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Abstract

Despite advances, visual inspection, palpation, and intraoperative ultrasound remain the most
utilized tools during surgery today. A particularly challenging issue is the identification of the
biliary system due to its complex architecture partially embedded within the liver. Fluorescence
guided surgical interventions, particularly using near-infrared (NIR) wavelengths, are an emerging
approach for the real-time assessment of the hepatobiliary system. However, existing fluorophores,
such as the FDA-approved indocyanine green (ICG), have significant limitations for rapid and
selective visualization of bile duct anatomy. Here we report a novel NIR fluorophore, BL (Bile
Label)-760, which is exclusively metabolized by the liver providing high signal in the biliary
system shortly after intravenous administration. This molecule was identified by first screening a
small set of known heptamethine cyanines including clinically utilized agents. After finding that
none of these were well-suited, we then designed and tested a small series of novel dyes within a
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prescribed polarity range. We validated the molecule that emerged from these efforts, BL-760,
through animal studies using both rodent and swine models employing a clinically applicable
imaging system. In contrast to ICG, BL-760 fluorescence revealed a high target-to-background
ratio (TBR) of the cystic duct relative to liver parenchyma 5 min after intravenous injection.
During hepatic resection surgery, intrahepatic ducts were clearly highlighted, and bile leakage was
easily detected. In conclusion, BL-760 has highly promising properties for intraoperative
navigation during hepatobiliary surgery.
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INTRODUCTION

The identification and preservation of critical anatomical structures are key to successful
surgical outcomes.! The hepatobiliary tract is regarded as one of the most difficult
anatomical features to distinguish from neighboring tissues. Unrecognized injuries to the
bile duct can result in debilitating short- and long-term morbidity, mortality, and healthcare
burdens.? Bile duct injuries can occur intraoperatively and are more common under
conditions of severe inflammation, adhesion, or unexpected anatomical variations.3->
Additionally, emerging minimally invasive methods make precise anatomical identification
more difficult due to impaired tactile sensation.®.” Consequently, methods that enable
intraoperative display of bile duct anatomy are of paramount importance for the prevention
of iatrogenic injury.

Currently, bile duct visualization methods include intraoperative cholangiography, which can
be used to impart significant situational awareness.® In particular, detailed division of the
biliary tract during living donor hepatectomy for liver transplantation is crucial both for
donor safety and graft function.®10 However, in some cases, cholangiography itself does not
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provide enough information because of insufficient contrast from the injected radioactive
tracer and heavily overlapping surrounding tissues. In fact, recent literature questions the
advantages of routine cholangiography.11 Furthermore, intraoperative cholangiography is
time-consuming, and the introduction of a catheter into the common bile duct (CBD) can
induce leakage.1? Laparoscopic ultrasonography is a less invasive method to identify CBD
stones and anatomical abnormalities, but this technique has not been deployed broadly.13

Fluorescence guided surgical (FGS) methods, especially those using near-infrared (NIR)
wavelengths, are rapidly emerging. Significantly, the recent progress in translation of these
approaches has demonstrated that novel agents can progress into exploratory and, likely
soon, routine clinical use.1416 NIR-FGS using indocyanine green (ICG) has recently been
reported as an alternative to conventional cholangiography. Such methods have been used to
assist in the identification of the bile duct in cholecystectomy and for bile leakage imaging
during hepatectomy.17-21 However, because the ICG signal persists in the liver parenchyma
for up to 240 min postinjection, timing the injection to achieve useful contrast is quite
challenging.22 Ideally, high-contrast signal would be achieved within minutes to allow the
surgeon to administer the dye only once there is a medical need for anatomical reference.
Several studies also reported retrograde injection of a NIR probe directly into the bile duct;
however, the introduction of a catheter could result in iatrogenic damage.2324 Other studies
have proposed using methylene blue (MB), which undergoes rapid biliary excretion into
bile. However, the emission maximum of MB is 700 nm rather than 800 nm, which is
suboptimal from both an instrumentation and scattering/absorption standpoint.2> Therefore,
there remains an unmet clinical need for NIR fluorescent markers characterized by rapid
biliary-specific excretion and sustained high contrast relative to the adjacent liver tissue.

