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Abstract:  69 

Near infrared (NIR) imaging is a promising technique for use as a non-invasive and sensitive diagnostic 70 

tool. While the NIR fluorescently labeled glucose analog glucosamine (cypate-glucosamine) has 71 

applications in pre-clinical imaging, the transport pathways and fate of this probe in tissues remain 72 

unaddressed. Here, we have synthesized and characterized cypate and cypate-glucosamine conjugate (cy-73 

2-glu), and investigated the probable transport pathways of these probes in vitro and in vivo. We 74 

compared uptake of the probes in the presence and absence of excess D-glucose, ‘saturated cypate’ and 75 

palmitic acid in two normal - cancer cell line pairs: lung cancer (A549) - normal (MRC9), and prostate 76 

cancer (DU145) - normal (BPH). Breast cancer (MDA-MB-231) and liver cancer (HepG2) cell lines were 77 

also examined. Results support utilization of the glucose transport pathway by cy-2-glu and fatty acid 78 

transport pathway by cypate. Mass spectrometry data on the in vitro extracts revealed deamidation of cy-79 

2-glu in prostate and liver cells, suggesting release of glucosamine. In vivo biodistribution studies in mice 80 

engrafted with breast tumors showed a distinct accumulation of cy-2-glu in liver and tumors, and to a 81 

lesser extent in kidneys and spleen. A negligible accumulation of cypate alone in tumors was observed. 82 

Analysis of urine extracts revealed renal excretion of the cy-2-glu probe in the form of free cypate, 83 

indicating deamidation of cy-2-glu in tissues. Thus, investigation of the metabolic pathways used by NIR 84 

probes such as cy-2-glu, advanced their use in the detection and monitoring of tumor progression in 85 

preclinical animal studies.  86 

 87 

 88 

 89 

 90 

 91 
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Introduction: 92 

Optical methods using near-infrared (NIR) probes, in the spectral range of 700 nm-2500 nm, are of 93 

interest due to features like flexibility of use, cost-effectiveness and minimal toxicity. A promising NIR 94 

probe application is pre-clinical in vivo tumor imaging due to, 1) low auto-fluorescence from 95 

biomolecules (ensuring minimum background light), 2) low tissue absorbance (delivering high 96 

penetration of the light), 3) low light scattering (leading to high signal to noise ratio), and 4) non-radiation 97 

applications (limiting deleterious effects from radiation-based therapies). Non-invasive tumor detection 98 

by NIR probes has proven highly sensitive within various animal studies (Haque et al. 2017; Hilderbrand 99 

and Weissleder 2010; Luo et al. 2011). Targeted and activated imaging of cancers was reported using NIR 100 

dyes (Owens et al. 2016; Hilderbrand and Weissleder 2010; Escobedo et al. 2010). Conventional NIR 101 

imaging molecules include cyanine (Kim et al. 2005; Peng et al. 2005), phthalocyanine, porphyrine 102 

(Srinivasan et al. 2003; Tanaka, Shin, and Osuka 2008; Xie et al. 2009), squaraine (Nakazumi et al. 2005; 103 

Umezawa, Citterio, and Suzuki 2008; Volkova et al. 2007), and BODIPY (boron-dipyrromethene) 104 

(Donuru et al. 2010; Umezawa et al. 2009; Umezawa et al. 2008). Of these, the cyanine dye, cypate has 105 

excellent optimal properties with a high extinction coefficient (224,000 (mol/L)-1cm-1) and two carboxylic 106 

groups suitable for conjugation with amine or hydroxyl groups.  107 

Due to cypate’s low tissue absorbance, and thus minimal background it is well suited for in vivo imaging. 108 

This was first shown in studies conducted by Achilefu et al. (Achilefu et al. 2005; Achilefu et al. 2000) in 109 

which peptide-conjugated cypate probes that targeted integrins, molecules involved in tumor-induced 110 

angiogenesis and metastasis, were tested for NIR imaging of A549 cells in nude mice. Subsequent studies 111 

have used glucosamine-conjugated cypate moieties for cancer-related imaging. Ye et al. evaluated 112 

combinations of cypate-conjugated glucosamine moieties and observed their biodistribution in pancreatic 113 

cancer-bearing mice (Ye et al. 2005) and determined that the number of glucosamine moieties conjugated 114 

to cypate could influence cypate uptake in tumors in a similar manner. Cheng et al. studied Cy5.5-D-115 

glucosamine (Cy5.5-2DG) and 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose 116 
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(NBDG) probes, showing that NBDG, which has a smaller molecular weight compared to the Cy5.5-117 

2DG, was more likely to utilize glucose-based transport in U87MG human glioblastoma cells (Cheng et 118 

al. 2006). Jing et al. examined the biodistribution and clear routes of glucosamine-conjugated hydrophilic 119 

ICG (Indocyanine green) and glucosamine-conjugated lipophilic cypate probe in breast cancer and 120 

glioblastoma-bearing mice to find that ICG-glucosamine probe cleared out faster than cypate-121 

glucosamine probe (Jing et al. 2012). Korotcov et al. studied glucosamine-conjugated cypate 122 

biodistribution in prostate cancer-bearing mice, finding that cypate conjugated to two glucosamine 123 

moieties demonstrated higher tumor uptake and retention time than cypate conjugated to one glucosamine 124 

moiety (Korotcov et al. 2012) . 125 

As indicated by the above studies, cypate and the cypate-conjugated probes have use in cancer imaging. 126 

Their optimum use depends on the biophysical properties of the probe (hydrophobicity, lipophilicity, 127 

molecular weight, number of targeting molecules etc.). Additionally, knowledge of their transport 128 

pathways is equally important to make advancements in optimal probe design. One of the hallmarks of 129 

cancer is an altered metabolism leading to increased glucose uptake called the Warburg effect (Liberti and 130 

Locasale 2016; Warburg 1925; Hanahan and Weinberg). This phenomenon underlies malignant tissue 131 

detection by PET scan using 2[F-18] Fluoro-2-Deoxy-D-Glucose (FDG) (Hoh et al. 1993; Som et al. 132 

1980; Lapela et al. 1995; Phelps 2000; Flamen et al. 2000). CEST MRI (chemical exchange saturation 133 

transfer) also employs D-glucose, FDG, 2-deoxy-D-glucose, 3-O-methyl-D-glucose, glucosamine and N-134 

acetyl glucosamine molecules (Chan et al. 2011; Rivlin and Navon 2018; Vinogradov, Sherry, and 135 

