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Abstract

The adrenal glands (AGs) are relatively small yet require definitive identification during their
resection, or more commonly, their avoidance. To enable image-guided surgery involving the AGs,
we have developed novel near-infrared (NIR) fluorophores that target AGs after a single
intravenous injection, which provided dual-NIR image-guided resection or avoidance of the AGs
during both open and minimally-invasive surgery.
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AGs are paired endocrine glands that produce hormones such as epinephrine,
norepinephrine, androgens, estrogens, aldosterone, and cortisol. They are also the site of
benign and malignant tumors that can lead to Cushing’s syndrome, Conn syndrome,
virilization, and feminization.! Radical adrenalectomy is traditionally performed by
conventional open surgery. However, since its initial description in 1992, laparoscopic
adrenalectomy has expanded significantly for the resection of functional adrenal tumors and
incidentalomas smaller than 8-10 cm.23 The advantages of a laparoscopic approach include
a better cosmetic result, shorter recovery time, and significantly less pain, while it may cause
shorter survival, less complete removal of the tumor, and shorter time to and a greater
chance of the tumor returning.# In addition, laparoscopic instruments could rub against the
tumor during surgery and allow tumor cells to spread to other parts of the abdomen. Real-
time image guidance during the AG surgery can help guarantee a complete removal of the
tumor with preserving vital tissues neighboring the glands, which is also the key to
shortening intraoperative time and effort.>~/

The use of near-infrared (NIR; 700 nm to 900 nm) fluorescence emission enables optical
imaging of thick tissues by virtue of lower absorbance, scatter, and autofluorescence in the
NIR.8 To date, over 1000 patients around the world have been studied with this technology
(reviewed in%), however, the only two contrast agents available clinically are methylene blue
(MB), which emits ~ 700 nm NIR, and indocyanine green (ICG), which emits ~ 800 nm
NIR. Neither agent has significant targeting ability to the AGs. Nevertheless, Obermeyer et
al. reported that visualizing the AGs after a single intravenous injection of MB shortened the
operative time of laparoscopic adrenalectomy.10 However, the use of MB is not efficient
because color visualization demands high dose injections, while retention time in the target
is too short for surgery. Indeed, the effective dose of MB used for the aforementioned pig
study was 7.5 mg/kg, which is 5-fold higher than the typical clinical dose (1.5 mg/kg). In
addition, the duration of bluish color changes in the AG was less than 15 min.10

We synthesized two novel, high performance NIR fluorophores that target the AGs, one
emitting = 700 nm and the other emitting ~ 800 nm, and compared their performance,
quantitatively, to MB and ICG in both small and large animal models of AG surgery. The
chemical synthesis and purification of a family of polymethine cyanine fluorophores named
endocrine-specific NIR fluorophore (ESNF) was described in detail previously.11-16 After
initial screening, ESNF20 (700 nm NIR) and ESNF31 (800 nm NIR) were identified as AG-
targeted agents. The chemical structures and optical properties in neutral buffered serum of
all NIR fluorophores used in this study are shown in Fig 1. To summarize, MB and ESNF20
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exhibited fluorescence properties compatible with the 700 nm NIR fluorescence channel of
the FLARE imaging system while ICG and ESNF31 exhibited fluorescence properties
compatible with its 800 nm NIR fluorescence channel. MB had the lowest extinction
coefficient and QY of all, consistent with prior reports.1?

