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Abstract

Proof-of-principle studies in ovarian, lung and brain cancer patients have shown that fluorescence-

guided surgery can enable removal of otherwise undetectable malignant lesions, decrease the 

number of cancer-positive margins, and permit identification of disease-containing lymph nodes 

that would have normally evaded resection. Unfortunately, the current arsenal of tumor-targeted 

fluorescent dyes does not permit identification of all cancers, raising the need to design new 

tumor-specific fluorescent dyes to illuminate the currently undetectable cancers. In an effort to 

design a more universal fluorescent cancer imaging agent, we have undertaken to synthesize a 

fluorophore that could label all hypoxic regions of tumors. We report here the synthesis, in vitro 

binding and in vivo imaging of a near infrared (NIR) fluorescent dye that is targeted to carbonic 

anhydrase IX (CA IX), i.e. a widely accepted marker of hypoxic tissues. The low molecular 

weight NIR probe, named Hypoxyfluor, is shown to bind CA IX with high affinity and accumulate 

rapidly and selectively in CA IX positive tumors. Because nearly all human cancers contain 

hypoxic regions that express CA IX abundantly, this NIR probe should facilitate surgical resection 

of a wide variety of solid tumors.
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Introduction

Solid tumors commonly contain regions of sustained hypoxia due to an inadequate blood 

supply and/or malformed vasculature (1,2,3,4). This hypoxia induces activation of powerful 

transcription factors that lead to marked changes in gene expression, reprogramming of 

cancer cell differentiation, acceleration of malignant progression, and alterations in 

responses to therapies (2,3,4,5). Included among the global adaptations to hypoxia are 

significant changes in cell surface markers that are frequently used for tumor detection, 

identification and visualization. Reduction in tumor marker expression can be harmful if it 

leads to a failure to detect or remove malignant disease. Gain in tumor-specific protein 

expression can be beneficial if it allows better detection or visualization of otherwise 

undetectable regions of tumors.

Carbonic anhydrase IX (CA IX) constitutes a potentially valuable tumor marker, because i) 

its functional expression in normal tissues is primarily limited to the kidneys, ii) its substrate 

binding site is oriented on the exoplasmic surface of cells, iii) it constitutively endocytoses 

in cancer cells and carries with it any attached cargo, and iv) it is upregulated up to 150 fold 

in many human cancers (6,7). Included among the cancers that over-express CA IX are 

malignancies of the bladder (8,9), brain (10,11,12), breast (13,14,15,16,17), cervix 

(18,19,20,21), colorectum (22,23,24), stomach (25), head & neck (26,27,28), lung 

(29,30,31), ovary (32) and pancreas (33). Additionally, due to a common mutation in the 

VHL gene that leads to constitutive HIF-1α activation, normoxic clear cell carcinomas of 

the kidney are found to upregulate CA IX (34,35,36). Not surprisingly, with its restricted 

expression in normal tissues and over-expression in many tumors, CA IX has been 

repeatedly touted as an excellent target for specific delivery of both imaging and therapeutic 

agents to solid tumors (6,37,38).

One emerging application of tumor-specific targeting ligands involves the tumor-selective 

delivery of highly fluorescent near infrared (NIR) dyes to facilitate the identification and 

resection of malignant lesions during surgery. For example, folate targeted NIR dyes have 

been used in both murine tumor models (39) and human patients (40) to visualize and excise 

tumors. In fact, the use of fluorescence-guided surgery in clinical trials has enabled detection 

of malignant lesions that were not otherwise detected in lung adenocarcinomas (40), 

hepatocellular carcinomas (41), pancreatic cancers (42) and colorectal cancers (43), 

potentially preventing corrective surgeries and associated morbidities. Because more 

thorough removal of malignant disease is also commonly correlated with improved patient 

outcome (44,45), use of tumor-targeted fluorescent dyes to enhance cancer removal has the 

potential to change the practice of cancer surgery.