Lenkinski 2013; Walker-Samuel et al. 2013; Wu et al. 2016; Zhang, Trokowski, and Sherry 2003). Hence 136 

use of these methods shows the effectiveness of targeting glucose metabolism for imaging probes, 137 

supporting our approach with cypate. However, despite their value in imaging, the glucose- and 138 

carboxylate-based transport pathways of such imaging probes has not been investigated. To this end, we 139 

examined the biophysical characteristics of cypate and cypate-glucosamine (cy-2-glu) as well as their 140 

optical properties. We determined whether glucosamine-conjugated cypate transport into cells is glucose-141 
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dependent or carboxylate-dependent. We also characterized and analyzed the molecular changes in cypate 142 

and cy-2-glu in animals to determine the retention time and fate of the probes. Understanding the 143 

transport mechanisms of cypate and cy-2-glu in malignant and non-malignant cells adds needed 144 

information on how the chemical structure of NIR probes affects their biodistribution. This information 145 

will advance the tissue-specific imaging and drug delivery application of NIR probes like cy-2-glu, 146 

demonstrating that these conjugates have translational benefits.  147 

Materials and methods: 148 

Materials 149 

1,1,2-trimethyl benz[e]indole, 3-bromopropanoic acid, 1,2-dichlorobenzene, dichloromethane (DCM), 150 

acetonitrile, sodium acetate, glutaconaldehyde dianil hydrochloride, diisopropylethylamine (DIEA), acetic 151 

anhydride, dimethylformamide (DMF), N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 152 

hexafluorophosphate (HBTU), 1-Hydroxybenzotriazole hydrate (HOBt), glucosamine hydrochloride, 153 

dimethylsulphoxide (DMSO), acetone, Pd/C (10% Pd) and LC-MS solvents were purchased from Sigma 154 

Aldrich (St. Louis, MO, USA). Hydrochloric acid was purchased from Fisher (Pittsburgh, PA, USA). 155 

Diethyl ether was purchased from VWR (Radnor, PA, USA). Ethanol was purchased from Pharmaco-156 

Aaper (Brookfield, CT, USA). 157 

Methods 158 

1. Synthesis of cypate, cy-2-glu and saturated cypate (sat-cy) 159 

 160 

1.1 Synthesis of 1,1,2-trimethyl benz[e]indole-3-propanoic acid:  161 

1,1,2-trimethyl benz[e]indole-3-propanoic acid was synthesized as previously described (Ye et al. 2005) 162 

Briefly, 4 g of 1,1,2-trimethyl benz[e]indole (19.11 mmoles) were dissolved in 20 mL of 1,2-163 

dichlorobenzene in a conical flask to obtain a dark yellow solution. 4 g of 3-bromopropanoic acid (26.15 164 

mmoles) were added to the above solution. This solution was heated to 110℃ with continuous stirring for 165 
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18 hrs before cooling to room temperature upon which the solution turned dark grey-green. This solution 166 

was vacuum filtered through Whatman™ filter paper. The white colored precipitate was washed with 167 

DCM by trituration and transferred to a glass petri dish. This synthesis yielded 5.5 g of product. 168 

 169 

1.2. Synthesis of cypate:  170 

Cypate was synthesized as previously described (Ye et al. 2005). Briefly, 4.1 g of 1,1,2-trimethyl 171 

benz[e]indole-3-propanoic acid (synthesized as described above) was added to a 50 mL acetonitrile-water 172 

(47.5 mL acetonitrile + 2.5 mL DI water) solvent system in a round bottom boiling flask. 1.6 g sodium 173 

acetate was added to this solution and refluxed at 170℃. In a conical flask, 1.42 g (4.98 mmoles) of 174 

glutaconaldehyde dianil hydrochloride was dissolved in 10 mL DCM. While this solution was kept on ice, 175 

1.3 g (10 mmoles) of DIEA was added to it and continued to be kept on ice. In a separate glass vial, 0.6 g 176 

of acetic anhydride was mixed in 2.5 mL of DCM. This solution was then added dropwise to the solution 177 

containing glutaconaldehyde dianil hydrochloride and stirred at room temperature at a speed of 100 rpm 178 

for 1 hr. After mixing, the resultant mixture was added dropwise to the refluxing solution listed above. 179 

The reflux was continued for 16 hrs at 170℃. The dark green precipitate formed was filtered through a 180 

glass funnel with Whatman™ filter paper. It was washed with acetonitrile, 5% hydrochloric acid and 181 

finally with ether. The product was then transferred into a glass petri dish and air-dried for two days. The 182 

clumps were separated with a spatula to obtain a dark green fine cypate powder. 183 

 184 

1.3. Synthesis of cy-2-glu 185 

Cypate was conjugated to glucosamine as previously described (Ye et al. 2005). Briefly, 30 mg of cypate 186 

(0.048 mmoles) were dissolved in 5 mL DMF in a round bottom flask. 41 mg of HBTU were dissolved in 187 

1 mL of DMF and added to the cypate solution. 14.8 mg of HOBt (0.096 mmoles) were dissolved in 1 mL 188 

DMF and added to cypate solution. The final volume of this solution was brought to 10 mL by adding 189 

DMF. This solution was then chilled to -5℃. In a glass vial, 48 mg of glucosamine (0.266 mmoles) were 190 

dissolved in 2 mL DMSO and 76 µL of DIEA (0.436 mmoles) were added to it. The glucosamine solution 191 
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was added to the cold cypate solution in one portion and stirred at room temperature for 2 hrs. The 192 

reaction mixture was added to 50 mL of ether in a conical flask under vigorous stirring. Upon product 193 

precipitation, excess ether was decanted. To remove DMSO completely from the product, acetone was 194 

added to the precipitate and after briefly shaking, the acetone was removed to prevent product dissolution. 195 

The product was placed in a glass petri dish and air-dried for one day to yield 23.8 mg of crystalline cy-2-196 

glu. 197 

 198 

1.4. Synthesis of non-fluorescent, saturated cypate (sat-cy) 199 

For subsequent cell culture experiments involving the uptake of the NIR fluorescent probe cypate, a non-200 

fluorescent, saturated cypate (sat-cy) was synthesized to act as a competitive inhibitor. To synthesize sat-201 

cy, 1 mg of cypate was dissolved in 2 mL ethanol in a 5 mL round bottom flask and approximately 1 mg 202 

of Pd/C (10% Pd) was added. In a glass cylinder, zinc granules were mixed with 50 mL of 6N 203 

hydrochloric acid. Once hydrogen gas formed, it was passed through the reaction mixture overnight while 204 

stirring at room temperature. The reaction mixture was then filtered and centrifuged to remove Pd/C. 205 

Ethanol was evaporated completely to yield sat-cy. 206 

 207 

2. Cell culture and experiments  208 

 209 

2.1 Cell culture:  210 

A549 (human lung cancer), MRC9 (human lung normal), BPH (human prostate normal), MDA-MB-231 211 

and luciferase-expressing MDA-MB-231-luc2 (human breast cancer), and HepG2 (human liver cancer) 212 

cell lines were cultured in DMEM media with 10% FBS in humidified atmosphere of 95% air/5% CO2 at 213 

37℃. DU145 (human prostate cancer) cells were grown in RPMI media supplemented with 10% FBS in 214 

humidified atmosphere of 95% air/5% CO2 at 37℃. THLE-2 (normal human liver) cells were cultured in 215 

