
 
 

 
 

 
Int. J. Mol. Sci. 2022, 23, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms 

Type of the Paper (Article, Review, Communication, etc.) 1 

Late-Stage Functionalization through Click Chemistry Provides 2 

GLUT5-Targeting Glycoconjugate as a Potential PET Imaging 3 

Probe 4 

Adelina Oronova1,2 and Marina Tanasova1,2,* 5 

1 Chemistry Department, Michigan Technological University, Houghton, MI 49931, USA; 6 
aoronova@mtu.edu (A.O.); mtanasov@mtu.edu (M.T.) 7 
2 Health Research Institute, Michigan Technological University, Houghton, MI 49931, USA  8 
* Correspondence: mtanasov@mtu.edu 9 

Abstract: The targeting of facilitative sugar transporters (GLUTs) has been utilized in the develop- 10 
ment of tools for diagnostics and therapy. The interest in this area is promoted by the phenomenon 11 
of alterations in cellular metabolic processes that are linked to multitudes of metabolic disorders 12 
and diseases. However, nonspecific targeting (e.g., glucose-transporting GLUTs) leads to a lack of 13 
disease-detection efficiency. Among GLUTs, GLUT5 stands out as a prominent target for develop- 14 
ing specific molecular tools due to its association with metabolic diseases, including cancer. This 15 
work reports a non-radiolabeled fluoride (19F) coumarin-based glycoconjugate of 2,5-anhydro-D- 16 
mannitol as a potential PET imaging probe that targets the GLUT5 transporter. Inherent fluorescent 17 
properties of the coumarin fluorophore allowed us to establish the probe’s uptake efficiency and 18 
GLUT5-specificity in a GLUT5-positive breast cell line using fluorescence detection techniques. The 19 
click chemistry approach employed in the design of the probe enables late-stage functionalization, 20 
an essential requirement for obtaining the radiolabeled analog of the probe for future in vivo cancer 21 
imaging applications. The high affinity of the probe to GLUT5 allowed for the effective uptake in 22 
nutrition-rich media.  23 

Keywords: PET imaging; click chemistry; sugar transport; fructose transport; cancer imaging; 24 
GLUTs; glycoconjugates; sugar-disease connection. 25 
 26 

1. Introduction 27 

The development of small-molecule probes constitutes a central part of chemical biology 28 
research that provides tools for exploring mechanisms of biological pathways. These mo- 29 
lecular tools aid in the assessment of emerging therapeutic targets and the development 30 
of biomedical agents. Among prominent biological pathways directly associated with dis- 31 
eases are membrane sugar transporters that transport various carbohydrates in and out 32 
of the cell. Unlike sodium-coupled glucose transporter, facilitative sugar transporters – 33 
GLUTs – translocate glucose, fructose, galactose, and other sugars based on the gradient. 34 
Recently, GLUTs have gained interest due to the growing evidence of links between the 35 
activity of these transporters and metabolic disorders, including diabetes, obesity, and 36 
cancer [1, 2].  37 

A positive correlation between high sugar uptake and cancer identified over the years has 38 
led to the development of strategies to target sugar uptake for cancer diagnosis and ther- 39 
apy [3-5]. A significant impact on advancing disease detection has been made by the de- 40 
velopment of radiolabeled glucose analogs and their use in the clinic for cancer diagnosis. 41 
The 18F-labeled analog of 2-fluoro-2-deoxy-D-glucose (2-18F-FDG) has been effectively 42 

Citation: Lastname, F.; Lastname, F.; 

Lastname, F. Title. Int. J. Mol. Sci. 

2022, 23, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Firstname Last-

name 

Received: date 

Accepted: date 

Published: date 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. 

