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Abstract: The inadvertent severing of a ureter during surgery occurs in as many as 4.5% of colorectal
surgeries. To help prevent this issue, several near-infrared (NIR) dyes have been developed to assist
surgeons with identifying ureter location. However, the majority of these dyes exhibit at least some
issue that precludes their widespread usage such as high levels of uptake in other tissues, overlapping
emission wavelengths with other NIR dyes used for other fluorescence-guided surgeries, and/or
rapid excretion times through the ureters. To overcome these limitations, we have synthesized and
characterized the spectral properties and biodistribution of a new series of PEGylated UreterGlow
derivatives. The most promising dye, UreterGlow-11 was shown to almost exclusively excrete
through the kidneys/ureters with detectable fluorescence observed for at least 12 h. Additionally,
while the excitation wavelength is similar to that of other NIR dyes used for cancer resections,
the emission is shifted by ~30 nm allowing for discrimination between the different fluorescence-
guided surgery probes. In conclusion, these new UreterGlow dyes show promising optical and
biodistribution characteristics and are good candidates for translation into the clinic.

Keywords: ureter imaging; fluorescence-guided surgery; near-infrared dye; PEG pharmacokinetics

1. Introduction

Because ureters are not commonly visible on visceral surfaces, their localization during
abdominal surgery can be problematic, leading to accidental severance of the ureter in as
many as 4.5% of colorectal surgeries [1] and 0.3% of all gynecological procedures [2,3]. To
prevent the resulting leakage of urine into the peritoneum and the ensuing long-term com-
plications [1,4,5], any cleaved ureter must be immediately religated by a time-consuming,
complicated, and expensive procedure, thereby dramatically increasing the cost and com-
plexity of the surgery. Not surprisingly, considerable effort has been focused on the
development of methods to prevent ureter injuries during surgery.

One of the earliest approaches to avoid accidental ureter cleavage was to insert a stent
into the ureter that would rigidify the duct and render it detectable by palpation [6,7].
However, because the process of stent insertion was found to cause occasional injury [1,8,9]
and since physical palpation was not possible during robotic or endoscopic surgeries,
the stent insertion strategy never attracted significant usage. Systemically administered
near-infrared (NIR) fluorescent dyes such as indocyanine green (ICG) [10] and Ureter-
Glow [11] were then explored for similar intraoperative ureter visualization, but these
initial fluorescent dyes were found to clear primarily through the liver, bile duct, and
intestines [10,11], creating high background fluorescence that could mask the location of
proximal ureters. While much brighter fluorescent signals have been achieved by intra-
ureter dye injection [12-14], the injection process has been considered by many surgeons to
be too involved for routine ureter localization, leading to similar problems with widespread
adoption [15]. Finally, although a zwitterionic near-infrared (NIR) fluorescent dye has
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been recently designed to excrete predominantly through the ureter [16], its transit time in
ureters has been found to be very brief, and its fluorescence excitation and emission unnec-
essarily overlap with many tumor-targeted NIR dyes (e.g., IRSO0CW [17,18], LS288 [19,20],
ICG [10,12-15], and OTL38 [11], Table 1), creating a potential discrimination problem when
malignant lesions reside near a ureter.

Table 1. Photo-physical properties of NIR dyes used for fluorescence-guided surgeries and new
PEGylated probes.

Excitation Maximum Emission Maximum

NIR Dyes (nm) (am) Stokes Shift (nm)
IR800CW 780 795 15
L5288 770 785 15
ZW800-1 770 788 18
ICG 780 802 22
OTL38 776 796 20
UreterGlow 800 830 30
UreterGlow-0 800 830 30
UreterGlow-3 800 830 30
UreterGlow-11 800 830 30
UreterGlow-45 800 830 30

In an effort to create a ureter imaging agent with (1) reduced fluorescence in healthy
tissues (except ureters), (2) prolonged transit through the ureters, and (3) an emission
spectrum distinct from that of commonly used tumor-targeted fluorescent dyes, we have
conjugated a longer wavelength NIR dye to a series of polyethylene glycol (PEG) oligomers
of different lengths and examined their clearance following intravenous injection into mice.
We report that conjugation of the NIR dye S0456 via a thioether bridge to PEG oligomers of
11-45 oxyethylene units yields ureter imaging agents with little uptake in healthy tissues,
prolonged excretion almost exclusively through the ureters, and facile ureter visualization
at an emission maximum that is easily distinguished from the common tumor-targeted
NIR dyes.

