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Abstract

Intraoperative imaging technologies recently entered the operating room, and their implementation 

is revolutionizing how physicians plan, monitor, and perform surgical interventions. In this work, 

we present a novel surgical imaging reporter system: intraoperative chemiluminescence imaging 

(ICI). To this end, we have leveraged the ability of a chemiluminescent metal complex to generate 

near-infrared light upon exposure to an aqueous solution of Ce4+ in the presence of reducing tissue 

or blood components. An optical camera spatially resolves the resulting photon flux. We describe 

the construction and application of a prototype imaging setup, which achieves a detection limit as 

low as 6.9 pmol cm−2 of the transition-metal-based ICI agent. As a proof of concept, we use ICI 

for the in vivo detection of our transition metal tracer following both systemic and subdermal 

injections. The very high signal-to-noise ratios make ICI an interesting candidate for the 

development of new intraoperative imaging technologies.
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A preclinical imaging setup was developed to detect chemiluminescence in fresh tissues after 

intravenous or subdermal administration of a ruthenium metal complex. High signal-to-noise 

ratios were obtained without the need for excitation light. This could be a novel technology for 

intraoperative imaging and surgical margin evaluation.

Keywords

chemiluminescence; intraoperative imaging; lymph node imaging; near infrared; ruthenium

In vivo imaging has revolutionized diagnoses, monitoring, and treatment of disease. 

However, these technologies are often restricted to whole-body anatomic imaging, for 

example, providing physicians with the location of bulk tumor tissue on a macroscopic 

level.[1] Although this has improved the accuracy of surgical interventions and decreased 

impact on healthy tissues, most established imaging methods do not help operating surgeons 

answer a critical question that often arises during surgery: are there residual traces or other 

nests of tumor tissue remaining? While surgeons generally seek to leave narrow margins to 

have as little impact as possible on healthy tissue, this approach risks leaving residual tumor 

tissue behind, which can ultimately lead to recurrence of the disease, whereas over-

aggressive surgery can lead to loss of function. Finding the right delicate balance in this 

struggle it is therefore a pressing clinical need. An answer to this problem could be 

intraoperative imaging technologies that can help physicians see residual tumor tissue within 

the surgical bed.[2]

Different technologies have been suggested and tested for their potential to serve as 

intraoperative margin-identifying tools, including optical fluorescence imaging,[3] detection 

of radioactive isotopes with β- or γ-detecting probes,[4] Raman spectroscopy,[5] and 

Cherenkov luminescence.[6] Ultimately, however, to date none of these have become a 

reliable standard-of-care tool that is used as routinely as whole-body PET, MRI, and CT 

imaging.

The generation of an imaging signal through chemiluminescence is fundamentally different 

from fluorescence imaging, as these chemiluminescent agents emit light without requiring 

an excitation light source. Typically, chemiluminescence imaging is based on the detection 

of photons produced as a by-product of the reduction/oxidation of a probe molecule. In 

biological systems, chemiluminescence imaging has only briefly been touched upon.[7] The 

most notable example is the injection of luminol into mice, which generates violet photons 

(424 nm) upon its oxidation by endogenous myeloperoxidase.[8]

However, transition-metal-mediated chemiluminescence has so far remained largely 

untapped by the molecular imaging community. Advantages of chemiluminescence over 

other methods include: 1) no excitation light necessary; 2) no tissue penetration issues for 
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incident light; 3) unlike in Cherenkov, no radioactivity is needed, eliminating exposure to 

patients and hospital personnel; 4) there are a large number of potential in vivo 

chemiluminescence imaging agents available, ranging from small organic molecules and 

transition-metal complexes to nanoparticles,[10] spanning wavelengths from the visible to the 

near-infrared (NIR) spectrum; and 5) these imaging agents can easily be conjugated to 

biologically active targeting molecules to target specific tissues, for example, which is one of 

the fundamental requirements for a molecular imaging agent.[11] In this proof-of-principle 

study, we show that high signal-to-noise ratios can be achieved by detecting the NIR photon 

that is emitted from the oxidation/reduction cycle of the reporter, that intraoperative 

chemiluminescence imaging reaches detection limits suitable for in vivo use, and that the 

biodistribution of a transition-metal-based chemiluminescent reporter can be visualized in 

vivo.

Figure 1 illustrates the generation and detection of a chemiluminescence signal under 

conditions suitable for intraoperative chemiluminescence imaging (ICI). Because application 

of the required oxidation agent to sample tissue is essential to elicit chemiluminescence, we 

developed the nebulizing device outlined in Figure 1A. It is designed to fit into a 

commercially available IVIS Spectrum imaging system (Figure 1B) and can be operated 

remotely via a cable when the IVIS Spectrum door is closed and camera shutters are open. 