Submitted for possible open access 

publication under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 2 of 16 
 

 

used as a reflector of enhanced glucose uptake and predictor of tumorigenesis and tumor 43 
aggressiveness [5]. 2-18F-FDG was established to be readily internalized by the cell 44 
through glucose GLUTs and further phosphorylation, promoting continuous gradient- 45 
dependent uptake. Numerous efforts were also directed to develop radiotracers that 46 
would reflect regional glucose content and cellular uptake independent of phosphoryla- 47 
tion that would still provide gradient-dependent uptake. [123I]-6-deoxy-6-iodo-D-glucose 48 
(6-DIG) [6] was shown to pass into cells through glucose transporters but was not phos- 49 
phorylated or further metabolized to reflect regional glucose uptake rates and allow to 50 
determine alterations in glucose transport [7]. Fluorescently-labeled glucose analogs have 51 
been explored to provide biochemical tools for assessing differences in glucose uptake 52 
efficiency in vitro [8, 9]. Targeting glucose GLUTs has also been broadly explored for dis- 53 
ease therapy, with various glycoconjugates synthesized with the goal of improving the 54 
specificity of conventional therapeutics [10, 11]. While some cases have documented pos- 55 
itive trends toward achieving disease-specific activity of therapeutic agents, the majority 56 
of efforts were challenged by the global presence of glucose transporters in all tissues. This 57 
limitation has promoted the search for new, more disease-specific targets. 58 

Over the last decade, significant dependence on fructose has been established for many 59 
cancers [12]. Specific links between high fructose uptake and cancer provided a basis for 60 
exploiting GLUT-targeting chemical tools for disease detection and therapy. While several 61 
GLUTs have been identified to transport fructose (GLUTs 2, 5, 7, 9, 11, and 12), GLUT5 62 
shows a unique specificity to fructose, with other fructose transporters being capable of 63 
transferring glucose and other monosaccharides [13]. In addition to the unique substrate 64 
specificity, GLUT5 shows a tightly regulated expression in healthy tissues and is primarily 65 
present in the intestine, kidney, and brain microglia [14]. Concerning the disease, GLUT5 66 
was found to gain expression in various cancers that develop from epithelial cells while 67 
absent in their healthy counterparts [14]. As a result, radiolabeled fructose analogs have 68 
been sought to target fructose-dependent cancer cells. Thus far, the design of the PET im- 69 
aging probe aimed at targeting fructose transport has been limited to the fluoro-deriva- 70 
tives of fructose and 2,5-anhydro-D-mannitol (a furanose analog of fructose) [15-17]. De- 71 
spite the diversity of structures, the direct fructose derivatives were found to be not com- 72 
petitive enough to induce effective accumulation of the radiolabel in cancer cells [18], pre- 73 
sumably due to the competition from nutritional fructose or a rapid metabolism-coupled 74 
excretion of probes in vivo. The current limitations faced in utilizing GLUT5 for cancer- 75 
specific imaging imply the need for more effective analogs that could compete with nu- 76 
trient sugars for the uptake through the sugar transport targeting. 77 

The growing understanding of the links between fructose uptake and metabolic diseases 78 
led several research groups, including ours, to develop molecular probes to target GLUT5 79 
in live cells [18-21]. It has been demonstrated that GLUT5 has the capacity to bind and 80 
transport non-native moieties, such as small fluorophores or bioactive compounds, in the 81 
form of glycoconjugates of 2,5-anhydro-D-mannitol (2,5-AM) [19, 22, 23]. Analysis of di- 82 
verse coumarin glycoconjugates (ManCous) has revealed an intriguing possibility to tune 83 
the strength of probe interaction with GLUT5 through coumarin functionalization while 84 
maintaining GLUT5-specificity [19].  85 
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Figure 1. GLUT5-specific probe for delivering the fluoride for PET imaging 87 

Here we report a ManCou-based fluoride-functionalized probe that specifically targets 88 
GLUT5 with high affinity and exhibits effective GLUT5-dependent uptake in the presence 89 
of nutrient fructose (Figure 1). The probe design enables late-stage functionalization and 90 
supports the extension of the current synthetic methodology to obtain 18F-analog for fu- 91 
ture GLUT5-specific in vivo cancer imaging applications. 92 