Encouraged by the success of folate-fluorescent dye conjugates (39,40,41,42,43), we 

undertook to develop a carbonic anhydrase IX targeted near infrared dye to expand the 

ability of surgeons to locate and resect solid tumors. In this paper, we describe the synthesis, 

in vitro testing and in vivo evaluation of a novel CA IX-targeted cyanine dye. We 

demonstrate that Hypoxyfluor binds specifically to CA IX expressing cancer cells and 

enables their sensitive detection in mice bearing human tumor xenografts.

Lv et al. Page 2

Mol Pharm. Author manuscript; available in PMC 2017 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and methods

Materials

2-(1H-7-Azabenzotriazole-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate 

methanaminium (HATU) was obtained from Genscript Inc. (Piscataway, NJ). Sulfuric acid, 

methanol, DMSO, DMF, TFA, isopropyl alcohol, NH2-PEG12-COOH-tBu, 

diisopropylethylamine (DIPEA), piperidine, CF3COOH, CH2Cl2, K2CO3, tyramine and all 

other chemical reagents were purchased from Sigma Aldrich. Purecoat Amine 24-well 

microtiter plates were purchased from BD Biosciences (San Jose, CA). All other cell culture 

reagents, syringes and disposable items were purchased from VWR (Chicago, IL).

Synthesis of CA IX conjugated near infrared fluorescent dye (Hypoxyfluor) and rhodamine 
(CA IX-Rhodamine)

The CA IX ligand was synthesized using previously described methods (7). As shown in 

scheme 1, one of the free carboxylic acid groups was protected using concentrated sulfonic 

acid in methanol and purified with an 83% yield and 96% purity. The methylated ligand was 

then reacted with NH2-PEG12-t-butyl (76% yield, 87% purity) and the resulting compound 

was deprotected by trifluoroacetic acid with a yield of 87% and a purity of 84%. For the 

rhodamine conjugate, (5-((5-aminopentyl)carbamoyl)-2-(6-(dimethylamino)-3-

(dimethyliminio)-3H-xanthen-9-yl)benzoate hydrochloride) was coupled to the deprotected 

compound in the presence of EDC.HCl and HOBt in DMSO for 12 hours to yield the final 

target conjugate named CA IX-Rhodamine. For the near infrared fluorescent dye, the 

resulting deprotected compound was coupled with tyramine to introduce the phenolic group 

(70% yield and 98% purity), which then was reacted with the near infrared dye (S0456) to 

afford the final target conjugate, named Hypoxyfluor. The crude product was purified by 

preparative reverse-phase high-performance liquid chromatography (yield of 48% and final 

purity of 90%) with a gradient mobile phase consisting of 20 mM ammonium acetate buffer 

and 5% to 80% acetonitrile over 30 min (xTerra C18; Waters; 10 um; 19 × 250 mm). Elution 

of the conjugate was monitored at 280 nm and identities of eluted compounds were analyzed 

by liquid chromatography–mass spectrometry (see supporting information).

Cell culture

HT-29 human colon cancer cells were cultured in RPMI 1640 medium supplemented with 

10% fetal bovine serum and 1% penicillin–streptomycin at 37 °C in a humidified 95% air–

5% CO2 atmosphere.

Fluorescent microscopy

HT-29 cells (105) were seeded into chambered coverglass plates and allowed to grow to 

confluence over 48–72 hr. Spent medium was replaced with 0.5 mL of fresh serum free 

medium containing 50 nM Hypoxyfluor or CA IX-Rhodamine in the presence or absence of 

100-fold excess CA IX inhibitor. After incubation for 1 hour at 37 °C, cells were rinsed 

three times with 1 mL of incubation solution to remove unbound fluorescence and 0.5 mL of 

fresh medium was added to the wells. Images were acquired using confocal microscopy (FV 
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1000, Olympus) for CA IX-Rhodamine and fluorescent microscopy (Nikon 90i) for 

Hypoxyfluor.