The spray bottle contains an aqueous solution of the oxidizing agent (NH3)2Ce(NO3)6 and is 

aimed toward the tissue sample, a histological slide, or any other analyte (Figure 1C). Once 

a spray burst is released, the surface of the tissue of interest is covered in (NH3)2Ce(NO3)6, 

which will oxidize the ICI reporter contained in the tissue, prompting the emission of 

photons. Alternatively, if the (NH3)2Ce(NO3)6 solution is sprayed on a region lacking any 

ICI reporters, no photons will be generated. ICI is therefore devoid of autofluorescence and 

allows the mapping of the distribution of the ICI reporter close to the tissue surface. A 

detailed list of the used materials, instructions for assembly and photographs of the device 

(Figure S1) are compiled in the Supporting Information.

The highly water-soluble complex [Ru(bpy)3]2+ is a prime example of a potential transition-

metal ICI reporter (Figure 2A), with reports on its chemiluminescence properties stretching 

back to 1966.[12] The emission band in the NIR range (ν~600 nm, Figure 2B) may be fine-

tuned through modifications of the ligand environment.[13] It results from the relaxation of 

an excited [Ru(bpy)3]2+* triplet state (τ=650 ns in water), which is accessible through 

photochemical excitation of [Ru(bpy)3]2+ or chemical reduction of [Ru(bpy)3]3+. In the 

presence of suitable oxidation and reducing agents, [Ru(bpy)3]2+ acts as single electron 

transfer (SET) redox catalyst, which partially emits the reaction energy in the form of 

photons (Figure 2C). We found that in the presence of tissue or serum, which act as reducing 

agent, low concentrations of Ce4+ are sufficient to initiate this [Ru(bpy)3]2+-catalyzed redox 

cycle resulting in a NIR signal.

While ICI does not require incident light, each [Ru(bpy)3]2+ complex can only emit one 

photon, which results in lower photon flux rates than produced by fluorophores. Therefore, 

the sensitivity of the experimental setup is of particular importance. In our case, we tested 

the minimum detectable amount of [Ru(bpy)3]2+ by mixing 100 μL of the metal complex 

solution (347 μmol to 6.9 pmol in water) and 100 μL of a solution of (NH3)2Ce(NO3)6 in 

Büchel et al. Page 3

ChemMedChem. Author manuscript; available in PMC 2016 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



water (25 mM) on a microscope slide, and then spraying a solution of triethylamine (1:3 in 

water/ethanol (1:1), 0.24±0.04 mL per spray burst) onto the droplet. Figure 3A shows the 

resulting chemiluminescence at various concentration levels, with the quantified data plotted 

in Figure 3B. The minimum detectable signal (>3-fold over background) using our current 

apparatus was determined to be 6.9 pmol cm−2.

We tested the general feasibility of ICI imaging in fresh tissues by injecting a solution of 

[Ru(bpy)3]Cl2 (8–33 nmol in 100 μL PBS) intravenously in a set of healthy mice (n=5); 10 

min after injection, the mice were sacrificed, their body cavities were opened, kidneys cut, 

and chemiluminescence was generated by spraying (NH3)2Ce(NO3)6 onto the body cavities.

Not surprisingly, large amounts of signal were localized to kidneys (Figure 4A) and liver, 

whereas other organs did not emit significant chemiluminescence, indicating renal clearance 

of [Ru(bpy)3]2+. Kidney chemiluminescence is far greater within the tissue than the tissue 

surface, and organs did not emit chemiluminescence if not treated with the ICI agent (Figure 

4B). Biodistribution of the reporter was established from a second cohort of mice (n=10), 

which underwent similar treatment. All major organs were excised, and the 

chemiluminescence in each organ was quantified individually. Comparison with signals 

generated when the animals were injected with PBS alone yields signal-to-noise ratios of 

27/1 for kidney and 21/1 for liver (Figure 4C), and only moderate signal intensities were 

observed for other organs. This confirms the observed renal localization of the [Ru(bpy)3]2+ 

reporter. ICP-MS analyses of the mouse tissues further corroborated the ICI-based imaging 

data (Figure 4D). We found that ruthenium concentrations correlate well with photon flux 

rates, with the highest deposition in the kidneys (574 000 photons s−1 cm−2 sr−1 and 

1.24±0.25 μg g−1), followed by liver tissue (260 000 photons s−1 cm−2 sr−1 and 256±47 ng 

g−1). Overall, this indicates that ICI might not only be useful to detect the presence of 

[Ru(bpy)3]2+ in vivo, but that this technique might ultimately be able to quantify 

concentrations noninvasively.

One major difficulty for many types of surgical interventions is the detection and removal of 

sentinel lymph nodes. Typically, sentinel lymph node detection is performed by injecting a 

detectable agent close to a tumor site, where it is transported by the lymphatic system into 

the sentinel lymph nodes.[14] While the agent therefore does not have to be targeted, strong 

imaging signals enhance precision and ease imaging signal identification. ICI could 

complement existing technologies and improve the identification and delineation of these 

tissues. To test the potential of ICI for lymph node detection, we injected [Ru(bpy)3]Cl2 (80 

nmol in 10 μL in PBS) subdermally into the left hind paw of mice (n=5), whereas the right 

paw was injected with PBS alone. After 15 min, the mice were sacrificed, and the left and 