Here we report a novel heptamethine cyanine, BL-760, for use as a fluorescent marker of the
biliary tract. To identify this compound, we first examined known dyes including those
already used in a clinical setting. After finding that these molecules were not well suited, a
small library of related C4’-O-alkyl heptamethine cyanine analogs of intermediate polarity
were designed and synthesized. Initial testing in an open-abdomen model of rat surgery
revealed the optimal compound, BL-760, which was almost exclusively taken up by the liver
and rapidly excreted into the bile tract. This compound produces a rapid onset of fluorescent
signal exclusive in the bile duct (5 min), signal persistence (>3 h), and no discernible
toxicity. Advantageously, this molecule can be synthesized in two steps from commercial
IR-783, a readily available chemical precursor. We then validated BL-760 /in vivo through
preclinical animal studies using both rodent studies and a swine hepatectomy model, with
the latter employing a laparoscopic commercial fluorescence imaging system already
approved for clinical use.

MATERIALS AND METHODS

Synthesis and Characterization.

The synthetic procedures are described in detail in the Supporting Information. The
absorbance and fluorescence of BL-760 were measured as described previously.28
Fluorescence quantum yield (QY) measurements were carried out using ICG in MeOH (QY
= 7.8%) as a calibration standard under conditions of matched absorbance at 770 nm.
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Rat Protocol.

Children’s National animal care and use committee approved our protocol (IACUC #
30597). All procedures were performed in the Research Animal Facility at Children’s
National Hospital. Female 250-300 g Sprague—Dawley rats from Charles River Laboratories
(Wilmington, Massachusetts, USA) were used for this experiment. Inhalation for 3 min of
4% isoflurane was used for sedation and restraint. Anesthesia was maintained using an
intramuscular injection of xylaxine (2 mg/kg) and ketamine (75 mg/kg). After ensuring
sterile conditions, a laparotomy was performed. For fluorescence imaging, a 24G catheter
was placed in the tail vein and injection of the fluorophore (90 g/kg) was performed, with
immediate imaging after injection.

Pig Protocol.

All procedures were performed in an animal research facility under the approval of the
Institutional Animal Care and Use Committee at the Children’s National Health System
(protocol #30591). To better model a minimally invasive surgery (MIS) experience, we
performed laparoscopic imaging in swine. Female Yorkshire pigs (25-30 kg) from Archer
Farms (Darling, Maryland, USA) were used for the experiment. The pigs were sedated using
an intramuscular injection of xylazine and ketamine, and anesthesia was maintained using
2.5% isoflurane. Midline laparotomy was performed. At the beginning of the procedure (via
the so-called, “critical view of safety” approach in Cholecystectomy), Calot’s triangle was
exposed and imaged. After 2 h of imaging, a left lobectomy was performed using
electrocautery (30/30) to visualize the intrahepatic duct alongside the liver parenchyma.

NIR Fluorescence Imaging: Rat Protocol.

To enable both RGB color and fluorescence image recording, an existing surgical
microscope OPMI S5 (Karl Zeiss, Germany) with two additional camera ports was used.26
The microscope includes a 250 mm focal-length main objective lens and two camera ports
located on both the left and right arms split by a virtual beamsplitter integrated into the main
body of the scope. CAM1 (GS3-U3-41C6C-C, FLIR, U.S.) was used for HD color vision,
which operates at 30 frames per second with 2048 x 2048 pixels. CAM2 (GS3-U3-
41C6NIR-C, FLIR, U.S.) was used for NIR fluorescence imaging, which included a band-
pass filter (790/30 nm) and also operated at 30 frames per second with the same 2048 x
2048 pixels. For illumination, we used a built-in microscope illuminator with a short-pass
filter (cutoff wavelength: 800 nm). For simultaneous visualization and recording, all the
scripts for camera control were custom built and programmed using a Linux operating
machine.

NIR Fluorescence Imaging: Pig Protocol.