Binding of CAIX-PEG12-S0456 conjugate (Hypoxyfluor) to HT-29 cells

HT-29 cells (105) were seeded into 24-well BD purecoat amine plates and allowed to grow 

to confluence over 48–72 hr. Spent medium was replaced with 0.5 mL of fresh medium 

containing 0.5% bovine serum albumin, and various concentrations of the dye conjugate 

alone or the dye conjugate plus 100-fold excess CA IX ligand were added. After incubation 

for 1 hour at 4 °C, cells were rinsed with incubation solution (2 × 1.0 mL) to remove 

unbound fluorescence and dissolved in 0.5 mL of 1% aqueous sodium dodecyl sulfate. Cell 

associated fluorescence was then measured using an excitation of 745 nm and emission of 

790 nm. All experiments were performed in triplicate. The dissociation constant (KD) was 

calculated from a plot of cell bound fluorescence (RFU) versus the concentration of 

fluorescent conjugate added using the program, Graphpad Prism, and assuming a 

noncooperative single site binding equilibrium.

Animal husbandry

Athymic female nu/nu mice were purchased from Harlan Laboratories, housed in a sterile 

environment on a standard 12 hour light–dark cycle and maintained on normal rodent chow. 

All animal procedures were approved by the Purdue Animal Care and Use Committee in 

accordance with National Institutes of Health guidelines.

Fluorescence imaging and biodistribution

Using a 25-gauge needle, six-week-old female nu/nu mice were inoculated subcutaneously 

in their shoulders with HT-29 cells in RPMI1640 medium (5.0 × 106 cells per mouse). 

Tumor growth was measured in 2 perpendicular directions every 2 days with a caliper. 

Tumor volumes were calculated using the formula 0.5 × L × W2, where L is the 

measurement of the longest axis and W is the measurement of the axis perpendicular to L. 

Tumor bearing mice were treated via tail vein injection with different concentrations of dye 

conjugate in the presence or absence of 100-fold CA IX ligand to block all unoccupied CA 

IX binding sites (n=3 for each treatment group). Mice were imaged 4 hours post injection 

using a Caliper IVIS Lumina II Imaging station coupled to an ISOON5160 Andor Nikon 

camera equipped with Living Image Software Version 4.0. Image acquisition 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. Ratios of the fluorescence in regions of 

interest were determined using ImageJ software.

Results

Synthesis

A potent inhibitor of CA IX (7) was chosen for use as a targeting ligand for delivery of a 

near infrared (NIR) dye (S0456) for use in fluorescent guided surgery. As shown in Scheme 

1, the CA IX ligand was first coupled to a PEG12 linker via an amide bond, which in turn 

was conjugated to tyramine via a second amide bond. The activated chloro derivative of the 

NIR fluorophore, S0456 (46), was then coupled to the tyramine via nucleophilic 
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displacement in the presence of base. The final conjugate (CAIX-PEG12-S0456) was 

obtained in a total overall yield of 18.4%, purified by HPLC, and named Hypoxyfluor. The 

total molecular weight of the conjugate is 2171.54. The λex=770 nm and the λem=790 nm.

In vitro binding to HT-29 cells

HT-29 cells that naturally express CA IX were used to determine cancer cell uptake and 

binding affinity of the newly synthesized conjugate. For this purpose, various concentrations 

of Hypoxyfluor and a fluorescent rhodamine conjugate (CA IX-rhodamine) were incubated 

with HT-29 cells for 1 hour at 37 °C for uptake studies or 4 °C for binding affinity studies, 

after which unbound conjugate was removed by washing. Cell associated fluorescence was 

imaged via fluorescent microscopy for Hypoxyfluor and confocal microscopy for CA IX-

Rhodamine. Additionally, fluorescence was quantitated as described in Methods to 

determine binding affinity. As shown in Figure 1A and 1B, Hypoxyfluor and CA IX-

rhodamine binding was seen on both the cell surface and internal endosomes of cultured 

HT-29 cells. Moreover, Hypoxyfluor binding was found to be saturable with an apparent 

dissociation constant of 45 nM (Figure 1C). Since the reported KI of the unmodified original 

ligand was 7.8 nM (7), it can be concluded that attachment of the PEG linker and 

fluorophore only moderately compromises CA IX binding affinity. Importantly, when a 100-

fold excess of the unconjugated ligand was pre-incubated with the HT-29 cells, most of the 

Hypoxyfluor or CA IX-Rhodamine binding was competed, demonstrating that the majority 

of cell uptake was receptor specific.

