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Abstract

Surgical methods guided by exogenous fluorescent markers have the potential to define tissue 

types in real time. Small molecule dyes with efficient and selective renal clearance could enable 

visualization of the ureter during surgical procedures involving the abdomen and pelvis. These 

studies report the design and synthesis of a water soluble, net neutral C4’-O-alkyl heptamethine 

cyanine, Ureter-Label (UL)-766, with excellent properties for ureter visualization. This compound 

is accessed through a concise synthetic sequence involving an N- to O- transposition reaction that 

provides other inaccessible C4’-O-alkyl heptamethine cyanines. Unlike molecules containing a 

C4’-O-aryl substituent, which have also been used for ureter visualization, UL-766 is not reactive 

towards glutathione and the cellular proteome. In addition, rat models of abdominal surgery reveal 

that UL-766 undergoes efficient and nearly exclusive renal clearance in vivo. In total, this 

molecule represents a promising candidate for visualization of the ureter during a variety of 

surgical interventions.
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Despite remarkable progress in molecular medicine, surgical interventions are nearly always 

carried out using only visual, memory recall, and tactile cues. Adding insight through 

imaging is being explored with diverse modalities.1 Fluorescence-guided surgical (FGS) 

methods provide real-time images using only relatively simple optical readouts.2, 3 These 

methods are progressing toward clinical use in a variety of disease contexts.4 Fluorescent 

dyes, ideally with emission in the near-infrared (NIR) range (~700-900 nm), form the 

chemical component of these efforts.3, 5, 6 Most clinical efforts use indocyanine green (ICG), 

which was FDA approved nearly 60 years ago.7 To enable the broad adaptation of FGS, a 

new generation of dyes that address specific challenges in the field are needed.

The identification and precise dissection of critical structures is central to the surgical 

process. Unintended injury results in short and long-term complications, prolonged hospital 

stays and health care costs. Acute ureteral injury results from external trauma, open surgery, 

laparoscopy and endoscopic procedures. Nearly any abdominopelvic surgical procedure, 

whether gynecologic, obstetric, general surgical, or urologic can potentially injure the ureter. 

The incidence of ureter injury during abdominal and pelvic surgery has been reported to 

range from 0.5% to 10%.6–8 An analysis of 13 studies concluded that the following 

procedures contribute to iatrogenic ureteral injuries: hysterectomy (54%), colorectal surgery 

(14%), pelvic procedures such as ovarian tumor removal (8%), transabdominal urethropexy 

(8%), and abdominal vascular surgery (6%).9 The total incidence of ureteral injury after 

gynecologic surgery is reported to be 0.5% to 1.5%, and after abdominoperineal colon 

resection ranges from 0.3% to 5.7%.9 The ureter is vulnerable to iatrogenic injuries because 

of its close proximity to vital visceral organs and it’s ‘hidden location’ in the 

retroperitoneum of the abdomen and pelvis. Clear visualization during surgery through FGS 

could alleviate this significant morbidity. Prior work, including clinical trials, has centered 

on using methylene blue to illuminate the ureter during surgery.8, 9 However, this molecule 

does not absorb/emit in the NIR range, where light can maximally penetrate tissue, and also 

exhibits equal amounts of hepatic clearance. One study has reported the use of IR800-CW, 

though as described below, we observe significant competitive hepatic clearance rendering 

this molecule suboptimal for use in this context.10 In these studies, we report the design, 

synthesis, and application of a novel net-neutral near-IR dye, which we term (Ureter-Label 

(UL)-766), that exhibits excellent chemical stability, is readily synthesized, and rapidly 

cleared through renal pathways. These characteristics make this compound an excellent 

candidate for use as a ureter marker in FGS.
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The design of UL-766 was informed by several insights. Heptamethine cyanines are 

privileged molecules for in vivo optical imaging, with absorbance and emission maxima 

around 800 nm. Modifying substituents of the core cyanine scaffold provides a useful means 

to tune its biological properties.11–14 We recently reported a novel group of cyanine 

fluorophores, exemplified by FNIR-774 (Figure 1).15 Synthetic access is enabled by an N- to 

O- rearrangement reaction sequence, providing a general approach to prepare otherwise 

inaccessible C4’-O-alkyl heptamethine cyanines.15–18 Several prior studies examined the 

effect of cyanine polarity and functionality on biodistribution and clearance. In particular, 

Choi and others have shown that the attachment of polar functional groups, specifically 

quarternized trimethylalkylammoniums, can dramatically alter clearance pathways.19–21 The 

resulting fluorophores, often as targeted conjugates, exhibit useful in vivo targeting and 

efficient renal clearance. While useful, these molecules contain phenols at the C4’-position, 

which may render them subject to covalent modification (see below).15

These studies report the discovery and characterization of UL-766. This molecule has 

triethylene glycol chains appended to the two indolenine nitrogens. This substituent, in 

combination with the aryl sulfonates, was anticipated to provide excellent water solubility. 