2. Methods
2.1. Materials

S0456 was purchased from Few Chemicals (Bitterfeld-Wolfen, Germany). 2-(1H-7-
Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium
(HATU) was obtained from Genscript Inc. (Piscataway, NJ, USA). The PEG3, PEG11, and
PEG2000 oligomers were purchased from TCI America (Portland, OR, USA), BroadPharm
(San Diego, CA, USA), and Laysan Bio (Arab, AL, USA), respectively. Diisopropylethy-
lamine (DIPEA), dimethyl sulfoxide (DMSO), and all other chemical reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Tubes, pipette tips, microtiter plates,
and all other consumables were purchased from Fisher Scientific (Waltham, MA, USA).

2.2. Synthesis of PEGylated S0456 NIR Dyes

The 50456 near-infrared dye (1 equiv) was reacted with 2-(4-mercaptophenyl) acetic
acid (1.1 equiv) in 2 mL DMSO for 12 h (90% yield, 95% purity). The resulting compound
(1 equiv) was coupled to one of three different PEG linkers (1.1 equiv) of sizes 3, 11, and
~45 (PEG2000) in the presence of HATU (1.1 equiv) and DIPEA (5 equiv) in 5 mL DMSO
for 6 h to yield the final PEGylated 50456 dyes.

The crude product was purified by preparative reverse-phase high-performance
liquid chromatography using a mobile phase of 20 mM ammonium acetate buffer and
gradient of 5 to 80% acetonitrile over 30 min (xTerra C18; Waters; 10 um; 19 x 250 mm).
Elution of the conjugate was monitored at 280 nm, and identities of eluted compounds
were analyzed by liquid chromatography-mass spectrometry (LC-MS) (see Supplementary
Materials). The molecular weight of UreterGlow-0 was calculated (calcd) for [M + H]*
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(C46H54N2014S5)2 1019.2, found 1019.3. UreterGlow-3 calcd. (C54H72N40]6S5): 11934,
found 1193.6. UreterGlow-11 caled (C54H7pN4O16S5): 1545.9, found 1545.9. UreterGlow-
45 was synthesized using commercially available PEG2000 which is comprised of PEG
oligomers of various lengths that should be centered around a PEG chain length of
45. Calcd. for PEG45 length (C138H240N4058S5): 3043.7, found 3001.3, which corresponds
to the most prominent PEG chain length centered around 44.

2.3. Characterization of Spectral Properties

The excitation and emission wavelengths of the various dyes (1 uM in PBS) were
scanned using a Cary Eclipse fluorimeter (Agilent, Santa Clara, CA, USA). The wave-
length which resulted in the maximum excitation and emission values for each dye
was determined.

2.4. Animal Husbandry

ND4 Swiss Webster mice (Harlan Laboratories, Indianapolis, IN, USA) were main-
tained on normal rodent chow and housed in a sterile environment on a standard 12 h
light and dark cycle for the duration of the study. All animal procedures were approved by
the Purdue Animal Care and Use Committee in accordance with NIH guidelines (protocol
#1111000316 approved 2 February 2021).