Airway Epithelial Cell Basal Medium (ATCC - Manassas, VA) supplemented with a bronchial epithelial 216 

cell growth kit (ATCC) and grown under a humidified atmosphere. Cell lines were purchased from ATCC 217 
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and frozen after three passages. All cell lines were used from frozen stocks for no more than 9-12 218 

passages.  219 

 220 

2.2 In vitro cypate and cy-2-glu uptake assays 221 

1×106 of each cell type were plated on individual 35 mm glass bottom petri dishes. After 24 hrs, cell lines 222 

were incubated for 2 hrs with a 10 µM solution of cypate/cy-2-glu in phenol red free media. Following 223 

treatment, cells were either washed 3× with PBS and fixed with 4% paraformaldehyde for imaging or had 224 

their intracellular cypate and cy-2-glu contents collected for spectroscopy and/or LC-MS analysis. For 225 

intracellular cypate and cy-2-glu collection, treated cells were harvested with 0.25% trypsin, centrifuged 226 

and washed with PBS. The pellet was resuspended in 1 mL of methanol/acetonitrile/water solvent system 227 

(2:2:1, v/v) and vortexed for 30 sec. Cells were then freeze-fractured by chilling the samples in liquid 228 

nitrogen for 1 min, allowing them to return to room temperature and then sonicated them for 10 min. The 229 

above procedure was repeated 3× to ensure maximum extraction of the dyes. After this, the samples were 230 

placed in -20℃ for 1 hr to precipitate the cellular matrix. The samples were centrifuged for 15 min at 231 

13,000 rpm at 4℃. The supernatant was collected and evaporated to dryness under gentle stream of 232 

nitrogen gas (N2). The residues were dissolved in 100 µL of acetonitrile/water (1:1, v/v) to remove any 233 

remaining cell debris. Samples were centrifuged at 13,000 rpm for 15 min at 4℃. The supernatant was 234 

separated and dried completely under N2. The dried samples were resuspended in 400 µL of methanol and 235 

stored until further analysis. 236 

 237 

2.3 Competitive uptake of cypate and cy-2-glu with excess D-glucose, sat-cy and PA. 238 

To assess which transport mechanisms may be involved in the cellular uptake of cypate and cy-2-glu, 239 

uptake assays as described above in Methods section 2.2 were carried out in the presence of excess D-240 

glucose, sat-cy or PA. For each experiment, cells were cultured in DMEM alone or supplemented with 5 241 

mM D-glucose, 100 µM sat-cy or 100 µM PA in phenol red-free media for 2 hrs. Following treatment, 242 
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cells were fixed for imaging or had their intracellular cypate and cy-2-glu contents collected for analysis 243 

via spectroscopy and/or LC-MS.  244 

 245 

3. Animal experiments 246 

 247 

3.1 In vivo D-glucose competition for cy-2-glu uptake. 248 

To access how D-glucose competes against cy-2-glu uptake in vivo, tumor were implanted into mice. 249 

Briefly, 100 µL of 8×105 luciferase-expressing breast cancer cells (MDA-MB-231 Luc2) in Matrigel 250 

(Corning) were implanted orthotopically in the mammary fat pad of JAX (Jackson Laboratory) 251 

Foxn1nu/Foxn1nu nude 2.5-month-old female mice using a 26.5G BD 1 mL insulin U-100 syringe. As a 252 

pilot study, two nude mice with breast tumors of comparable size (~250 mm3) were selected. In one of the 253 

mice, 100 µL of 20 mM D-glucose in PBS was injected intravenously. After 15 min, 10 nmoles of cy-2-254 

glu in 100 µL PBS were administered in both mice through tail vein injection. After 20 min, 15 mg/mL 255 

luciferin in PBS (100 µL) was injected in the intraperitoneal cavity. Imaging was performed in a Bruker 256 

Xtreme in vivo imaging system with Bruker MI SE software. The mice were anesthetized using 2% 257 

isoflurane. Animals were then imaged as described below. Since the fluorescence intensity from liver was 258 

very high, it was impeding imaging of other organs or tissues. The liver area was covered with a black 259 

strip and the exposure time for fluorescence was increased to 2 min to collect maximum signal from rest 260 

of the organs. The parameters for bioluminescence and reflectance images remained unchanged. 261 

Overlaying of the images was done in the same software.  262 

 263 

3.2. Biodistribution of cy-2-glu and cypate in organs: 264 

8×105 luciferase-expressing breast cancer cells (MDA-MB-231 Luc2) were implanted orthotopically in 265 

the mammary fat pad of JAX (Jackson Laboratory) Foxn1nu/Foxn1nu nude 2.5-month-old female mice. 266 

10 nmoles of cy-2-glu/cypate in 100 µL PBS was injected intravenously in these mice. Experiments were 267 

performed at 1 h post-injection and then every 24 hrs for six days. For each time point, three (3) mice 268 
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were used with similar-sized tumors (~250 mm3). 15 min prior to imaging, urine was collected from the 269 

mice and kept in the refrigerator for until further analysis. 15 mg/mL luciferin in PBS (100 µL) was 270 

injected in the intraperitoneal cavity 10 min prior to in vivo imaging. Mice were anesthetized with 2% 271 

isoflurane and imaged as described below. A black strip was used again to block the liver as described 272 

above. 273 

After in vivo imaging, mice were sacrificed by cervical dislocation and organs were isolated and imaged. 274 

Following ex vivo imaging, cy-2-glu and cypate were extracted from the organs and urine by cutting the 275 

organs into small pieces in glass petri dishes with small scissors and transferring them into homogenizing 276 

tubes. 1 mL DI water was added to the tubes and samples were homogenized for 5 min. Following this, 3 277 

mL of methanol were added to each tube and samples were homogenized again for 5 min. These solutions 278 

were centrifuged for 10 min at 3000 rpm. The supernatants were collected and stored at 4℃ overnight to 279 

allow precipitate formation. The solutions were centrifuged and the supernatant were collected and dried 280 

with N2 gas. 400 µL of methanol were added to dried samples and centrifuged again. These collected 281 

supernatants contained only cy-2-glu or cypate. For urine extraction, 500 µL of urine were collected in a 282 

glass tube. 1 mL DI water and 2 mL methanol were then added to this. After precipitate formation, the 283 

samples were centrifuged and the supernatants were collected. The supernatants were dried with N2 gas 284 

and 400 µL of methanol were added. Solution spectroscopy and mass spectrometry were performed on 285 

the organ and urine extraction samples. All animal work was conducted under the approval of the 286 

Institutional Animal Care and Use Committee (IACUC) of the University of Central Florida. 287 

 288 

4. Chemical Characterization 289 

 290 

4.1 Spectroscopy: 291 

Absorption was analyzed via Ultraviolet–visible (UV-vis) spectroscopy performed in methanol in a 1 cm 292 

path length sub-micro quartz cuvette from Spectrecology (Wesley Chapel, FL, USA) with a 6850 Jenway 293 

spectrophotometer using Prism software. The fluorescence spectroscopy was performed in methanol in a 294 
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1 cm path length sub-micro quartz cuvette with PTI QM-400 fluorimeter (Horiba, Canada) using FelixGX 295 

4.3.6904 software. The detectors used to collect the fluorescence from the samples were 1) multimode 296 

photomultiplier tube (PMT) detector for UV-visible range (135-700 nm) and 2) TE cooled InGaAs 297 

detector for the NIR range (700-1700 nm). The acquisition time was 0.5 sec at 1 nm interval. Fourier-298 