Our prior studies have suggested that installing a charged functional group proximate to the 

C4’-position of cyanine polyene serves to mitigate the formation of undesirable H-

aggregates, a common issue with these molecules.15, 22, 23 To introduce this charge, as well 

as to provide net-netural molecules, we installed a trimethylalkyl-ammonium ether at the 

C4’ position. To examine the role of the alkyl linker, we have prepared both propyl and ethyl 

variants.

The synthesis of cyanines 8 and 9 is outlined in Scheme 1. The sequence commenced with 

alkylation of indolenine 1 with iodide 2 in MeCN at 120 °C to provide 3 in 45% yield. 

Conventional cyanine formation with 3 and commercial 4 in refluxing EtOH with Et3N and 

Ac2O affords 5 in 46% yield following reversed-phase purification. The ethyl congener 

could be accessed through a two-step sequence starting with N-methylethanol amine 

addition in DMF at 75 °C to afford 6 in 85% yield. The Smiles-type rearrangement of 6 
proceeds as reported previously on a similar substrate using MeI, NaHCO3 in DMF at 95°C 

to provide 8 in 86% yield.15 To access the propyl variant, we first prepared 7 through N-

methylpropanolamine addition to 5 in DMF at 100°C in 74% yield. While direct 

rearrangement of 7 with the MeI, NaHCO3 in DMF conditions was ineffective, we found 

that TFA treatment, solvent removal, followed by heating with excess MeI and NaHCO3 in 

DMF provided 9 in 67% yield from 7. In this instance, TFA treatment of 7 induces an –N to 

–O transposition (based on a bathochromic shift in the absorbance maxima), which then 

undergoes N-alkylation. Of note, the latter sequence has been applied on 0.5 g scale, which 

has provided sufficient material for extensive in vivo testing.

We investigated the spectroscopic properties of compounds 8 and 9. As anticipated, these 

molecules have similar properties to related heptamethine cyanines, such as FNIR-774 

(Table 1). Moreover, 8 and 9 display excellent water solubility of up to 5 mM in pH 7.4 

PBS.
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We have examined the thiol reactivity of these molecules. These studies build on the prior 

observation that FNIR-774 (a C4’-O-alkyl cyanine) is nearly immune to the thiol-

substitution reactions (Figure 2A), while C4’-phenol-substituted variants undergo thiol-

exchange readily.15, 24, 25 We first compared the reactivity of 8, 9 and IRDye-800CW in 1 

mM glutathione (GSH) in pH 7.4 PBS using an HPLC assay (Figure 2B). These conditions 

are identical to our prior efforts where we found that FNIR-774 was not subject to thiol 

addition.15 We observed that IRDye-800CW is consumed with an approximate half-life 

(t1/2) of 2 h with clean formation of the resulting GSH adduct, which could be observed by 

mass spectral analysis. Somewhat to our surprise, and unlike with our prior C4’-alkyl ether 

cyanines, the ethyl linker variant 8 is subject to the same reaction, albeit with moderately 

slower kinetics compared to IRDye-800CW under identical conditions. Gratifyingly, we 

found that compound 9, which has a propyl linker to the trimethyl-ammonium functional 

group, was unreactive in these conditions, with >95% of the starting material surviving after 

12 h incubation at rt. This result suggests that C4’-O-alkyl cyanines can undergo thiol 

exchanges in cases where strong-electron withdrawing functional groups are appended to the 

β-, but apparently not the γ-, position.

We then examined the possibility that this thiol-substitution reaction might also occur in a 

proteomic context. Whole-cell lysate, obtained from HEK-293 cells, was incubated with 8, 
9, FNIR-774, and IRDye-800CW for 24 h at rt. The respective mixtures were then run on an 

SDS-PAGE gel and gel bands were visualized on the 800 nm emission channel. This 

approach allows for the visualization of proteins modified covalently with a cyanine 

fluorophore. As shown in Figure 2C, 8 and IRDye-800CW, but not 9 and FNIR-774, show 

dramatic labeling. Consistent with the notion that these fluorescent bands result from 

heptamethine cyanine labeling, no signal was observed in the 700 nm emission channel. 