2.5. In Vivo Biodistribution

Mice were injected via tail vein with 10 nmol of a fluorescent dye conjugate. Mice
were sacrificed at 2, 4, and 6 h post-injection, and organs were removed (n = 1 per timepoint
per conjugate for the initial UreterGlow-0, -3, -11, and -45 biodistribution studies and
n =3 per timepoint per conjugate for the UreterGlow-11, IR800CW, IR800BK, and ZW800-1
biodistribution studies). For urine analysis, mice were administered 10 nmol UreterGlow-
11 via tail vein injection, sacrificed at various timepoints, and urine was removed from the
bladder via syringe. The organs and urine were imaged using a Caliper IVIS Lumina II
Imaging Station (PerkinElmer, Waltham, MA, USA) coupled with an ISOON5160 Andor
Nikon camera equipped with Living Image Software Version 4.0 (PerkinElmer, Waltham,
MA, USA). The settings were as follows: lamp level, high; excitation, 745 nm; emission,
ICG; epi illumination; binning (M) 4; FOV, 12.5; f-stop, 4; acquisition time, 1 s.

2.6. Effect of pH on UreterGlow-11 Emission Spectra

UreterGlow-11 (1 uM) was added to PBS (pH 7.4), freshly collected human urine
(pH 5.5) or sodium carbonate buffered saline with pH values ranging from 2.5 to 10. The
dye was excited using 800 nm light and the emission spectrum was obtained using a Cary
Eclipse fluorimeter (Agilent, Santa Clara, CA, USA).

3. Results and Discussion
3.1. Design and Synthesis of the Ureter Probes

In an effort to remedy the deficiencies of current ureter imaging agents, we undertook
to design a water-soluble NIR dye that would (i) excrete for several hours primarily
through the ureters, (ii) avoid uptake by normal tissues, (iii) excite with the same light
source used for visualization of tumor-targeted fluorescent dyes, and (iv) emit at a longer
wavelength than the tumor-targeted fluorescent dyes; i.e., to allow discrimination of the
tumor from ureter fluorescence. Because PEGylation can prolong circulation times and
reduce nonspecific uptake by healthy tissues [21-23], we synthesized a series of optical
probes comprised of PEG oligomers of different lengths linked to the cyanine dye, S0456,
via a thioether bond to 4-mercaptophenylacetic acid (see Methods). As summarized in
Scheme 1, PEG oligomers containing 0, 3, 11, and ~45 oxyethylene units were conjugated
to the modified S0456 dye and designated as UreterGlow-0, -3, -11, -45. All four conjugates
were purified using preparative reverse-phase HPLC and then characterized by LC-MS
(see Supplementary Materials). With sufficient quantities synthesized and purities of >95%
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achieved for all conjugates, characterization of their physical and biological properties
could commence.

R
o
R
UreterGlow-0 -OH
UreterGlow-3 -NH,CH,CH_(OCH,CH,).NH,
UreterGlow-11 -NH,CH,CH,(OCH_CH,), NH,
UreterGlow-45 -NH,CH,CH,(OCH,CH,)_,,NH,

HO4S SO;H

Scheme 1. Synthesis of PEGylated NIR dyes for improving renal clearance. (a) DMSO, RT,
12 h. (b) HATU (1.1 equiv), DIPEA (5 equiv), DMSO, RT, 6 h.

3.2. Characterization of Physical Properties

Following synthesis of the desired conjugates, molecular weights were confirmed by
mass spectrometry, and excitation and emission spectra were obtained using a fluorescence
spectrophotometer. As shown in Table 1 and Figure 1, use of a thioether in these UreterGlow
conjugates instead of an oxoether bridge connecting the 50456 dye to a phenyl ring shifted
the excitation maximum of the conjugate from 776 nm (i.e., similar to OTL38 and many
other tumor-targeted fluorescent dyes) to 800 nm. The corresponding emission maxima
also shifted from 796 nm to 830 nm, respectively. Because the excitation spectra of both
the oxo- and thioether bridged S0456 dyes, as well as the other major NIR dyes used for
tumor imaging (IR800CW, LS288, ZW800-1, ICG, and OTL38) overlap over most of their
excitation spectra (Figure 1), all of the above NIR dyes should be excitable with the same
light source; i.e., avoiding the need to change light sources or cameras to image cancer
tissues and ureters simultaneously. Moreover, because the emission spectra of the thioether
dyes are shifted ~30—40 nm to longer wavelengths from the major tumor-imaging dyes
(Table 1 and Figure 1), it should be possible to display tumor tissue and ureters in different
colors on any imaging monitor [24]. Based on these considerations, we expect our ureter
probes to function well in combination with most tumor-targeted fluorescent dyes to help
prevent accidental ureter damage during abdominal surgeries.
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Figure 1. Excitation and emission spectra of various NIR dyes for fluorescence-guided surgery applications. Dyes (1 uM