Transform Infrared Spectroscopy (FTIR) was used to analyze the spectra of the cypate and cy-2-glu 299 

samples and was recorded with a Perkin Elmer Spectrum 100.  300 

 301 

4.2 Liquid chromatography and mass spectrometry (LC-MS) 302 

An Agilent 1200 series high performance liquid chromatography (HPLC) system consisting of a G1379B 303 

degasser, a G1311A quaternary pump, an HTC PAL autosampler and a G1316A column compartment 304 

coupled to a 6520 quadrupole time of flight (QTOF) mass spectrometer (Agilent Technologies, CA, 305 

USA) was used to characterize and analyze the samples. Compounds were separated on Zorbax Eclipse 306 

Plus C18 (150 mm L× 4.6 mm ID, 5 µm PS) column using a binary mobile phase gradient program to 307 

elute the components pump- A: acetonitrile and pump-B: water, both containing 0.1% HCOOH. The 308 

gradient program was as follows: 90% B: 0–5 min; 10% B: 5–12 min; 10% B, 12–18 min; 90% B: 18-309 

18.1; 10% B: 18.1–23 min. At the end of each run, the column was washed for 3 min with a solvent 310 

composition consisting, 50% isopropyl alcohol, 30% methanol, 20% water and 0.1% HCOOH (v/v). The 311 

column was operated at 40°C with a constant mobile phase flow rate of 750 µL/min. 312 

The mass spectrometer was operated in electrospray ionization (ESI) positive (+) mode over a mass range 313 

of 50-1700 m/z. The mass spectrometer was tuned and calibrated at 4 GHz high resolution mode at low 314 

mass 50-1700 m/z range with a manufacturer calibration solution (Agilent, # G1969-85000, CA, USA). 315 

The reference mass solution was continuously infused through the second nebulizer to ensure better mass 316 

accuracy throughout the analysis. ESI source parameters were optimized and operated under the 317 

following conditions: Capillary voltage: 3.5 kV; nitrogen was used as a drying and nebulizer gas and the 318 

values were set at 13 L/min and 55 psi, respectively; the source temperature was set at 320°C, Fragmentor 319 
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and skimmer voltages were set at 100 V and 65 V, respectively. The MS data were collected and 320 

processed using MassHunter qualitative analysis software version B.07.00. 321 

 322 

5. Imaging 323 

 324 

5.1 Confocal microscopy 325 

Confocal microscopy was performed on in vitro cell culture experiments which are described above. A 326 

Zeiss AXIO Observer.Z1 microscope with a Zeiss LSM 710 laser system was used for imaging. The 327 

images were acquired with Zeiss ZEN 2010.B SP1 software. The objective lenses used were Plan-328 

Apochromat 20X/0.8 M27 and Plan-Apochromat 63X/1.40 oil DIC M27. For Z-stack image acquisition 329 

of A549 cells, 15 confocal slices at 0.64 µm intervals were acquired. Cypate and cy-2-glu were excited 330 

with 647 nm, while sat-cy and PA were excited with 488 nm wavelength. 331 

 332 

5.2 In vivo and ex vivo imaging of whole animals and individual organs 333 

In vivo imaging on mice was performed using a Bruker Xtreme in vivo imaging system with Bruker MI 334 

SE software. Images were collected in three channels: 1) Fluorescence channel – The excitation 335 

wavelength used was 760 nm and the emission was collected with 830 nm long pass (LP) filter with 336 

exposure time 2 min. 2) Bioluminescence channel – The bioluminescence from luciferin in the tumor was 337 

collected with 2 min exposure time. 3) Reflectance channel – The grey reflectance image was collected 338 

with 5 sec exposure time. Since the fluorescence intensity from liver was very high, it was impeding 339 

imaging of other organs or tissues. The liver area was covered with a black strip and the exposure time for 340 

fluorescence was increased to 2 min to collect maximum signal from rest of the organs. The parameters 341 

for bioluminescence and reflectance images remained unchanged. Overlaying of the images was done in 342 

the same software. These three images were overlaid and analyzed for co-localization of cy-2-glu/cypate 343 

in the tumors or tissues.  344 
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After in vivo imaging, mice were sacrificed by cervical dislocation and organs were isolated and imaged.  345 

Organ images were collected in two channels: 1) fluorescence channel - Excitation wavelength used was 346 

760 nm and the emission was collected with 830 nm LP filter using exposure time 2 min. 2) The grey 347 

reflectance image was collected with 5 sec exposure time. 348 

 349 

6. Statistical analysis 350 

In vitro experiments were run in triplicate with a minimum of three repeats. In vivo experiments consisted 351 

of n=3 animals per experimental group. Statistical analyses were performed using unpaired Student’s t-352 

test in GraphPad (GraphPad Software Inc.). Statistical significance considered when p < 0.05. 353 

 354 

355 
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Results: 356 

Synthesis and characterization of cypate and cy-2-glu  357 

The NIR dye cypate and the cypate-glucosamine conjugates were synthesized and recovered as pure 358 

products by modifying the procedure reported by Ye et al. (Ye et al. 2005) as described in the Methods 359 

section. Cypate-glucosamine contained either one carboxylic acid conjugated to one glucosamine (cy-1-360 

glu), or two carboxylic acids each conjugated to one glucosamine moiety (cy-2-glu) (Scheme 1). The 361 

molar ratios for synthesis of cy-1-glu yielded a mixture of cy-1-glu, cy-2-glu and unreacted cypate 362 

(Supplementary Fig. 1a), whereas, the molar ratios for synthesis of cy-2-glu resulted in only one product, 363 

cy-2-glu (Supplementary Fig. 1b). For this reason, cy-2-glu was used for subsequent studies. We 364 

evaluated the optical properties of cypate and cy-2-glu by absorption and fluorescence spectroscopy 365 

(Supplementary Fig. 2a,b). Cypate and cy-2-glu absorbance spectra have λmax at 784 nm and a shoulder at 366 

722 nm (Supplementary Fig. 2a). The fluorescence profile of cypate and cy-2-glu starts at 800 nm and 367 

tails off at 1000 nm, with two emission maxima, at 831 nm and at 935 nm, depicting a wide NIR spectral 368 

window for imaging and diagnostic purposes (Supplementary Fig. 2b). The normalized absorption and 369 

fluorescence spectra revealed that conjugation of glucosamine to cypate had no adverse effect on the 370 

spectral properties of cypate. Neither the spectral profile nor the maxima of absorbance and fluorescence 371 

changed due to the conjugation of glucosamine to cypate, although a slight quenching in cypate was noted 372 

(data not shown). We checked the formation of an amide bond between the carboxylic group of cypate 373 

and the amine group of glucosamine by recording the FTIR spectrum of cy-2-glu and comparing it with 374 

the FTIR spectrum of cypate. A medium band for secondary N-H stretch at 3282 cm-1 showed the 375 

presence of secondary amide between the carboxylic group of cypate and the amine group of glucosamine 376 

(Supplementary Fig. 2c). This band can be seen only in the spectrum of cy-2-glu and is absent in cypate. 377 

The expanded spectrum in the region from 2000 cm-1 to 700 cm-1 revealed C=O stretches and amide 378 

bends (Supplementary Fig. 2d). The appearance of C=O amide stretch at 1651 cm-1 in cy-2-glu along with 379 

the absence of C=O carboxylic acid stretch, which is seen in cypate spectrum at 1718 cm-1, confirmed 380 
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amide bond formation between cypate and glucosamine. The appearance of N-H bend I (1618 cm-1) and II 381 