Despite the improved optical properties, both ESNF20 and ESNF31 have poor water
solubility (Table S1) because of high logD (Figure S3). To improve the solubility, we
dissolved the powder in DMSO (5 mM), and diluted the stock solution into saline containing
10% serum proteins. The final concentration was 200 UM, where both fluorophores were
completely dissolved without any precipitates (Figure S4). Then, the injection solution was
filtered through a 0.2 uM PTFE filter (Nalgene) prior to injection intravenously into animals.
Animals were housed in an AAALAC-certified facility and were studied under the
supervision of BIDMC IACUC in accordance with the approved institutional protocol
(#057-2014). As shown in Figure 2a, ESNF20 and ESNF31 resulted in significant signal
intensity in the AGs (SBR > 2.0 relative to muscle and SBR ~ 1.5 relative to kidney), which
was much higher and more sustained than either MB or ICG. However, in mice, background
tissue uptake in the liver of all 4 NIR fluorophores was high, resulting in some cases of an
SBR < 1.0. Based on the kinetics of AG uptake, 60 min post-injection was selected as the
optimal time point in mice and used for dose ranging. As shown in Figure 2b, there was little
dose dependency on either MB or ICG uptake in the AG. On the other hand, ESNF20 and
ESNF31 showed a dose-dependent uptake in AGs, and ESNF31 reached the maximum SBR
(AG/Mu) > 4.0 when 50 nmol of each compound was injected intravenously in CD-1 mice.
A significant difference in the SBR (AG/Mu) was found for injected doses 10 nmol for both
ESNF20 and ESNF31. Based on these kinetic and dose ranging studies, intraoperative
imaging of AGs (Figure 2c) was performed at 60 min post-injection of a dose of 10 nmol of
ESNFs and resulted in distinct highlighting of the glands, and easy differentiation from
surrounding muscle and fat, and even kidney in mice. After resection of the AGs, NIR
fluorescence microscopy revealed that both ESNF20 and ESNF31 showed significant uptake
in adrenal cortex, particularly in the zona fasciculate (Figure 2d).

To confirm NIR fluorophore kinetics in a large animal model system approaching the size of
humans, 35 kg Yorkshire pigs were injected intravenously with 2 pmol of NIR fluorophore
and signal intensity of the AGs and surrounding tissues and organs measured over time. As
shown in Figure 3a, MB was not able to generate a SBR > 1.0 at any time point. ICG
generated a measurable SBR relative to muscle, but not relative to kidney or liver. Both
ESNF20 and ESNF31, however, resulted in a significant SBR relative to all nearby tissues
and for an extended period of time. In fact, ESNF31 generated an SBR = 3.0 for 4 h post-
injection. No changes in vital signs were observed over the 4 h experiment.

Based on the results during open surgery, 2 umol of ESNF31 was injected into a 35 kg
Yorkshire pig and the right and left AGs imaged using a minimal-invasive fluorescence
imaging system (FluoSCOPE). Confirming the results seen previously, AGs could be
identified with high sensitivity and specificity, with relatively low non-specific uptake in
surrounding tissues and organs (Figure 4).
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ESNF20 and ESNF31 are the most recent examples of a class of NIR fluorophores with the
property of structure-inherent targeting.18-20 That is, there is something, as yet unidentified,
in their chemical structure that favors uptake in the AG, while still retaining the property of
NIR fluorescence. Such bifunctional molecules provide the most compact possible chemical
structure for image-guided surgery because conjugation to a separate targeting ligand is not
needed. ESNF20 and ESNF31 were discovered during a biodistribution screen in mice of a
large number of NIR fluorophores having varying substituent groups surrounding either a
pentamethine (700 nm NIR fluorophores) or heptamethine (800 nm NIR fluorophores) core.
The fact that these molecules target the adrenal cortex specifically over the adrenal medulla
suggests that they might share structural similarity to precursor molecules used in hormone
production in the adrenal cortex, although this hypothesis remains unproven at present.

ESNF20 and ESNF31 appear to perform well for identifying normal AGs across species. At
first glance, performance of these molecules in mice appears to be lower than that in pig.
However, the lower SBR in mice is likely the result of varying path length. AGs in mice are
so thin ( 1 mm), and the penetration of NIR light so deep (> 5 mm) that thick organs like
the kidney and liver appear much brighter than they are on a per gram basis. In pig and
human, however, the AG signal is a true reflection of the relative difference in fluorophore
uptake among the various tissues and organs. The Kinetics of uptake and clearance also
difference among species, with the NIR fluorescence of AGs in mice lasting for up to 4 h
and the signal in pig peaking at ~ 30 min. Because of rapid uptake of both fluorophores in
AGs (within 5 min), injections can be repeated intraoperatively, if needed, to keep the signal
strong throughout the surgical procedure. What is not known, though, is how they will
perform in the setting of adrenal tumors. Tumors in the medulla are less likely to exhibit
high uptake based on our histological data. Tumors of the adrenal cortex may exhibit high
uptake, in which case these NIR fluorophores could be used to find local and distant
metastases. Given the paucity and complexity of mouse models in these diseases,?! and the
fact that tissue path length (see above) will confound results, a clinical trial of patients with
adrenocortical malignancies may be the most efficient way of evaluating the utility of these
agents in tumor resection. Another concern is the potential toxicity. Although we have tested
a wide range of doses (2-50 nmol) with a clinically compatible formulation (e.g., 10%
serum-containing saline), neither adverse reactions nor /n vivo toxicity were observed. This
may be because both agents neither cross blood-brain barrier nor accumulate into the
reproductive organs in mice and pigs (data not shown). It is also well-known that ICG
containing the same polymethine backbone with ESNF20 and ESNF31 has shown only
limited adverse reactions in the clinical use.22