in PBS, pH 7.4) were excited at 680 nm and their emissions were scanned from 700 to 900 nm. Alternatively, excitation

wavelengths were scanned from 600 nm to 850 or 900 nm while the emission wavelength was set at 900 nm followed by

normalization of their intensities.

3.3. In Vivo Imaging and Biodistribution

To test the hypothesis that a PEG linker of the appropriate length can reduce healthy
tissue uptake while prolonging passage of the conjugate through the ureter, the aforemen-
tioned PEGylated probes were injected via tail vein into live mice and allowed to circulate
for different lengths of time (i.e., 2, 4, and 6 h) before euthanasia and analysis of tissue
fluorescence (n = 1 for each timepoint and each conjugate). As shown in Figures 2 and 3,
UreterGlow-0 showed significant uptake in all major organs except the heart, spleen, and
lungs, demonstrating that UreterGlow-0 would not function well for ureter imaging. How-
ever, as the length of the appended PEG chain was increased, healthy tissue retention
decreased at all time points, with minimal if any healthy tissue fluorescence of UreterGlow-
11 and -45 detected at the 2 h time point and no significant healthy tissue fluorescence
observed at any subsequent time points. These data demonstrate that the longer PEG
chains suppress uptake of the UreterGlow conjugates by healthy tissues, and that their
capture by the liver and subsequent excretion via the bile duct into the intestines is also
suppressed by longer PEGylation. Because compounds not excreted via the liver/bile duct
must excrete through the kidneys, this redirection of UreterGlow-11 and -45 to clearance
through the kidneys should enhance and prolong their flow through the ureters. However,
because both UreterGlow-11 and -45 performed similarly, UreterGlow-11 was employed in
all further studies because it could be synthesized as a homogeneous molecular species.

To compare the properties of UreterGlow-11 with other NIR dyes previously examined
for ureter imaging, mice (n = 3 per time point per conjugate) were intravenously injected
with UreterGlow-11, IR800CW, IR800BK, or ZW800-1) [16,25] and sacrificed 2, 4, or 6 h
after injection prior to analysis of tissue-retained fluorescence. As shown in Figure 4,
UreterGlow-11 showed little or no uptake in any tissues except the kidneys at all time
points examined, suggesting its signal to background contrast along the urinary tract should
be very high. In contrast, all other dyes investigated displayed significant accumulation
in healthy organs, likely due to their partial excretion through the liver, bile duct and
intestines and/or nonspecific retention by an unknown process in these tissues. These
nonspecific uptake properties could be troublesome during fluorescence-guided surgeries
of metastatic cancers since the latter dyes are also commonly used in fluorescent probes for
imaging malignant lesions.
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Figure 2. In vivo biodistribution of UreterGlow conjugates. Mice were administered 10 nmol of various conjugates (n =1
per time point per conjugate) via tail vein injection. After varying times, mice were euthanized and their organs were
removed. Organs were imaged and the fluorescence intensity recorded.