2. Results 93 
2.1. Design & Synthesis 94 

The chemical modifications of coumarins have been widely explored due to their vast 95 
application as dyes and medicinal agents [24]. Numerous synthetic approaches for C-F 96 
bond formation have been reported, with some being applicable to the introduction of a 97 
radioactive 18F [25]. The major challenge in developing PET imaging probes is that modi- 98 
fication with fluoride must be done at the last step of the chemical synthesis and should 99 
not require excessive purification. This limitation is set by the short half-life of the radio- 100 
active 18F (the activity decays by half every 109.7 minutes). While we were developing a 101 
synthetic strategy for the fluoride-substituted ManCou probe, ways to introduce fluoride 102 
at the last step of the synthesis were explored. We have envisioned that the utilization of 103 
the orthogonal reactivity of the azide towards an alkyne will allow us to produce the fluor- 104 
inated ManCou analog - ManCou-F (Fig. 1) [25]. The “click reaction” [26] between these 105 
two functional groups is very specific and can be performed in the presence of different 106 
functional groups (including hydroxyls of sugars). Moreover, this procedure has also been 107 
validated for the introduction of the 18F label using fluoro-derivatized alkynes [25]. To 108 
introduce the fluoride, we have used 5-fluoro-1-pentyne since it is synthetically accessible 109 
fluorinated alkyne. Within these proof-of-concept studies, we have limited the alkyne se- 110 
lection to the smaller substrate considering our prior observations of stringent require- 111 
ments in substrate size and hydrophilicity for maintaining GLUT5-mediated uptake [22].   112 

 113 
Scheme 1. Synthetic route to ManCou-F. Reagents and conditions: (a) ethyl chloroformate (0.5 eq.), 114 
reflux, 30 min, 89%; (b) ethyl 4-chloroacetoacetate (1 eq.), H2SO4, rt, 4h, 84%; (c) AcOH, H2SO4, 125 115 
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°C, 2h, 79%; (d) NaN3 (4 eq.), dry DMF, Ar, rt, 7 h, 78%; (e) 2,5-anhydro-2-carbaldehyde-D-mannitol 116 
(2 eq.), NaBH3CN (4*0.8 eq.), AcOH, MeOH, rt, 21 h, 90%; (d) 5-fluoro-1-pentyne (5 eq.), CuI (2 eq.), 117 
sodium ascorbate (15 eq.), DIEA (15 eq.), CH3CN:H2O 1:1 (v/v), rt, 2 h, 30%. 118 

Accessing ManCou-F relies on employing 4-azidomethyl-7-aminocoumarin conjugate of 119 
2,5-AM (4) as a starting material for late-stage click chemistry functionalization. The 120 
synthesis of the probe was carried out as delineated in Scheme 1. The N-protected 7- 121 
amino-4-cloromethylcoumarin 2 was obtained through acid-catalyzed Pechman 122 
condensation [27] between the ethyl chloroformate and N-protected 3-aminophenol 1 that 123 
was prepared according to the reported procedure. Azidocoumarin 3 was obtained from 124 
the corresponding N-protected 7-amino-4-chloromethylcoumarin 2 through chlorine 125 
displacement with nucleophilic azide following the cleavage of the carbamate under 126 
acidic conditions [28, 29]. Next, the azidocoumarin 3 was transformed into the 127 
glycoconjugate 4 through the reductive amination with 2,5-anhydro-2-carbaldehyde-D- 128 
mannitol that was obtained according to the reported procedure [19]. ManCou-F was 129 
synthesized using 5-fluoro-1-pentyne [30] as a source of fluoride through a copper- 130 
catalyzed click reaction [31]. The reaction was completed at room temperature within 2 h, 131 
providing the desired triazole conjugate in 30% yield after HPLC purification. Neither the 132 
yields nor reaction times were optimized. The identity and purity of all products were 133 
confirmed by NMR and ESI-HRMS analysis. 134 

2.2. Concentration-Dependent Uptake and Probe Retenetion in Cells 135 
The uptake of the new ManCou-F probe was investigated using a GLUT5-positive breast 136 
adenocarcinoma MCF7 cell line (early stage of cancer). Among different cancer types, 137 
breast cancer has been found to show dependence on fructose for growth and express 138 
GLUT5 at levels altering based on the cancer subtype [32]. The GLUT5 activity in MCF7 139 
cells was validated using ManCou-H [19] as an activity reporter (Figure 2A). ManCou-H- 140 
induced fluorescence was observed, reflecting the evident presence of GLUT5 in the 141 
MCF7 cells.  142 