(1538 cm-1) in cy-2-glu supported this conclusion. We also performed proton and carbon NMR for 382 

structure determination (Supplementary Fig. 3a,b). Once cypate and cy-2-glu probes were synthesized, 383 

purified and characterized, we next evaluated the transport pathway of these probes and assessed their 384 

biodistribution and elimination in vivo. 385 

Competitive inhibition of uptake of cy-2-glu in cancer cell lines, indicates glucose transport 386 

pathway involvement 387 

As both glucose and glucosamine are taken up in the cells using glucose transport proteins (Calvo et al. 388 

2010), we determined whether the presence of excess of D-glucose would competitively inhibit the 389 

uptake of cy-2-glu. This competitive uptake inhibition was observed in A549, HepG2, DU145 and MDA-390 

MB-231 cell lines (Fig. 1). The fluorescence intensities obtained from the confocal images were used as a 391 

direct measurement for in vitro cellular uptake of cy-2-glu. Decreases in fluorescence intensities for cy-2-392 

glu in the presence of excess (5mM supplemented) D-glucose as compared to absence of D-glucose (no 393 

D-glucose supplementation) (Fig. 1a) serves as evidence of competitive inhibition. Cypate alone was not 394 

inhibited in the presence of excess D-glucose (Fig. 1b). Z-stack analysis of A549 cells further showed that 395 

the probes did not adhere to the plasma membrane but rather were distributed throughout the interior of 396 

cells (Supplementary Fig. 4). 397 

Solution spectroscopy of cellular extracts determined the quantitative uptake of cypate and cy-2-glu. The 398 

absorption values at 784 nm and the emission intensities at 831 nm for cy-2-glu (Fig. 1c,d) and cypate 399 

(Fig. 1e,f), in presence and absence of excess D-glucose are plotted in bar graphs. As with the confocal 400 

images (Fig. 1a,b), the spectroscopy data showed a decrease in absorbance and fluorescence of cy-2-glu 401 

in cancer cell lines when excess D-glucose was present in the media. Data from cypate in the presence of 402 

excess D-glucose showed negligible change in absorbance and fluorescence. These results suggest that 403 
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cy-2-glu uses a transport mechanism involving glucose, while cypate uses a non-glucose-utilizing 404 

pathway for transport. 405 

The fluorescence intensities of cy-2-glu and cypate in the non-transformed cell lines, MRC9 and BPH, 406 

showed no visible change in the microscopy data, in presence or absence of excess D-glucose. However, 407 

the fluorescence spectroscopy data for BPH did reveal a decrease in uptake of cypate in presence of 408 

excess D-glucose (Fig. 1e) suggesting that these immortalized cells could be more metabolically active. 409 

This is likely the result of higher anaerobic metabolic activity in cancerous tissue in response to the 410 

demands of growth under low oxygen conditions (Liberti and Locasale 2016; Warburg 1925; Hanahan 411 

and Weinberg ; Warburg 1956). Though cypate lacks sugar moieties, we did observe cypate uptake by 412 

cancer cells. One explanation for this could be interactions with cypate carboxylates on the cell surface of 413 

cancer cells. The reduced negative charge on the surface of cancer cells as compared to normal or non-414 

transformed cells could lessen the repulsion for carboxylate groups, leading to a higher uptake of cypate. 415 

Note however that these findings may just be relevant for cells grown under in vitro culture conditions.   416 

We compared the quantitative data of all the cancer and non-transformed cell extracts (Supplementary 417 

Fig. 5). The absorbance spectra for cypate and cy-2-glu extracted from these cell lines are shown in 418 

Supplementary Fig. 5a,b. with the absorbance and fluorescence maxima of the spectra plotted as a bar 419 

graph (Supplementary Fig. 5c,d). These data confirmed the increased uptake of cypate and cy-2-glu in 420 

cancer cells in comparison to non-transformed cells.  421 

Competitive uptake inhibition of cypate, indicates involvement of fatty acid transport pathway  422 

To determine whether cypate uses carboxylate transporters for transport and uptake, we performed a 423 

competitive uptake inhibition experiment using 1) a fatty acid (palmitic acid, PA), and 2) a non-NIR 424 

fluorescent analog of cypate (saturated cypate(sat-cy)). 425 

1) Inhibition with fatty acid, PA: If the carboxylic acid groups on cypate were used for transport purposes, 426 

the presence of excess of fatty acid (100 µM), which uses carboxylates for fatty acid transport, would 427 
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competitively inhibit the uptake of cypate. To test this, we incubated A549 cells with cypate in the 428 

presence of 100 µM PA. Confocal fluorescence images showed reduced fluorescence intensity when PA 429 

was present in the media (Fig. 2b). Conversely, when the carboxylic acid groups of cypate were modified 430 

(amide bond in cy-2-glu), presence of PA did not result in competitive inhibition of cypate uptake (Fig 431 

2a), indicating that carboxylic acid groups are integral to cypate for transport and cellular uptake. 432 

2) Inhibition with sat-cy as a non-NIR fluorescent analog of cypate:   433 

To further validate that cypate is taken up via fatty acid transporters, we used sat-cy as a non-NIR 434 

fluorescent analog of the NIR fluorescent cypate (Fig 3), exploiting the optical properties of cypate. 435 

Cypate owes its NIR optical properties to the π-conjugated system present within the molecule. Hence, 436 

we disrupted the π-conjugation by reducing the double bonds in the glutaconaldehyde dianil moiety, 437 

which acts as the bridge between the two indole molecules. Hydrogenation of two double bonds, added 438 

four hydrogen atoms to the molecule, breaking the π-conjugation system, and blue shifting the spectra of 439 

cypate. We called this new molecule saturated cypate (sat-cy). The synthesis of sat-cy is depicted in Fig. 440 

3a. The addition of four hydrogen atoms to the cypate molecule was confirmed by mass spectrometry 441 

(Fig. 3b,c). The molecular ion, at 625 m/z for cypate (Fig. 3b) shifted to a molecular ion at 629 m/z for 442 

sat-cy (Fig. 3c). Thus, sat-cy has no absorbance or emission in the NIR region (700 - 1000 nm) (Fig. 443 

3d,e). Incubation of A549 cells with excess sat-cy resulted in competitive inhibition of cypate uptake 444 

similar to addition of excess PA [Fig. 2a,b (cy-2-glu + sat-cy and cypate + sat-cy)] confirming the use of 445 

carboxylic acid groups by cypate for transport and cellular uptake. 446 

Absorbance values and fluorescence intensities obtained via UV-vis and fluorescence spectroscopy of cy-447 

2-glu (Fig. 2c,d) and cypate (Fig. 2e,f) from A549 cell extracts correlated with the data collected from 448 

confocal microscopy analysis.  449 

Deamidation of cy-2-glu in prostate and liver cell lines  450 
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After determining that cy-2-glu and cypate molecules use different pathways for transport, we next asked 451 

if the cypate probes underwent any molecular change once inside of cells. We characterized extracts from 452 

cells treated with cypate probes by mass spectrometry and observed that the mass spectra of extracts from 453 