In vivo imaging and biodistribution

To determine whether Hypoxyfluor can specifically label CA IX expressing tumors in vivo, 

mice bearing HT-29 tumor xenografts (n=3 for each treatment group) were injected via tail 

vein with 4 nmol of the conjugate and imaged 4 hours later. This time point was chosen as it 

yielded the greatest contrast in intensity between the tumor and other tissues. As shown in 

Figure 2, conjugate fluorescence was predominately detected in the tumor 4 hours post-

injection. As time went on, overall fluorescence intensity decreased in all tissues and by 8 

hours post-injection, the majority of fluorescence was lost from the tumor (see image in 

Supporting Information). Moreover, when 400 nmol of the original, non-fluorescent ligand 

was injected together with the 4 nmol of Hypoxyfluor, no fluorescent signal could be 

detected in the whole animal images, suggesting that tumor cell uptake was also CA IX 

receptor specific in vivo and therefore, tumor accumulation was not mediated by either non-

specific binding or the enhanced permeability and retention (EPR) effect.

To better assess the accumulation of Hypoxyfluor in nonmalignant tissues, major organs/

tissues were removed and examined for S0456 fluorescence 4 hours post-injection. As 

shown in Figure 3, fluorescence was apparent in the tumor and kidneys with very little or no 

signal observed in any other tissues. Similar to whole animal images, little S0456 
fluorescence was observed in any tissues when Hypoxyfluor uptake was measured upon 

concurrent injection of excess unconjugated ligand. For example, the fluorescence intensity 

in the excised tumor was on average 22 times less in the mice injected with competing 

ligand.
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Next, a dose escalation study of Hypoxyfluor was performed, where 3, 13 and 40 nmol of 

conjugate were injected via tail vein in HT-29 tumor-bearing mice. As shown in Figure 4, 

fluorescence was restricted to the tumor when low and intermediate doses were 

administered. In contrast, following injection of 40 nmol/mouse, nontumor associated 

fluorescence became apparent in whole body images. Indeed, when major organs and tissues 

were removed and imaged, high fluorescence was observed in kidneys and additional 

fluorescence was seen in the liver, suggesting that at high injection doses Hypoxyfluor is 

still primarily excreted via the kidney, but may be partially cleared through the liver as well 

(Figure 5).

Discussion

Advances in real-time optical imaging for surgery have led to the creation of fluorescent 

NIR dyes that enable differentiation of cancerous from normal tissues (47). However, despite 

the availability of ligand-targeted NIR dyes that bind the epidermal growth factor receptor 

(48), folate receptor alpha (49), CCK2R (50) and PSMA (51), the majority of human cancers 

still cannot be imaged with a tumor-targeted fluorescent dye. Several reports of CA IX-

targeted fluorescent and radioimaging agents have shown the utility of carbonic anhydrase 

IX targeting ligands for visualization of cancers (38,52,53). Using a different high affinity 

CA IX ligand, we demonstrate here that a novel CA IX-targeted NIR dye that can illuminate 

CA IX over-expressing tumors with similar or better results than previous CA IX-fluorescent 

conjugates. Because CA IX mRNA is present in human cancers of the cervix, esophagus, 

pancreas, bladder, breast, kidney, stomach, endometrium, ovary, colorectum, lung, liver and 

testes at levels similar to its expression in HT-29 cells (unpublished data), we anticipate that 

CA IX targeted fluorescent dyes will prove useful in a large number of cancer surgeries.