 143 
Figure 2. Confocal fluorescence images of MCF7 cells treated with 25 μM of GLUT5 activity reporter 144 
ManCou-H (A) and ManCou-F (B). Fluorescence images were obtained using an Olympus 145 
FluoViewTM FV1000 confocal microscope and 60X objective. Images were acquired using a DAPI 146 
filter (exc/em: 405 nm/461nm), DF – dark field, and M – fluorescence overlay images with the bright 147 
field. 148 

To identify whether ManCou-F passes into the cell, MCF7 cells were incubated with the 149 
probe for a short period of time (15 min, 37 °C). The short time interval was selected to 150 
monitor the transporter-assisted uptake. ManCou-F was used at 25 µM concentration due 151 
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to the prominent levels of fluorescence observed at this concentration with the prior 152 
ManCou analogs. After 15 min of incubation, the probe solution was removed, cells were 153 
washed and supplemented with culture media and imaged using a confocal microscope, 154 
60X objective, and DAPI filter. The appearance of blue fluorescence in cells reflected the 155 
uptake of ManCou-F in MCF7 cells (Figure 2B).  156 

2.2. ManCou-F Exhibits Metabolism-Couple Uptake and Retenetion in Cells 157 
We further carried out the analysis of the probe uptake over a range of probe concentra- 158 
tions (to evaluate the uptake kinetics. For the analysis, a 10 mM stock solution in DMSO 159 
was used and serial dilutions using a complete culture medium were performed to reach 160 
the target concentration (1-500 µM). The overall concentration of DMSO was kept ≤5%. 161 
For the initial uptake analysis, MCF7 cells were treated with increasing concentrations of 162 
the probe, and probe-induced fluorescence was imaged using confocal microscopy (Fig- 163 
ure 3). We measured the uptake of the probe to exhibit concentration dependence and 164 
saturate around 200 μM concentration. Using the Michaelis-Menten kinetic model 165 
(GraphPad Prism 9.4.1), the Km ~323 μM and ~231 μM (Rsq = 0.86) were derived for the 166 
uptake measured via confocal microscopy and flow cytometry, respectively. Considering 167 
that the uptake is a multistep process that includes probe binding to the transporter, trans- 168 
location through the transporter, and release into the cell, we also analyzed the uptake 169 
kinetics using the allosteric sigmoidal model. The latter model provided a better fitting 170 
(Rsq = 0.98) with the Km ~92 μM and 105 μM for flow and confocal settings, respectively. 171 
Overall, the Km values reflect ~30-100-fold higher uptake efficiency of ManCou-F probe 172 
uptake over fructose (Km~11 mM [33]).   173 

  174 

Figure 3. Uptake analysis of different concentrations of ManCou-F (A) by confocal microscopy (B). 175 
(A) Representative confocal fluorescent images of concentration-dependent uptake of the probe by 176 
MCF7 cells. Images were acquired using a 60X objective and DAPI filter (exc/em: 405 nm/461nm) at 177 
the same laser intensity and exposure time, DF – dark field, and M – fluorescence overlay images 178 
with the bright field. Each experiment was carried out in duplicate. (B) CTCF quantitated fluores- 179 
cence. Quantitative fluorescence data was derived from fluorescence images of probe-treated cells 180 
using ImageJ as CTCF/area (CTCF = (IntDens (cell) – (Int Den (bgr)*Area (cell)). For confocal analy- 181 
sis, data were derived for 2 images per sample (~5-10 cells/image). Error bars represent the standard 182 
deviation of cell fluorescence. (C) Fluorescence obtained by Attune NxT Flow Cytometer using VL1 183 
filter was processed as MFIprobe (median of fluorescence intensity)-MFInp (MFI of the cells with no 184 
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treatment). MFI was derived excluding debris and doublets by FSC-SSC and FSC-H-FSC-W gating, 185 
respectively. For flow analysis, data was derived for 10,000 events. Each experiment was carried out 186 
in duplicate. Error bars represent the standard deviation between two experiments. 187 