right popliteal lymph nodes on both sides were visualized with ICI (Figure 5A). The 

radiance observed for lymph nodes containing [Ru(bpy)3]2+ was 10±4.3-fold higher than for 

control lymph nodes (167 000 and 17 000 photons s−1 cm−2 sr−1 for positive and control 

lymph nodes, respectively, p<0.028, n=5, Figure 5B, C). While these values are similar to 

other approaches, this first proof-of-principle dataset indicates that this technology could 

indeed harbor clinically useful applications, maybe even in parallel with fluorescence 

imaging probes (Figure S2). Due to the typically lower signal intensity of 

chemiluminescence relative to traditional fluorophores, image generation in the operating 
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room would likely require the rigorous exclusion of NIR light, similar to what has already 

been established for Cherenkov imaging.[6] This, together with the development of tailor-

made clinical instrumentation that allows both the administration of oxidizing agent together 

with high sensitivity photon detection, will be fundamental to successful clinical translation.

In summary, we show that ICI allows the detection of NIR photons down to thresholds of 6.9 

pmol cm−2 and that ruthenium-based ICI agents can be used in vivo after systemic injection 

and subdermal application. Improving nebulizing and optical equipment, introduction of 

different metal complexes, and optimized exposure times would likely further decrease 

detection limits. We developed a preclinical imaging setup for applying ammonium cerium 

nitrate inside an IVIS Spectrum imaging system, which simulates the “spray-on” procedure 

a physician would likely perform in the operating room. Our ICI agent—[Ru(bpy)3]Cl2—is 

a well-known ruthenium-based transition-metal complex, which is highly water soluble and 

stable toward degradation in the bloodstream (Figure S3). [Ru(bpy)3]2+ can be modified 

with multiple types of linkers that can be used for bioconjugation,[15] including maleimides, 

amines, and NHS esters.[16]

The imaging protocol presented herein is a proof-of-principle study for ICI in living systems 

and could serve as a starting point for a variety of applications. The ruthenium complex may 

be linked to small molecules and peptides, to target and highlight specific markers and to 

help physicians delineate small lesions and surgical margins. Other approaches could 

involve encapsulating the highly water-soluble [Ru(bpy)3]2+ in nanomaterials and imaging a 

targeted lesion during its removal by the surgical team. We are confident that ICI is 

particularly appealing for surgical applications, and we believe that the described method 

can be adapted at low cost and with low technical barriers in many preclinical laboratories, 

potentially paving the way for clinical translation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Imaging setup and process for capturing intraoperative chemiluminescence. A) Schematic 

design of the automatic nebulizer designed for this application. B) Position of the spray 

device inside an IVIS Spectrum bioluminescence imaging system. C) Generation of near-

infrared light by nebulizing and spraying on an oxidizing agent.
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Figure 2. 
[Ru(bpy)3]2+ structure, emission and reactivity. A) Structure and B) absorbance and 

emission spectrum of the ICI probe [Ru(bpy)3]2+. C) Reactivity of [Ru(bpy)3]2+. The probe, 

which is originally RuII, can be oxidized with (NH3)2Ce(NO3)6 to RuIII, which is reduced to 

RuII*, an excited-state metal complex that emits a photon upon decay trough a normal 

fluorescence mechanism.
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Figure 3. 
Determining ICI sensitivity. A) Signal intensities at various concentrations of [Ru(bpy)3]2+ 

immobilized on a microscope slide after spraying on a mixture of (NH3)2Ce(NO3)6. B) 

Quantification of the imaging signals collected in panel A. The detection threshold (dashed 

line) was defined as 3× the background noise. Red arrows indicate concentrations at which 

the camera was saturated.
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Figure 4. 
In vivo abdominal surface chemiluminescence of [Ru(bpy)3]2+. The ICI agent was injected 

intravenously into healthy mice (26 nmol in 100 μL PBS), and the agent was allowed to 

clear from the bloodstream within 10 min. A) White light (left), ICI (center), and overlay 

(right) images of a mouse body cavity injected with 33 nmol of [Ru(bpy)3]2+ in 100 μL PBS. 

The green arrows point toward the right kidney. B) Images of excised kidneys are clearly 

visible in mice injected with the ICI agent, but not when injected with PBS. C) 

Quantification of the imaging results shown in panel A, with imaging quantification 

performed on excised organs. D) Quantification of ruthenium metal concentrations in 
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various tissues using ICP-MS. E) Correlation of ICI photon flux and ICP-MS determined 

ruthenium concentrations.
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Figure 5. 
Sentinel lymph node imaging with [Ru(bpy)3]2+. A) White light, chemiluminescence, and 

composite images of mice injected with [Ru(bpy)3]2+ (top) and PBS (bottom) into the hind 

limb (80 nmol in 10 μL PBS) and imaged 15 min after injection. B) Representative 

chemiluminescence signal in left popliteal lymph nodes (top row, white light and composite) 

and contralateral right lymph nodes (bottom row, white light and composite). C) 

Quantification of the chemiluminescence signal obtained for popliteal lymph nodes (n=5).
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