One of the properties that contributes to the value of any tumor-targeted imaging agent is the 

ability of the fluorescent dye to internalize into the cancer cell. Upon endocytosis, the 

imaging agent can then become trapped within the target cell, preventing its diffusion into 

adjacent healthy tissues. As a consequence, images obtained with internalizing conjugates 

are commonly much sharper than images collected with noninternalizing dyes. Such high 

definition can be important when malignant lesions must be resected that i) abut critical 

healthy tissues (e.g. major nerves, blood vessels, ducts, etc.), ii) display highly irregular 

surface topographies, or iii) contain only a few malignant cells. Importantly, as shown in 

Figure 1, Hypoxyfluor is aggressively internalized by CA IX in HT-29 cells.

Three other important qualities that should be considered for any intra-operative fluorescent 

imaging agent are its: 1) fluorescence quantum yield, 2) relative uptake in healthy tissues, 

and 3) rate of clearance from receptor-negative tissues. Its uptake in normal tissues at 

reasonable dosing concentrations is minimal except for the kidneys, allowing for imaging of 

many solid tumors with little healthy tissue background fluorescence. And clearance from 

receptor-negative tissues is rapid, likely permitting injection of the fluorescent dye during 

preparation of the patient for surgery. Taken together, Hypoxyfluor would seem to warrant 

further exploration as a tumor-targeted fluorescent dye for fluorescence guided surgery in 

humans.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Binding of Hypoxyfluor and CA IX-targeted rhodamine to HT-29 cells. A) HT-29 cells were 

incubated with 100 nM Hypoxyfluor in the presence or absence of 100-fold excess of the 

CA IX inhibitor. After washing, the cell-associated fluorescence was imaged using a 

nonconfocal fluorescence microscope that could be excited at 747 nm; i.e. the wavelength 

where the NIR dye absorbs. Because the emitted light is not visible to the eye, the image is 

false colored green. B) HT-29 cells were similarly incubated with 100 nM CA IX-targeted 

rhodamine in the presence or absence of 100-fold excess CA IX inhibitor. After washing, the 

cell-associated fluorescence was imaged by confocal microscopy. C) HT-29 cells were 

incubated with various concentrations of Hypoxyfluor in the presence or absence of 100-fold 

excess CA IX inhibitor. After washing, the remaining fluorescence was quantitated by 

fluorescence spectroscopy. Error bars represent standard deviation.
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Figure 2. 
Representative images of Hypoxyfluor treated HT-29 tumor bearing mice. Mice bearing 

HT-29 tumors were injected via tail vein with 4 nmol Hypoxyfluor alone or in combination 

with 100-fold excess CA IX inhibitor (n=3 for each treatment group). Fluorescence images 

were acquired 4 hours post injection.
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Figure 3. 
Accumulation of Hypoxyfluor in internal tissues and organs of mice from Figure 2. Tissues 

and organs were excised after whole animal imaging and the fluorescence images of the 

isolated tissues were acquired.
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Figure 4. 
Representative in vivo images of HT-29 tumor-bearing mice treated with increasing doses of 

Hypoxyfluor (n=3 for each treatment group). Mice bearing HT-29 tumors were injected via 

tail vein with the indicated concentrations of Hypoxyfluor and fluorescence images were 

acquired 4 hours post injection.
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Figure 5. 
Accumulation of Hypoxyfluor in internal tissues and organs of mice from Figure 4. Tissues 

and organs were excised after whole animal imaging and the fluorescence images of the 

isolated tissues were acquired.
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Scheme 1. 
Synthesis of CAIX near infrared probe CAIX-PEG12-S0456. Reagents and conditions: a) 

H2SO4 in CH3OH, 4 hr. b) NH2-PEG12-COOH-tBu, HATU, DIPEA, DMSO, 24 hr. c) 

CF3COOH, CH2Cl2, 4 hr. d) Tyramine, HATU, DIPEA, DMSO, 24 hr. e) K2CO3, DMSO, 

S0456 3 hr. The resulting compound, CAIX-PEG12-S0456 was named Hypoxyfluor.
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