We further assessed the ability of the probe to remain in the cell and the overall stability 188 
of probe-induced fluorescence. Respectively, probe efflux was evaluated by measuring 189 
fluorescence amassed in the dye-free complete culture media over 2 min, 15 min, and 60 190 
min post-incubation with ManCou-F. In parallel, monitoring the changes in probe- 191 
induced cell fluorescence after 2 min, 15 min, and 60 min post-incubation with ManCou- 192 
F was used to assess probe stability in the cell. As depicted in Figure S1, fluorecence was 193 
mesurable in a dye-free culture media sample collected from probe-treated cells 2 min 194 
post-incubation. The fluorescence level for samples collected 15 min post-incubation did 195 
not show any increase in fluorescecne, suggesting insignificant excretion of the probe from 196 
cells. Moreover, the fluorescence measured for samples acquired 1 h post-incubation 197 
reduced as compared to 2 min and 15 min samples, suggesting a further uptake of the 198 
probe from the solution. Monitoring fluorescence of probe-treated cells showed no 199 
significant difference between 2 min and 15 min. Cell fluorescence, however, dropped 200 
significantly for the 1 h sample, suggesting the lack of probe leaching to be driven by the 201 
decomposition of the probe (fluorophore) in the cell. 202 
 203 
2.3. ManCou-F Exhibits Metabolism-Couple uptake and GLUT5 preference.  204 

We have assessed the involvement of GLUTs in ManCou-F uptake by exploring the con- 205 
nection between cell metabolism and GLUT-mediated uptake. As sustainable GLUT-me- 206 
diated transport is coupled with sugar phosphorylation [34, 35], lowering the metabolic 207 
activity of the cell has been shown to also lower the efficiency for GLUT-mediated uptake 208 
[19, 20, 36]. To assess this metabolic connection, MCF7 cells were pre-incubated at 4 °C for 209 
30 min to diminish cell metabolism and further treated at 4 °C with a ManCou-F probe. 210 
After treating these cells with a 25 μM concentration of the probe for 15 min and the re- 211 
moval of the probe-containing media, the fluorescence was measured using confocal mi- 212 
croscopy (Figure S2A). The cells were then detached from the glass-bottom dish using 213 
trypsin and collected, and cell fluorescence was analyzed using flow cytometry (Figure 214 
S2B). The comparative analysis of uptake for ManCou-F at 37 °C vs. 4 °C in two analytical 215 
settings is summarized in Figure 4. For comparative analysis, the average fluorescence 216 
intensity values were corrected by the fluorescence of the control and expressed as relative 217 
fluorescence. In both measurement settings, we observed a 90% decrease in the probe up- 218 
take for 4 °C samples, indicating the GLUT-mediated and metabolism-coupled uptake for 219 
ManCou-F. 220 

    221 

Figure 4. ManCou-F (25 µM) uptake in MCF7 cells preconditioned and treated at 37 °C vs. 4 °C for 222 
15 min. Fluorescence was analyzed by confocal microscopy and flow cytometry. (A) Representative 223 
images acquired using 60X objective and DAPI filter (exc/em: 405 nm/461nm) at the same laser in- 224 
tensity and exposure time, DF – dark field, and M – fluorescence overlay images with the bright 225 
field. (B) Quantification of fluorescence derived from corresponding fluorescence images using Im- 226 
ageJ as CTCF/Area. Each experiment was carried out in duplicate. Total of 2 images were analyzed 227 
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per sample per experiment (~5-10 cells/image). Fluorescence obtained by Attune NxT Flow Cytom- 228 
eter using VL1 filter was processed as MFIprobe (median of fluorescence intensity)-MFInegative (MFI of 229 
the cells with no treatment). Each experiment was carried out in duplicate. MFI was derived exclud- 230 
ing debris and doublets by FSC-SSC and FSC-H-FSC-W gating, respectively. Error bars represent 231 
the relative standard deviation derived by dividing the in by the average. A two-tailed t-test was 232 
used to detect statistically significant differences: *p < 0.05. Levels of probe uptake were corrected 233 
by the corresponding value obtained for 37 °C to represent relative fluorescence.  234 