DU145 and BPH incubated with cy-2-glu, showed the presence of cypate (625 m/z) along with cy-2-glu 454 

(947 m/z), suggesting hydrolysis of cy-2-glu in these cells (Fig. 4a). Conversely, extracts from these cell 455 

lines incubated with cypate only showed the presence of the ion at 625 m/z that is related to cypate, 456 

suggesting that no molecular changes in cypate occurred (Fig. 4b).  457 

In another experiment, instead of analyzing the cell extracts, we analyzed the metabolites released into 458 

cell culture media. For this, we incubated the liver cell line, THLE-2, with cy-2-glu for 2 hrs, before 459 

addition of fresh media. The cells were incubated for another 24 hrs. Metabolites released into the culture 460 

media were then analyzed via LC-MS. We observed the peak for cypate, indicating release of the dye 461 

from cells after cy-2-glu was converted into cypate by hydrolysis (Fig. 4d). We also performed this 462 

experiment with the MDA-MB-231 breast cancer cell line (data not shown), but no deamidation was 463 

observed. The results show that cy-2-glu is hydrolyzed in the liver but not in the tumors, which has 464 

implications for the in vivo use of this probe.  465 

In vivo monitoring of cy-2-glu 466 

We investigated the accumulation and retention of cypate and cy-2-glu in nude mice orthotopically 467 

implanted with MDA-MB-231-luc2 breast cancer cells. Upon detection of tumors, mice were 468 

intravenously injected with 10 nmol of cy-2-glu or cypate, and the fluorescence intensity of the probes 469 

was monitored in vivo for six days. Mice with cy-2-glu were evaluated 1 hr post injection, then every 24 470 

hrs for six days (Fig. 5a). Since the accumulation of cypate alone in the tumor was negligible, we 471 

monitored these mice only after 24 hrs post-injection (Fig. 5b). Not unexpectedly, the accumulation of 472 

probes in the liver produced a high degree of fluorescence that impeded imaging the fluorescent signal 473 

from tumors and other organs (data not shown). To remedy this, the liver area was covered with a black 474 
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strip to image the rest of the animal. Overlaying tumor bioluminescence (red) with cy-2-glu/cypate 475 

fluorescence (green) resulted in a yellow image (i.e. co-localization) that visualized the accumulation of 476 

both signals and indicated the presence of cy-2-glu within tumors. Maximum fluorescence intensity of cy-477 

2-glu in tumors was seen at 24 hrs post-injection, which reduced gradually and almost vanished from the 478 

tumor by the sixth day (Fig. 5a). A trace amount of fluorescent signal was still detectable from the liver 479 

after day six. The in vivo accumulation of cy-2-glu but not cypate within the tumor contrasted with the in 480 

vitro observation where cypate was equally taken up by the cancer cells. This discrepancy may be due to 481 

variances in tissue culture conditions compared to the tumor microenvironment (e.g., nutrient 482 

availability). 483 

Ex vivo imaging and extraction of probes for evaluation of biodistribution of cy-2-glu and cypate in 484 

various organs 485 

To evaluate the biodistribution of cy-2-glu and cypate in the organs, we performed ex vivo imaging of 486 

tumors and organs. A subset of mice were euthanized at each time point and had their organs harvested 487 

and imaged (Fig. 5c,d). The fluorescence intensities are shown in a gradient manner; red represents the 488 

highest intensity, while blue represents the lowest intensity. The liver had the highest accumulation of cy-489 

2-glu and cypate at all time points. Over the six days observed, the fluorescence intensity from cy-2-glu 490 

gradually decreased in all the organs (Fig 5c) and almost vanished except within the liver which retained 491 

trace fluorescence. The absorbance data of the reconstituted solutions of organ extracts are shown in Fig. 492 

5e and directly correlated with in vivo and ex vivo image analysis. The concentrations of cy-2-glu in the 493 

organs were calculated from the absorbance values of the organ extracts. Only liver, tumor, kidneys and 494 

spleen retained detectable cy-2-glu concentrations. Of note, the tumor was the second highest tissue for 495 

cy-2-glu accumulation. The absorbance values of cy-2-glu from all other organs were below the limit of 496 

detection. 497 

Use of excess of D-glucose to reduce the uptake of cy-2-glu in liver 498 
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In order to reduce the uptake of cy-2-glu by the liver and improve tumor imaging, we performed a 499 

competitive inhibition experiment with 100 µL of 20 mM D-glucose in PBS via intravenous 500 

supplementation in nude mice. We anticipated that saturation of the liver with D-glucose, prior to 501 

administration of cy-2-glu could reduce the uptake of cy-2-glu by the liver and decrease fluorescence 502 

intensity from this organ. After D-glucose administration, the presence of cy-2-glu in the liver was visibly 503 

reduced at the 20 min and 4 hrs time points (Fig. 6a). However, the fluorescence intensity emanating from 504 

the liver was still too high and obscured the rest of the organs. Thus, the liver area was covered with a 505 

black strip and the exposure time was increased from 10 secs to 2 min to collect ample signal from the 506 

mammary tumor and other tissues. As seen from the images at 20 min and 4 hrs, fluorescence intensity 507 

was reduced when excess D-glucose was injected (Fig. 6b). At 24 hrs the effect of D-glucose pre-508 

administration wore off and cy-2-glu accumulation in both mice was nearly equivalent. These results 509 

support our previous in vitro findings that cy-2-glu was capable of utilizing a glucose-based transport 510 

mechanism for entering the cells and suggest that this approach could be optimized in the future to 511 

improve cy-2-glu imaging. 512 

Metabolic fate of the probes 513 

To determine the retention time of cy-2-glu in vivo and discern the in vivo fate of the probe in mice, we 514 

analyzed urine extracts from mice treated with cy-2-glu. The absorbance data on the urine samples over a 515 

six day period indicated that the probe was continuously excreted from the body (Fig. 7a). Mass 516 

spectrometry data on specimens from mice after 24 hrs post-injection of cy-2-glu revealed a peak at 625 517 

m/z (Fig. 7b), suggesting deamidation of cy-2-glu to cypate occurred during the excretion process. This 518 

supports our previous in vitro findings of cy-2-glu deamidation in liver cells (Fig. 4d).  519 

Discussion: 520 

Our study of the transport pathway and biodistribution of cy-2-glu and cypate demonstrates how imaging 521 

probes can be made to take advantage of cancer metabolism. Glucose is transported into cells through 522 
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glucose transport proteins (GLUTs). Malignancies promote blood vessel formation to increase oxygen 523 

and nutrient uptake. Consequently, malignant tissues may alter their metabolism and produce lactic acid 524 

through aerobic glycolysis. This lactic acid is responsible for the membrane translocation of GLUTs 525 

which in turn increases glucose uptake within the cells (Medina and Owen 2002). Thus, increased energy 526 

utilization promotes proliferation and leads to enhanced glucose uptake and overexpression of glucose 527 

transporters. Due to ligand promiscuity, mannose, galactose and glucosamine can also be transported via 528 

GLUTs (Calvo et al. 2010). In our study, we correlated cy-2-glu uptake in cancer cell lines with the 529 