For laparoscopic fluorescence imaging, a FDA-cleared commercial fluorescence
laparoscopic imaging system was used (ITS Model L, inTheSmart Incorporated, USA). To
illuminate the tissue, we used a clinically available (FDA-approved) power-adjustable dual
light source (ITSEL1711, InTheSmart Incorporated, USA) consisting of a visible spectrum
(400-700 nm) high-power quad-LED and a NIR (810 nm) laser, which share a common
optical path.2” This source is then coupled to the illumination port of the laparoscope via a
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fiber-optic light guide cable (ITSEL1711-LGCBL-VO01, InTheSmart Incorporated, USA).
The power of the visible light and laser sources can be separately controlled on a 0-100%
scale in steps of 10%. To ensure tissue safety and prevent pixel saturation, the laser power
measured 5 cm from the tip of the laparoscope was set as low as the 50 mW, corresponding
to a maximum power setting of 30%.

Intraoperative Imaging and Quantitative Assessment.

For the rat surgeries, a standard midline laparotomy was performed. For fluorescence
imaging, a 24G catheter was placed in the tail vein and each compound (90 (g/kg) was
administered by injection and then imaged immediately after. The imaging system was set
up, and videos were recorded in real time until 3 h after injection of the fluorophore. All
images were acquired with a 33 ms exposure time.

For the pig studies, a 0-degree, 10 mm laparoscope was positioned with noga arm
(Articulated Holder FAT MA61003, Noga, Israel). The laparoscopic system was set up, and
videos were recorded over the 3 h after injection of the fluorophore. The ratio between
fluorescence and background signals in a region of interest was quantified using ImageJ
software. The target-to-background ratio (TBR) was calculated as follows: TBR = (Target-
Noise)/(Background-Noise), where the background was normal adjacent liver parenchymal
tissue and the target was the CBD. Noise was used in a region outside the target and
background. The results are presented as mean + standard error of the mean (SEM).

RESULTS AND DISCUSSION

Testing Known Fluorophores.

We initially tested readily accessible fluorophores. These include two NIR fluorophores that
have found clinical use, ICG, which is FDA approved, and IR-800CW, which is progressing
through various clinical trials as a folate and antibody conjugate.28-32 We also tested two
compounds recently reported for our studies: FNIR-774, a bio-conjugatable dye, and
UL-766, a compound that we recently reported as undergoing exceptionally clean renal
clearance.33 Testing involves administration of the fluorophore (90 tg/kg, i.v., 7= 2) to rats
that had undergone a laparotomy, followed by fluorescence imaging of the abdomen using a
surgical microscope.

Unfortunately, these compounds showed suboptimal characteristics for use as bile markers.
In line with the prior clinical work, ICG exhibits a prolonged signal in the liver parenchyma,
and 4 h are required to achieve maximal bile duct signal relative to liver parenchyma. By
contrast, IR-800CW undergoes competitive renal and liver clearance. Although some bile
duct signal is apparent shortly following injection, so too is significant competitive signal in
the kidneys, bladder, and ureter, making this dye suboptimal for selective imaging of bile
duct anatomy. FNIR-774, which is similarly persulfonated to IR-800CW, also undergoes
competitive clearance through renal and liver pathways. Finally, and in line with our prior
work, we found the zwitterionic ureter dye, UL-766, is nearly exclusively cleared through
renal means in this comparison.26
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Design, Synthesis, and Initial Identification of BL-760.

To interpret these patterns of excretion, we examined the total number of charged functional
groups, net charge, and a common measure of hydrophilicity, ClogP.33 As shown in Figure
1, ICG, which is the only molecule to undergo exclusive hepatobiliary-mediated clearance,
is significantly more hydrophobic than the persulfonated dyes, IR-800CW and FNIR-774,
and the charge-neutral, UL-766. Of note, the hepatic uptake of ICG has been shown to be
largely mediated by organic anion transporter polypeptides (OATP) influx transporters and
its excretion into the bile involves multidrug resistance P-glycoprotein 2 (Mdr2).35-37 We
hypothesized that anionic heptamethine cyanines of intermediate hydrophilicity between
ICG and the extensively persulfonated IR-800CW and FNIR-774 might exhibit improved
rates of liver clearance, while maintaining high specificity over renal excretion pathways.