We further moved to establish a specific path for ManCou-F uptake. To assess the involve- 235 
ment of fructose-dependent uptake in the intracellular accumulation of ManCou-F, the 236 
probe uptake was evaluated in the presence of increasing concentrations of fructose (0- 237 
100 mM, Figure S3). The ManCou-F uptake inhibition was amplified with increasing fruc- 238 
tose concertation, reflecting the participation of fructose GLUTs in the uptake of the probe. 239 
The inhibitory concentration for fructose against ManCou-F was derived as IC50 ~ 28 mM 240 
using non-linear regression analysis. With the implication of fructose GLUTs as transport 241 
path for ManCou-F, we have used specific inhibitors of two major fructose-GLUTs in 242 
MCF7 cells to delineate the contribution from each transporter. For GLUT5 inhibition, we 243 
used a high-affinity GLUT5-specific inhibitor MSNBA (Ki(fructose) ~ 3.2 μM) [33]. To as- 244 
sess the involvement of non-specific GLUTs, including non-specific fructose transporters 245 
GLUT2 and GLUT12 present in MCF7 cells, we used cytochalasin B (CytB) (Ki (glucose) ~ 6.6 246 
μM for GLUT2) [37, 38]. For the competitive uptake experiment, MCF7 cells were treated 247 
with the combination of a probe with each inhibitor using corresponding complete culture 248 
media solutions. ManCou-F was used at 25 μM concentration. All inhibitors were used at 249 
concentrations ≥Ki to ensure the competition with ManCou-F. The probe uptake without 250 
the inhibitor was used as a control. The analysis of inhibitor-induced alterations in the 251 
probe-induced cell fluorescence was performed using confocal microscopy and flow cy- 252 
tometry (Figure 5). As a result of competition studies, we measured a dramatic drop in 253 
ManCou-F uptake in the presence of MSNBA in both confocal and flow settings. In con- 254 
trast to MSNBA, we observed no inhibition of ManCou-F uptake in the presence of CytB. 255 
Overall, the observed inhibition of the uptake by fructose and MSNBA suggested the in- 256 
volvement of fructose transporter GLUT5 in the uptake of ManCou-F. Furthermore, the 257 
lack of impact from CytB allowed excluding the participation of non-specific GLUTs, in- 258 
cluding a second major fructose transporter GLUT2 in the uptake of this probe. 259 

 260 
Figure 5. ManCou-F uptake (25 µM) in the presence of MSNBA (25 µM) and cytochalasin B (CytB, 261 
25 μM). (A) Images were acquired using a 60X objective and DAPI filter (exc/em: 405 nm/461nm) at 262 
the same laser intensity and exposure time, DF – dark field, and M – fluorescence overlay images 263 
with the bright field. Each experiment was carried out in duplicate. (B) Analysis of probe-induced 264 
fluorescence by confocal microscopy and flow cytometry. For microscopy analysis, data represents 265 
fluorescence derived after quantification of fluorescence images using ImageJ as CTCF/Area. Fluo- 266 
rescence obtained by Attune NxT Flow Cytometer using VL1 filter was processed as MFIprobe (me- 267 
dian of fluorescence intensity)-MFInegative (MFI of the cells with no treatment). Error bars represent 268 
the relative standard deviation. A two-tailed t-test was used to detect statistically significant 269 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 16 
 

 

differences: * – p < 0.05. Relative fluorescence is derived by normalization by the control (probe 270 
without inhibitor).  271 