GLUT overexpression on their surfaces. For example, A549 cells, which are reported to overexpress 530 

GLUT4 and GLUT1, have enhanced cy-2-glu uptake as compared to their normal counterpart, which does 531 

not express GLUT4 (O'Byrne et al. 2011; Ong et al. 2008). In prostate cells, GLUT1 expression increases 532 

with advanced malignancies (Effert et al. 2004). Based upon these previously published studies and the 533 

results obtained within this study, we can infer that the higher glucose requirement of cancer cells could 534 

increase cy-2-glu uptake in malignant cells as compared to normal, non-transformed counterparts. 535 

Others reported that the addition of glucose can competitively inhibit glucosamine transport (Estensen 536 

and Plagemann 1972; Plagemann and Erbe 1973). We performed a similar competition experiment to 537 

demonstrate that cy-2-glu employs a glucose-utilizing transport pathway. Using D-glucose, the uptake of 538 

cy-2-glu was inhibited in cancer cells. In contrast, using a different cancer cell line, prostate cancer PC3-539 

luc cells, Korotcov et al reported that cypate-glucosamine probe uptake was not affected by D-glucose 540 

(Korotcov et al. 2012). These different outcomes could result from cell-specific effects or the in vitro cell 541 

culture conditions used. Hence, cancer cells may possess distinct surface charges that affect 542 

macromolecule uptake. Another aspect that could impact the uptake of dyes like cypate was presented by 543 

Cheng et al., who suggested, using U87MG gliolblastoma cells, that a dye’s molecular weight could 544 

affect its transport pathway (Cheng et al. 2006). Interestingly, in our cancer cells, we did not observe any 545 

change in glucosamine transport due to attachment of the large cypate molecule, while in non-cancer cell 546 

lines, the NIR signal was too low to detect any difference in cy-2-glu uptake in presence and absence of 547 
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D-glucose. The in vivo uptake of cy-2-glu in mice also displayed competitive inhibition by D-glucose 548 

during the first 4 hrs of the administration of cy-2-glu. Cy-2-glu accumulation showed a considerable 549 

reduction in the liver, and also in the tumor. Our intent in performing this experiment was to determine 550 

whether the liver would take up more pre-injected D-glucose from the blood than the tumor, 551 

competitively inhibiting cy-2-glu uptake and reducing the intensity of the very bright liver fluorescent 552 

signal. While this proved to be the case, fluorescent intensity of the cy-2glu signal in the tumor was also 553 

reduced. However, since Korotcov et al. performed similar in vivo studies and showed that no competitive 554 

inhibition of cypate-glucosamine occurred at 24 hrs post-injection with D-glucose, we also observed that 555 

at 24 hrs time point the inhibition effect of D-glucose wore off (Korotcov et al. 2012). It is possible that 556 

this approach to reduce liver fluorescence and improve detection of the tumor signal could work for other 557 

cancer cell lines with different metabolic profiles. While this can be evaluated in future studies, the 558 

presented in vitro and in vivo results confirm the use of GLUT-based pathway for cy-2-glu transport and 559 

uptake by cancer cells. 560 

One reason for the difference in the in vitro uptake of cypate in cancer cells compared to normal cells 561 

could be the interaction of negatively charged cypate with the cell membrane. Cancer cells have less 562 

negatively charged surfaces than normal cells (Cook and Jacobson 1968; Zhang et al. 2008; Ambrose, 563 

James, and Lowick 1956; Purdom, Ambrose, and Klein 1958), which leads to reduced repulsion between 564 

cypate and the cancer cell surface, enhancing uptake. While in our in vitro studies, we observed that 565 

cypate and cy-2-glu were similarly taken up by the cancer cells, in vivo we found that the cypate 566 

accumulation in the tumor was less than the cy-2-glu accumulation. This was also reported by Korotcov 567 

et al. (Korotcov et al. 2012), who showed that amount of cypate taken up by cancer cells was less than the 568 

cypate-glucosamine conjugates. The reduced uptake of cypate in the tumor in vivo, compared to cy-2-glu, 569 

could be explained by the difference in the chemical structure of these two cypate forms. The protein 570 

makeup associated with cypate and cy-2-glu in vivo could influence their biodistribution pathways 571 
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differently and be dependent on chemical factors of hydrophobicity, charge, and available functional 572 

groups for interaction.  573 

Understanding the transport pathway of cypate contributes new knowledge to help optimize the chemical 574 

structure of such dyes. To validate our assumption that cypate uses carboxylates for transport purposes in 575 

vitro and to be responsible for the differences in uptake between cancer and normal cell lines, we 576 

performed competitive uptake inhibition experiments using PA, the fatty acid known to use the fatty acid 577 

transport mechanism. Transport of fatty acids such as oleate, stearate, palmitate is facilitated by 578 

membrane transport proteins (Abumrad, Park, and Park 1984; Abumrad et al. 1981; Potter et al. 1987). 579 

Long chain fatty acids are mainly transported through CD36, plasma membrane-associated fatty acid-580 

binding protein (FABPpm) and fatty acid transport proteins (FATPs) (Schwenk et al. 2008; Ehehalt et al. 581 

2006; Su and Abumrad 2009). The decrease in the fluorescence intensity of cypate in the presence of 582 

excess PA suggested that the binding sites for fatty acid were blocked by PA and were unavailable for 583 

cypate, confirming the use of carboxylates by cypate. We synthesized a non-NIR fluorescent analog of 584 

cypate called sat-cy by adding four hydrogen atoms across the π-conjugated system in cypate interrupting 585 

the π-conjugation system responsible for NIR optical properties. The presence of an excess of sat-cy also 586 

led to a decrease in the fluorescence intensity of cypate. Both PA and sat-cy did not exhibit competitive 587 

inhibition for the uptake of cy-2-glu, in which the carboxylic acid is modified to an amide bond. Thus, 588 

cypate and sat-cy may use the membrane transport proteins employed by fatty acids for entering cells.  589 

Guo et al. found that both cypate and the glucosamine conjugates were cleared from the body within 24 590 

hrs (Jing et al. 2012), whereas Korotcov et al. showed that the retention time of the cypate-glucosamine 591 

conjugate was almost 96 hours (Korotcov et al. 2012). In our study we observed that cy-2-glu was 592 

retained in the animal for more than 6 days. This slow removal of cy-2-glu from the animal with 593 

increased tumor accumulation suggests that cy-2-glu could be a promising NIR probe for cancer detection 594 

and treatment monitoring. The biodistribution data revealed that, second to the liver, the tumor had 595 

considerable accumulation of cy-2-glu followed by the kidneys and spleen. Analysis of urine extracts by 596 
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absorption spectroscopy and mass spectrometry revealed that this probe was cleared from the body 597 

through renal excretion in the form of free cypate. It is possible that cy-2-glu undergoes hydrolysis in the 598 

liver, kidneys and spleen which produces glucosamine and the cypate that is subsequently excreted and 599 

detected in urine. This possible hydrolysis was examined by performing an in vitro experiment with 600 