To pursue this hypothesis, we prepared a small series of C4’-O-alkyl cyanines based on our
prior synthetic approach. This approach involves an A-to-Otransposition reaction that
converts readily accessible C4’-N-alkyl cyanines into the otherwise difficult to prepare O-
alkyl derivatives.32 Advantageously, and unlike extensively studied C4’-O-phenol cyanines,
O-alkyl cyanines are not subject to covalent modification with biomolecules.33:38:39 The
molecules we tested included compound 1, which had been prepared previously,3? and
compounds 2—4, which were synthesized in an analogous fashion (see Figure 2A for the
general synthetic approach and the Supporting Information for details). The spectroscopic
properties for compounds 2—4 were quite similar and in line with previously prepared
compounds. Data for a representative compound, 4, are shown in Figure 2B and C.

As shown in Figure 3, compounds 1-4 all underwent nearly exclusive hepatobiliary
clearance. However, compounds 3 and 4 exhibit rapid onset of bile signal (5 min) and that
signal persisted for several hours. Because of its slightly simpler chemical structure,
compound 4, now termed BL (Bile Label)-760, was progressed into evaluation in pig
models.

Comparison of BL-760 and ICG in Swine Model.

In these studies, both ICG and BL-760 (90 tg/kg, i.v.) were administered, and the
fluorescence signals were acquired by a laparoscopic imaging system. Compared with
previous studies, the ITS system used here offers straightforward visualization of
fluorescence imaging with conventional RGB display by simply toggling a switch since both
color RGB and NIR fluorescence imaging are rendered by a processor simultaneously. We
first compared the BL-760 fluorescence signals in the cystic duct to those of ICG at a similar
postinjection time point. Figure 4 shows representative images acquired from both dyes.
After intravenous injection, within 5-10 min, the cystic ducts were successfully visualized in
both pigs. As can been seen in Figure 4C, BL-760 shows high TBR (Target-Noise)/
(Background-Noise) contrast between the bile duct and the liver parenchyma, compared to
ICG, with useful TBR at the 9 min post injection timepoint and persisting over the 2 h
measurement. Of note, none of the animals in this study suffered from complications or
adverse reactions to the dyes. Specifically, before and after dye injection, we monitored the
ECG, beat-per-minute (BPM), oxygen saturation (SpO>), and tidal volume (EtCO,). The
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ECG was consistent during the procedure, monitored BPM was 89 to 90. SpO, was
measured as 100%. The EtCO, level stayed between 40 and 45 mmHg.

Cholecystectomy and Model Hepatectomy.

Our next study sought to visualize the gallbladder and cystic ducts in pigs, commonly
encountered during laparoscopic cholecystectomies (Figure 5). In doing so, we sought to
establish the “Critical View of Safety” criteria set forth for cholecystectomy procedures.40
One can clearly see the gallbladder and cystic ducts with fluorescence, while the cystic
artery is observed in the NIR images with blue color in Figure 5A and B. Relative to liver
parenchyma (LP in Figure 5D), extra hepatic ducts (EHD in Figure 5C) are highlighted
along with cystic duct and common bile duct.

After careful dissection of the liver hilum, Calot’s triangle (CT in Figure 6B) was exposed
and visualized successfully, establishing the “Critical View of Safety”, as depicted in Figure
6A and B. In addition, to demonstrate its usefulness in hepatectomy, we performed left
lobectomy in pigs. After liver resection, intrahepatic ducts were exposed and highlighted
with fluorescence signals in Figure 6C. While the procedures were performed, small holes in
the liver parenchyma were created, and bile leakage (labeled BL) was easily detected in
Figure 6C and D.

CONCLUSION

Although other fluorescent dyes have been explored for bile duct visualization, this study is
the first to rationally design and test novel NIR dyes for this application.*1-*4 There are
several distinct advantages of BL-760 relative to the current FDA approved option, ICG.
This probe shows superiority in terms of its capacity to function at lower doses of 90 (g/kg
and a much shorter time to biliary excretion as well as having a higher TBR (4.48 at 10
min), compared to the clinically available compound ICG.% It should also be noted that the
assessment of hepatic perfusion by fluorescence imaging following intravenous injection of
ICG cannot be carried out repeatedly because, once ICG is administered, nonischemic
regions of the liver emit fluorescence signals that persist for hours. However, due to fast
excretion into the biliary tract, BL-760 could be injected multiple times to enhance bile duct
contrast relative to the liver.