To confirm the relationship between GLUT5 activity and ManCou-F uptake, we have as- 272 
sessed ManCou-F uptake in cells with altered levels of GLUT5 expression. For this part, 273 
we have relied on the ability of fructose to induce GLUT5 expression [39] and used fruc- 274 
tose-preconditioning to increase GLUT5 levels in MCF7 cells [36]. Respectively, MCF7 275 
cells were grown in the complete RPMI culture media supplemented with 11 mM fructose 276 
to establish a fructose-fed MCF7* culture. In parallel, a separate batch from the same start- 277 
ing culture was maintained in the normal complete RPMI culture media to provide the 278 
corresponding control (MCF7). MCF7 and MCF7* were propagated in the respective me- 279 
dias for 25 days, at which point ~1.4-fold increase in the GLUT5 expression for MCF7* was 280 
measured using immunofluorescence (Figure S6A). To assess the overall differences be- 281 
tween the uptake on MCF7 vs. MCF7* cells, ManCou-F probe was introduced in the nor- 282 
mal complete culture media. Probe uptake was measured using confocal microscopy and 283 
flow cytometry. Using confocal microscopy, we measured ~1.5-fold increased probe up- 284 
take in fructose-preconditioned MCF7* cells (Figure S6B), confirming the relationship of 285 
the probe uptake with the GLUT5-dependent transport. The uptake of ManCou-F in 286 
MCF7* cells was, expectedly, inhibited by fructose (Figure 6B and S7). The overall inhibi- 287 
tory impact from fructose on ManCou-F uptake in MCF7* cells exceeded that observed 288 
with MCF7 cells, with 60% inhibition measured in the presence of 11 mM fructose. It is 289 
noteworthy that we were unable to detect the increase in GLUT5 activity for MCF7* cells 290 
using flow cytometry (Figure 6). However, we observed a statistically significant inhibi- 291 
tion of ManCou-F uptake in MCF7* cells in the presence of fructose.  292 

 293 
Figure 6. Analysis of ManCou-F (50 µM) uptake by MCF7 cells grown in RPMI-1640 supplied with 294 
11 mM fructose. MCF7 – cells cultured in RPMI-1640 with 10% FBS; MCF7* + 11 mM Fru– culture 295 
conditions of RPMI 10% dialyzed FBS with the addition of 11 mM fructose. MCF7*+Fru–- MCF7* 296 
cells with additional 11mM fructose added to the probe-containing media. (A) Images were ac- 297 
quired using 60X objective and DAPI filter (exc/em: 405 nm/461nm) at the same laser intensity and 298 
exposure time, DF – dark field, and M – fluorescence overlay images with the bright field. Each 299 
experiment was carried out in duplicate. (B) Data represents fluorescence derived after quantifica- 300 
tion of fluorescence images using ImageJ as CTCF/Area. Fluorescence obtained by Attune NxT Flow 301 
Cytometer using VL1 filter was processed as MFIprobe (median of fluorescence intensity)-MFInegative 302 
(MFI of the cells with no treatment). MFI was derived excluding debris and doublets by FSC-SSC 303 
and FSC-H-FSC-W gating, respectively. Error bars represent the relative standard deviation. A two- 304 
tailed t-test was used to detect statistically significant differences: *p < 0.05. Relative fluorescence is 305 
derived by normalization by the control (MCF7 cells).   306 

 307 

2.4. Cytotoxicity Analysis 308 

Application of potential PET-imaging agents requires the probe to be non-cytotoxic for 309 
the target cells. Hence, we have evaluated the cytotoxicity of ManCou-F using an MTS 310 
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assay. The cytotoxic responses were assessed for MCF7 cells using increasing concentra- 311 
tions of the probe and continuous 24 h incubation. For analysis, a 10 mM stock solution in 312 
DMSO was used, and serial dilutions using a complete culture medium were performed 313 
to reach the target concentration (0.01-300 μM). The overall concentration of DMSO was 314 
kept at ≤3%. As depicted in Figure 7, at the prolonged 24 h incubation time, ~15% loss in 315 
cell viability could be observed at concentrations ≤200 μM. The shorter treatment inter- 316 
vals (2 h) showed no alterations in the cell viability of probe-treated cells up to 300 μM 317 
concentration (Figure 7). Considering that increasing ManCou-F concertation is accompa- 318 
nied by an increase in DMSO concertation, we also evaluated the potential impact that 319 
DMSO may have on MCF7 cells. For this part, MCF7 cells were treated with complete 320 
culture media containing 3, 5, and 10% DMSO, which corresponds to ManCou-F sample 321 
concentrations of 300 μM, 500 μM, and 1000 μM, respectively. As depicted in Figure 7B, 322 
we measured ~10-15% loss in cell viability for 3% and 5% DMSO samples and >20% loss 323 
in viability for the 10% DMSO sample. Overall comparing the cytotoxicity of ManCou-F 324 
with that of DMSO, it appears that the probe is not cytotoxic for MCF7 cells and the ob- 325 
served loss in cell viability for high concentrations of ManCou-F is primarily contributed 326 
by DMSO.  327 