These studies provide the first evidence that C4-phenol-substituted cyanines can react with 

cellular proteins, presumably via the S-alkylation pathway described above. Additional 

studies will be required to determine if covalent modification, which is likely undesirable for 

an imaging modality, occurs during in vivo imaging applications. Guided by the studies 

above, we chose to examine 9, now termed Ureter Label-766 (UL-766), in vivo.

We compared the bio-distribution and clearance of IRDye-800CW, which has been studied 

previously for ureter imaging,10 and UL-766. The two compounds were injected 

intravenously (0.09-mg/kg) into rats and we monitored the behavior of injected NIR 

fluorophores in real-time over 60 min. Details of the imaging studies are described in the 

supporting information. As shown in Figure 3, IRDye-800CW exhibits a complex bio-

distribution, being mostly found in the bile duct, intestine, and kidney. Much to our delight, 

UL-766 demonstrated nearly exclusive renal clearance, with no visible nonspecific 

background signal in any organs other than the kidney or ureter. To quantify these 

differences, we measured the Contrast-Background-Ratio (CBR) of the kidney over time 

with both IRDye-800CW and UL-766. Based on these curves, the CBR is typically over 2× 

higher for UL-766 then for IRDye-800CW. Moreover, the time window for ureter 

visualization is longer and starts nearly immediately after injection of UL-766.

The ureter is vulnerable to iatrogenic injuries during various surgical procedures. This is 

largely attributed to the hidden position of the ureter in the retroperitoneum, combined with 
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their elongated course along virtually every level of the retroperitoneum and upper pelvis. 

The visualization of the ureter without inserting additional stents or evoking peristalsis by 

touching instruments would be beneficial to check for acute ureteral injuries resulted from 

external trauma, open surgery, laparoscopy, and endoscopic procedures. Ureteral leakage 

could also be instantaneously examined after ureteral anastomosis was performed.

This study details a new fluorophore, UL-766, with promising features for ureter 

visualization. UL-766 undergoes highly selective and rapid renal clearance and can be used 

to display the ureter using a NIR fluorescence imaging system. UL-766 exhibits improved 

specificity for renal clearance compared to the commercially available IRDye-800CW dye. 

The compound can be injected intravenously at a low dose, and is sensitive enough to 

visualize over an extended period of time. Moreover, this compound exhibits reduced 

reactivity with biological nucleophiles. The reduced reactivity of UL-766 and related 

molecules could be important from a clinical toxicology perspective. However, it is likely 

that the degree to which compounds are subject to undesirable modification is highly 

dependent on their clearance rates and the context in which they are used (i.e. if they are 

targeted or not). Further efforts along these lines is likely merited. The favorable properties 

of UL-766 make it a promising candidate for clinical use, and further studies towards this 

goal are currently underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Key prior cyanines, IRDye-800CW and FNIR-774, and the compound reported here, 

UL-766.
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Figure 2: 
(A) General reaction manifold for cyanine-thiol adduct formation. (B) Glutathione stability 

determine by fraction remaining of starting cyanine (10 μM) in 1 mM GSH in pH 7.4 PBS. 

(C) Proteome-wide reactivity of cyanines to HEK-293 cells (HEK-293 cell lysate incubated 

with 10 μM dye for 24 h and run on an SDS-PAGE gel). The green signal is emission using 

800 nm excitation and the blue signal is Coomassie staining to confirm protein loading.
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Fig 3. 
NIR fluorescence-guided intraoperative identification of the ureter. Shown are the color 

video (left column), NIR fluorescence (middle column), and a pseudo-colored (Cyan) 

merged image of the 2 (right column). Exposure time was 33 ms for all NIR fluorescence 

images. Li:liver, Du:Duodenum, Ki:kidney, Ur: ureter, Ut: uterine, Bl: Bladder.
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Fig 4. 
Contrast-to-background ratio of kidney in rats (n = 4). Bars represent mean +/− SEM.
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Scheme 1. 
Synthesis of 8 and 9.
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Table 1

Key spectroscopic properties of FNIR-774, 8, and 9 (all measured in pH 7.4 PBS).

λmax (nm) ε (M−1cm−1) λem (nm) ΦF brightness (ε × ΦF)

FNIR-774 774 204,000 789 0.10 21,000

8 774 255,000 796 0.067 17,000

9 766 229,000 789 0.095 22,000

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 September 01.


	Abstract
	Graphical Abstract
	References
	Fig 1.
	Figure 2:
	Fig 3.
	Fig 4.
	Scheme 1.
	Table 1