BL-760 also possesses several promising features for use during a range of hepatic surgeries,
including hepatectomies. It can differentiate the Glisson from the hepatic vein, and,
potentially, also reduce unintended bleeding from small veins. In the case of hepatic duct
anomalies, surgeons could identify unexpected biliary tract anatomy. Additionally, this
molecule could be used to readily assess bile leakage, which is a serious complication of
various hepato-pancreato-biliary surgical procedures.19 While ICG can be used in this
context, this was only possible via intrabiliary infusion after hepatic resection through a
transcystic catheter.29:46 However, using BL-760, no catheterization or retrograde injection
are needed due to the fast excretion into the biliary system. This also enables early detection
of bile leaks, which should help to prevent liver failure during a living donor hepatectomy. In
addition, due to the hampered visibility and inability to palpate the liver surface during
laparoscopic or robotic surgery for hepatobiliary system, BL-760 could be of value during
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minimally invasive liver surgery.1” Of note, BL-760 has excitation and emission spectra that
are similar to those of ICG, making it ideally suited for existing robot-assisted surgery
systems without alteration.4’ Finally, ICG and several related dyes exhibit remarkably
selective uptake in certain solid tumor classes, particularly those of hepatic origin, and
efforts to characterize the tumor avidity of BL-760 are underway.#8-50 Although additional
studies are needed prior to clinical evaluation, BL-760 has promising features for use as a
probe of biliary anatomy during various hepatic procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of four different previously known heptamethine cyanines. Images shown of rat

abdomen 10 min following injection. Description of properties: Net charge, net charge at
neutral pH; # of Charges, number of charged functional groups at neutral pH; CLogP,
calculated using sodium and chloride counterions.3# Excretion to biliary tract: + +, high
excretion into the bile (CLR > 3); +, low excretion into bile (CLR < 3); ———, no detectable
bile signal and time to maximal detectable signal. CLR, ratio of common bile duct to liver
fluorescence signal. Specificity: ratio of biliary and urinary signals at 10 min time point.
Yellow arrows: CA = cystic artery, GB = gallbladder, CD = cystic duct, CBD = common bile
duct, LP = liver parenchyma, EHD = extrahepatic duct, KD = kidney, UT = ureter, DD =
duodenum.
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A. Synthesis and Tested Compounds
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B. Spectroscopic Properties
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Figure 2.
(A) General synthetic route to C4’-O-alkyl cyanines and tested compounds 1-4, (B) optical

properties and (C) absorbance and emission curves for 4.
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Structure
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Figure 3.
Comparison of four different C4’-O-alkyl heptamethine cyanines with parameters identical
to Figure 1.
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Figure 4.
Comparison between (A) ICG and (B) BL-760 cystic duct images. Arrows: LP = liver

parenchyma, CA = cystic artery, GB = gallbladder, CBD = common bile duct. (C) Target-to-
background ratio over time using ICG and BL-760 in pigs (7= 2).
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Figure 5.
Postinjection of BL-760 in pigs. (A) NIR fluorescence. (B) Fused image of the first pig

study. (C) NIR fluorescence. (D) Fused image of the second pig study. Yellow arrows: CA =
cystic artery, GB = gallbladder, CD = cystic duct, CBD = common bile duct, LP = liver
parenchyma, EHD = extrahepatic duct.
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Figure 6.
(A, B) Dissection of the liver hilum and liver resection surgery. (C, D) Critical view of safety

(Calot’s triangle). Representative images of left lobectomy. Yellow arrows: CT = Calot’s
triangle, GB = gallbladder, CD = cystic duct, CA = cystic artery, CBD = common bile duct,
C = contusion, IHD = intrahepatic duct, BL = bile leaks.
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