THLE-2 liver cells incubated with cy-2-glu that showed the presence of free cypate as one of the excreted 601 

metabolites. The mass spectrometry data of the in vitro extracts of prostate cancer cells, as well as normal 602 

cells, revealed the presence of cypate, indicating deamidation of cy-2-glu. Fatty acid amide hydrolase 603 

(FAAH) and N-acylethanolamine acid amidase (NAAA) are the two main enzymes present in the animal 604 

tissue responsible for degradation of N-acylethanolamines into fatty acid and ethanolamine (Ueda et al. 605 

1999; Cravatt et al. 1996; Sakura et al. 2016; Tsuboi et al. 2005; Tsuboi, Takezaki, and Ueda 2007; Ueda, 606 

Yamanaka, and Yamamoto 2001). Cy-2-glu likely undergoes deamidation by these enzymes and releases 607 

free glucosamine.  608 

In summary, the presence of excess D-glucose was observed to competitively inhibit the amount of cy-2-609 

glu taken up in cancer cells both in vitro and in vivo, indicating cy-2-glu transport likely occurs through a 610 

glucose-mediated pathway and that the attachment of a bulky molecule like cypate does not alter the 611 

transport pathway of glucosamine. The presence of excess sat-cy and PA competitively decreased the 612 

amount of cypate transported into the cells, indicating the probable use of carboxylate groups for transport 613 

via the fatty acid transport proteins. The long retention period and high accumulation of cy-2-glu in 614 

tumors along with the release of glucosamine through hydrolysis in the tissues, suggest that cy-2-glu has 615 

promising applications for preclinical animal imaging studies, especially with orthotopic and 616 

subcutaneous tumors, and with further optimization could have future translation use.  617 
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Scheme 1: Chemical structures of cypate, glucosamine, cy-1-glu and cy-2-glu 805 

Figure legends: 806 

Fig. 1: Presence of excess D-glucose competes with cy-2-glu for uptake in cells lines. Confocal 807 

fluorescence and corresponding DIC (diffraction interference contrast) images of the cell lines incubated 808 

with cy-2-glu (a) or cypate (b) in presence or absence of excess D-glucose. Green color represents the 809 

fluorescence from cy-2-glu or cypate. Solution spectroscopy data on cell extracts for cy-2-glu (c,d) or 810 

cypate (e,f). (c) represents cy-2-glu absorbance values in absence (red) or presence (grey) of D-glucose, 811 

while (d) represents cy-2-glu fluorescence values in absence (green) or presence of D-glucose (grey). (e) 812 

and (f) represents cypate absorbance or fluorescence, respectively, in the same manner as graphs (c) and 813 

(d). ** P<0.01, *** P<0.001, **** P<0.0001. Error bars represent standard deviation (n=3).  814 

Fig. 2: Sat-cy and PA compete for internalization with cypate. Confocal fluorescence and 815 

corresponding DIC images of A549 cell line with cy-2-glu (a) and cypate (b), in the presence or absence 816 

of excess D-glucose (glu), sat-cy and PA. (c) represents cy-2-glu absorbance spectra, while (d) represents 817 

cy-2-glu fluorescence spectra. Cypate absorbance and fluorescence spectra in (e) and (f) are represented 818 

in the same manner as (c) and (d), respectively. Cy-2-glu and cypate were extracted from the A549 cell 819 

lines (n=3). 820 

Fig. 3: Synthesis and characterization of sat-cy. Reduction of cypate with Pd/C (10% Pd) in ethanol 821 

and passing hydrogen gas through the solution, to form sat-cy (a). Mass spectra of cypate at m/z 625 (b) 822 

and at m/z 629 for sat-cy (c). Absorbance spectra (d) and fluorescence spectra (e) of cypate (red line) and 823 

sat-cy (black line).  824 

Fig. 4: Hydrolysis of cy-2-glu observed in prostate and liver cell lines. Mass spectra of dyes extracted 825 

from cancer and normal cell lines. Extractions from cell lines incubated with cy-2-glu (a). A549 and 826 

MRC9 show the ion at m/z 947 corresponding to cy-2-glu, while DU145 and BPH show the ions at m/z 827 

947 and 625, corresponding to cy-2-glu and cypate, respectively. Extractions from cell lines incubated 828 
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with cypate (b). The ion at m/z 625 corresponding to cypate is observed in all the cell lines. The 829 

representative LC-HRMS extracted ion chromatograms of cypate at m/z 625.3629 ([M-H] ion) (c,d,e). 830 

Liver cell line THLE-2 incubated with (c) cypate, (d) cy-2-glu, (c) control and media evaluated for 831 

presence of cypate. Corresponding mass spectra of extracted ion chromatograms (f).  832 

Fig 5: Retention and biodistribution of cy-2-glu and cypate over 6-days duration. In vivo images of 833 

nude mice bearing MDA-MB-231-luc2 tumors administered with cy-2-glu (a) and cypate (b). The liver 834 

area is covered with a black strip to block the strong fluorescence signal. Imaging for cy-2-glu injection 835 

was performed at 1 hr post-injection, followed by 24 hr periods for 6 days, while for cypate at 24 hr post-836 

injection. Green color indicates cy-2-glu/cypate fluorescence, red color indicates bioluminescence from 837 

tumor due to luciferase expression, and grey color represents the reflectance image. An overlay of these 838 

images yields colocalization of cy-2-glu/cypate in tumors (yellow color). Ex vivo imaging. Fluorescence 839 

(c) and corresponding reflectance (d) images of organs isolated from mice at each time point (excitation 840 

wavelength – 760 nm, emission – 830 nm LP). Red indicates the highest, while blue indicates the lowest 841 

fluorescence intensity. The organs are placed in the order shown in g. Biodistribution in organs. 842 

Absorbance values of extracted probes plotted in bar graphs for each time point (e). Concentrations of cy-843 

2-glu in liver, spleen, tumor and kidney (f), as calculated from the absorbance values obtained from e and 844 

from the calibration curve of cy-2-glu concentrations (Supplementary Fig 6). Error bars represent 845 

standard deviation (n=3 mice per group).  846 

Fig. 6: In vivo competitive effect of glucose on cy-2-glu uptake. Images of mice at 20 min, 4 hrs and 24 847 

hrs post-injection of cy-2-glu. Green color represents fluorescence of cy-2-glu, red color represents 848 

bioluminescence from the tumor and grey is the reflectance image. (Cy-2-glu + glucose) indicates 849 

injection of excess D-glucose 15 min prior to administration of cy-2-glu. Overlay of fluorescence and 850 

reflectance images showing cy-2-glu in the liver (exposure time: 10 sec) (a). Overlay of fluorescence, 851 

bioluminescence and reflectance images showing co-localization of cy-2-glu and the tumor in yellow 852 

color (b). In b liver is covered with a black strip (exposure time: 2 min). (n=2 mice/group) 853 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 6, 2019 as DOI: 10.1124/mol.118.114199

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114199 
 

37 
 

Fig. 7: Characterization of the urine extracts. Absorbance values at 784 nm for cy-2-glu/cypate 854 

extracted from urine at increasing time points (a). Mass spectrometry data on urine extracts of mice 855 

injected with cy-2-glu at 24 hr time point showing molecular ion peak at 625 m/z for cypate. Error bars 856 

represent standard deviation (n=3 mice per group).  857 

858 
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