Finally, ESNF20 and ESNF31 were chosen for use with the two (700 nm and 800 nm)
independent NIR fluorescence channels of the FLARE imaging system. This, in turn,
enables mixing and matching of virtually any two different NIR fluorophores for complex
surgical procedures. For example, ESNF31 (800 nm emission) could be used to highlight the
AGs in conjunction with a 700 nm NIR fluorophore, such as bolus injection of MB, which
highlights blood vessels.23 Thus, one channel of FLARE could be used to either find or
resect (depending on intention) the AGs while the other channel is used to quickly find
feeding arteries. Similarly, ESNF20 (700 nm emission) could be used to find AGs while ICG
(800 nm emission) is used to find feeding vessels. As more and more NIR fluorophores are
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developed, the combinations that can be used together increase substantially, as do the
number of complex surgical procedures that might someday benefit from the technology.
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Refer to Web version on PubMed Central for supplementary material.
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Formula: C,sH;5sCIN,S C4;H,4CIN,, C,43H4NNaOgS, CagHyqN,,
MW (Da): 319.82 546.16 775.97 537.76
LogD, pH 7 4: 2.61 6.49 7.88 6.78
Optical Property in 100% Serum, pH 7.4 MB ESNF20 ICG ESNF31
Extinction Coefficient (g, M-'ecm-") 71,200 179,000 121,000 135,000
Absorbance Maximum (nm) 670 693 807 803
Emission Maximum (nm) 690 712 822 814
Stokes Shift (nm) 20 19 15 1
Quantum Yield (@, %) 3.8 15.8 9.3 10.8
Molecular Brightness (e x @, M-'cm™) 2,706 28,282 11,253 14,580

Fig. 1.

Chemical structures and optical properties of NIR fluorophores: A) Chemical structures of
700 nm (MB, ESNF20) and 800 nm (ICG, ESNF31) NIR fluorophores and B) their optical

properties in FBS, pH 7.4.
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Kinetics, dose dependence, and intraoperative imaging of NIR fluorophores in male CD-1
mice (n = 5): A) Kinetics of AG signal relative to surrounding tissues and organs. SBR of
AG compared to surrounding major tissue/organs was measured after intravenous injection
of each fluorophore (10 nmol) at indicated time points up to 4 h. B) Dose dependence of AG
signal. 2-50 nmol of NIR fluorophores were injected intravenously 1 h prior to quantitation
of SBR. C) Intraoperative NIR imaging of AG and surrounding organs (10 nmol at 1 h). B,
bladder; Ki, kidney; Li, liver; Sp, spleen. Scale bars = 0.5 cm. D) NIR fluorescence
microscopy of adrenal glands resected from animals shown in (C). Red pseudo-color was
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used for 700 nm and lime green for 800 nm NIR in the merged image. C, cortex; M,
medulla; ZF, zona fasciculate. Scale bars = 50 um.
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Fig. 3.
Kinetics and intraoperative imaging with 2 umol intravenous injection of each NIR

fluorophore in pigs (n = 3): A) Kinetics of AG signal relative to surrounding tissues and
organs. SBR of AG compared to surrounding major tissue/organs was measured at indicated
time points up to 4 h. B) Intraoperative NIR imaging of AG and surrounding organs 1 h
post-injection. Red pseudo-color was used for 700 nm NIR and lime green for 800 nm NIR
in the merged image. AG, adrenal gland; Ki, kidney; Li, liver. Scale bar = 3 cm.
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Fig. 4.

Minimally-Invasive Intraoperative Adrenal Gland Imaging using a Laparoscopic NIR

Right AG

¢

Ki

Left AG

4

Imaging System: 2 pmol of ESNF31 was injected intravenously into a pig 30 min prior to

imaging. Shown are right AG (top) and left AG (bottom) with color image (left), NIR

fluorescence (middle), and a merged image of the two (right). NIR fluorescence is pseudo-
colored lime green in the merged image. AG, adrenal gland; Ki, kidney; RV, renal vein.

Scale bar =1 cm.
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