Although the small size of murine ureters rendered them difficult to image, because
any dye that appears in the urine will have recently passed through the ureters, we
collected urine samples at different times, post-intravenous injection, and measured their
fluorescence intensities in order to confirm that UreterGlow-11 could provide strong ureter
fluorescence for prolonged periods following administration. As shown in Figure 5, urine
fluorescence remained high for at least 12 h after UreterGlow-11 infusion and then only
gradually declined over the subsequent 12 h. These data suggest that UreterGlow-11
should illuminate ureters well, even during protracted abdominal surgeries.
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Figure 3. Quantitation of in vivo biodistribution of UreterGlow conjugates. Mice were administered
10 nmol of various conjugates (1 = 1 per time point per conjugate) via tail vein injection. After varying
times, mice were euthanized and their organs were removed. Organs were imaged, fluorescence
intensity was recorded, and relative fluorescence was plotted.
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Figure 4. Comparison of in vivo biodistribution of UreterGlow-11 and other NIR ureter imaging dyes/conjugates. Mice
were administered 10 nmol of various conjugates (1 = 3 per time point per conjugate) via tail vein injection. After varying
times, mice were euthanized, their organs were removed, fluorescence intensity was imaged.
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Figure 5. Quantitation of urine fluorescence after administration of UreterGlow-11. Mice were
administered 10 nmol of various conjugates (1 = 1 per time point) via tail vein injection. After varying

times, mice were euthanized, and urine was collected from their bladders. The fluorescence of the
isolated urine was quantitated.

Finally, because urine pH can vary from pH 4.5 to pH 8 [26], it was important to ensure
that the UreterGlow-45 fluorescence did not vary with urine pH. As shown in Figure 6A,
the emission spectrum of UreterGlow-45 was independent of pH between 2.5 and 10 and
also showed no impact when dissolved in urine (Figure 6B). Taken together, these data
collectively suggest that UreterGlow-11 should perform well as a ureter imaging agent
during abdominal surgeries for cancer.



Molecules 2021, 26, 3739

90f11

3z pH2.5
A — pH3.0
600 /}\ — pH35
\ — pH4.0
500 // pH4.5
/ pH 5.0
400 { — pH5.5
/ — pH 6.0
/ pH 6.5
——pH7.0
pH7.5
200 / pH 8.0
—— pH85
pH9.0
pH 9.5
pH 10.0

300 //'

Emission Intensity (RFU)

N

100

0 F
800 810 820 830 840 850

B Wavelength (nm)

700

—PBS

~ Human urine
(pH 5.5)

Emission Intensity (RFU)

800 810 820 830 840 850
Wavelength (nm)

Figure 6. Sensitivity of UreterGlow-45 emission spectra in different pH buffers. (A) UreterGlow-11
(1 uM) was excited at 800 nm while dissolved in sodium acetate buffered saline at various pH levels,
and the emission spectra were characterized. (B) UreterGlow-11 (1 pM) was excited at 800 nm while
dissolved in PBS (pH 7.4) or human urine (pH 5.5), and the emission spectra were characterized.

4. Conclusions

Although this brief report described only the impact of two compositional variables
on the properties of a NIR dye for intra-operative ureter imaging, many other modifi-
cations could also have been explored for further optimization. Thus, NIR dyes with
other excitation and emission wavelengths could have been generated by the insertion of
other heteroatoms at other locations in the UreterGlow conjugate. PEGs of intermediate
lengths between 11 and 45 oxyethylene units could also have been examined for improved
biodistribution and pharmacokinetic properties. And finally, a targeting ligand could have
been designed that would enable sustained binding of the fluorescent conjugate to the
epithelial cells lining the ureters. Thus, while the above improvements in ureter specificity,
emission wavelength, and transit time through the ureters now renders UreterGlow-11 a
good candidate for translation into the clinic, opportunities may remain for further opti-
mization with an eventual goal of totally eliminating accidental damage to ureters during
abdominal surgeries.

Supplementary Materials: The following are available online, Figure S1: Chemical Structures of
Selected Dyes Used in Fluorescence-Guided Surgeries; Figure S2: Structure and LC-MS Charac-
terization of UreterGlow-0; Figure S3: Structure and LC-MS Characterization of UreterGlow-3;
Figure S4: Structure and LC-MS Characterization of UreterGlow-11; Figure S5: Structure and LC-MS
Characterization of UreterGlow-45.
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