the imaging system automatically produced reconstructed 3D 
tomography images in the DICOM format. We used the VivoQuant 3.0 software (inviCRO Inc.) for PET/
CT data viewing and SUVmax analysis.

For validating NIR680-1D9 experiments, each mouse received 0.100 μg NIR680-1D9 antibody in 40 μl 
DMSO via tail vein injection. Three mice with confirmed implant infections on POD 7 and two sterile mice 
were each injected; 48–72 hours after injection, FLI was performed using the IVIS Lumina II imaging sys-
tem (PerkinElmer) to detect fluorescence (excitation: 640 nm, emission: 695–770 nm). We used the Living 
Image Software (PerkinElmer) for data viewing and analysis.

Bioluminescence and 18F-FDG PET/CT imaging. Following completion of  the validation experiments, 
a subsequent experiment was performed (Figure 4). On POD 7 and POD 22 after infection of  S. aureus, 
11 infected and 4 sterile control mice underwent bioluminescence and 18F-FDG PET-CT imaging. Mice 
were anesthetized with 1.5% isoflurane, placed in a sterile imaging chamber, and imaged using the IVIS 
Lumina II imaging system (PerkinElmer) to detect bioluminescence. Subsequently, mice were injected 
i.v. via lateral tail vein with approximately 75 μCi 18F-FDG and underwent 60 minutes of  uptake under 
1.5% isoflurane anesthesia and heating. This was followed by PET and CT imaging on the G8 PET-CT 
(PerkinElmer), an integrated scanner with a PET subsection that consists of  8 detector blocks, each 
with a 24 × 26 BGO scintillator array and crystals measuring 1.825 × 1.825 × 7 mm arranged in a box 
geometry and a back section consisting of  a rotating CT gantry. PET images were acquired for 600 
seconds with an energy window of  150–650 keV, reconstructed using maximum-likelihood expecta-
tion maximization, as recommended by the vendor. PET images were corrected for CT-based photon 
attenuation, detector normalization, and radioisotope decay (scatter correction was not applied) and 
converted to SUVs. PET-CT images were analyzed by drawing ROIs over the implant region using 
AMIDE version 1.0.5 imaging software (52). Bioluminescence images were similarly analyzed using 
LivingImage version 4.5.
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1D9 DFO conjugation and 89Zr-radiolabeling. The human monoclonal antibody 1D9 was fluorescently 
labeled with NIR680 (PerkinElmer) to yield NIR680-1D9 as previously described (25). NIR680-1D9 
was conjugated to desferrioxamine (DFO) using a modified previously published procedure (53). A 
5-fold molar excess of  the p-isothiocyanatobenzyl-derivative of  DFO (p-SCN-Bn-DFO; B-705, Mac-
rocyclics) dissolved in DMSO at a 5 mM concentration was incubated with 3.6 mg NIR680-1D9 in 
0.1 M borate buffer, pH 8.0, at 35°C for 4 hours (54). Unbound p-SCN-Bn-DFO was removed by size- 
exclusion chromatography using a PD-10 column and PBS as eluent. Eluted DFO-1D9 was concentrat-
ed to 6.6 mg/ml using an Amicon Ultra-4 centrifugal filter device (Millipore) and sterile filtered through 
a 0.22-μm PVDF syringe filter.

The DFO-1D9 was radiolabeled with 89Zr (3D Imaging). 89Zr in 1 M oxalic acid (4.1 mCi in 15 μl) 
was adjusted to pH 7.0 by the addition of  2 M sodium carbonate (6 μl) and 1 M HEPES buffer, pH 7.0 
(37.5 μl), in a 1.6-ml microcentrifuge tube; this was confirmed by a pH paper test strip. The solution 
was diluted with an additional 30 μl deionized water. 2.5 mCi (67 μl) neutralized 89Zr was incubated 
with 519 μg DFO-1D9 for 60 minutes at room temperature to form 89Zr-DFO-1D9. Following incu-
bation, the percentage of  radioactivity bound to DFO-1D9 was determined to be 99.8% using instant 
thin-layer chromatography strips (Biodex Medical Systems) and 20 mM citrate buffer, pH 5.0, as the 
running buffer.

PET-CT and FLI of  1D9. On POD 7, after infection of  S. aureus and after bioluminescence and 18F-FDG 
PET-CT imaging, the same 11 infected and 4 sterile control mice were injected i.v. via the lateral tail vein 
with 68.6 ± 1.6 μCi (~14 μg) of  89Zr-680-1D9 mAb (specific activity 4.89 μCi/μg). Mice underwent PET-
CT imaging on the G8 and fluorescence (excitation: 640 nm, emission: 695–770 nm) imaging on the IVIS 
Lumina II on day 3 and 10 after 89Zr-680-1D9 injection, as described above (Figure 2). The relative concen-
trations of  89Zr-680-1D9 in the spine implant region by PET and FLI were determined by drawing ROIs 
using AMIDE and LivingImage imaging software, respectively.

Bacterial colony enumeration. In order to validate the bioluminescence signal of  bacterial burden, 
bacteria adherent to the spinal implants were quantified at the conclusion of  the experiment (POD 42) 
via subject euthanasia. Bacteria were then removed from the implant by sonication in 500 μl of  0.3% 
Tween-80 in TSB for 15 minutes, followed by vortex for 2 minutes based on a previously validated 
protocol (27). Simultaneously, bacteria in the surrounding tissue were measured by homogenizing the 
surrounding muscle and vertebral bodies (Pro200H Series homogenizer; Pro Scientific). The number 
of  bacterial CFUs that were adherent to the implant and in the surrounding tissue was determined 
by counting individual colonies after 24-hour culture. Units were expressed as CFU/ml. After CFU 
harvest, colonies were imaged using the IVIS Lumina for bioluminescence, confirming the presence 
of  S. aureus Xen36.

Optical guided debridement with Solaris. In order to demonstrate the clinical translatability of  the therag-
nostic model we developed, we subjected a sample mouse to the Solaris Fluorescence Image Guided Sur-
gery System (PerkinElmer) (Figure 6). The mouse was positioned prone in the standard operative manner 
and was subjected to general anesthesia with 2.5% inhaled isoflurane. The Solaris system was then used on 
the 660 channel, with excitation/emission parameters of  667/692–742 nm. The mouse was imaged both 
with and without excitation. A partial surgical debridement of  fluorescently tagged subcutaneous tissue 
was performed using an 11-blade scalpel and surgical forceps.

Statistics. Eleven mice were in the infection cohort and four mice were in the sterile control cohort. 
Two-tailed Student’s t test was used to compared data between the groups. t values (5.249, 8.911, 3.244, 
and 3.670) were calculated at early and late time points for 89Zr and 18F-FDG, respectively. The degree of  
freedom was 13. Data collection was performed by two independent reviewers at all time points. Data are 
represented as mean ± SEM. P < 0.05 was considered statistically significant. Statistical analyses were per-
formed using Stata Statistical Software (StataCorp., release 14).

Study approval. All test subjects were obtained and utilized with good animal practice as mandated by 
federal regulations in accordance with the Animal Welfare Act, the Guide for the Care and Use of  Laboratory 
Animals (National Academies Press, 1996), the Public Health Service Policy for the Humane Care and 
Use of  Laboratory Animals, and the policies and procedures set forth in the UCLA Animal Care and Use 
Training Manual. In addition, all animal research was approved and regulated by the UCLA Chancellor’s 
Animal Research Committee (ARC 2012-104-03J).
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