 328 
Figure 7. Cell viability of MCF7 cells was assessed using an MTS assay in 96-well plate format and 329 
reported as a relative colorimetric change measured at 490 nm. (A) ManCou-F cytotoxicity in MCF7 330 
after 2 and 24 h of incubation. Each experiment was carried out in duplicate. (B) DMSO cytotoxicity 331 
in MCF7 after 2h and 24 h of incubation. A two-tailed t-test was used to detect statistically significant 332 
differences: *p < 0.05. Error bars represent the standard deviation.  333 

3. Discussion 334 
Facilitative GLUT transporters have been viewed as important therapeutic targets for sev- 335 
eral decades. Despite years of research focusing on utilizing GLUTs for disease diagnosis 336 
and treatment, the major advances in the field are limited to the development and appli- 337 
cation of 18F-labeled glucose analog for PET imaging. However, GLUTs targeting still lacks 338 
specificity, safety, and efficiency. For example, the 18F-labeled analog of 2-fluoro-2-deoxy- 339 
D-glucose (2-18F-FDG) probe is used as a radiotracer for PET to assess disease-linked al- 340 
terations in glucose metabolism. Nevertheless, false positive results are common, as in- 341 
creased glucose metabolism is also observed if infectious/inflammatory conditions are 342 
present, leading to 2-18F-FDG being internalized through the ubiquitously present in all 343 
tissues GLUTs to these regions as well [40]. Therefore, more specific targeting is desired 344 
to be diagnostically beneficial. 345 

Multiple attempts to use the differences in GLUT activity between normal and metaboli- 346 
cally compromised cells have helped to build an understanding of the critical importance 347 
of targeting disease-relevant GLUTs in achieving cell discrimination. In this view, fruc- 348 
tose-specific transporter GLUT5 has been set as an attractive target since the levels of this 349 
transporter were found to alter between normal and cancer cells. Moreover, alterations in 350 
GLUT5 activity were observed during cancer development, progression, and metastasis 351 
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[2]. Particularly, differences in GLUT5 activity were observed for breast cancer cells 352 
providing the basis for using GLUT5-targeting to identify cancer cells [41, 42]. As a result, 353 
GLUT5 targeting has been assessed for developing imaging tools. 354 

To date, the development of radiolabeled fructose analogs to target fructose transport in 355 
cells is limited to the direct derivatization of fructose and 2,5-anhydro-D-mannitol (2,5- 356 
AM, a furanose analog of fructose) with fluoride [15, 16, 18, 43]. Currently, several fructose 357 
analogs have been synthesized and evaluated as potential PET imaging agents. 6-[18F]- 358 
fluoro-6-deoxy-D-fructose (6-FDF) [44] was shown to efficiently pass into the murine 359 
EMT-6 and human breast cancer MCF7 cells, although its rapid metabolism led to a fast 360 
decrease in its cellular concentration. 1-[18F]-Fluoro-1-deoxy-D-fructose (1-18FDF) [17] was 361 
tested as a fructose uptake tracer in mouse and rat tumor xenografts and showed rapid 362 
clearance through the kidney and liver. 1-[18F-fluoro]-1-deoxy-2,5-anhydro-D-mannitol 363 
(1-18FDAM) was found to accumulate in breast tumors in rabbits but showed rapid excre- 364 
tion [43]. 3-(18F)fluoro-3-deoxy-D-fructose (3-18FDF) demonstrated fructose-dependent 365 
uptake, warranting further evaluation in animals [15]. While all these fructose analogs 366 
exerted fructose-dependent uptake, their potencies differed, with 6-FDF showing higher 367 
accumulation levels over 1-FDF or 1-FDAM. The observed differences in cellular uptake 368 
levels point out the importance of stereochemistry and substitution patterns for the recog- 369 
nition and transport of radiotracers 1-[18F]FDAM, 1-[18F]FDF, 6-[18F]FDF by GLUT5. The 370 
relatively similar binding affinities to fructose suggested the possibility of limited compe- 371 
tition between fructose and the radiotracer in vivo, reflecting the need for more potential 372 
GLUT5 binders for PET agent development. 373 

In our previous studies, we have established the feasibility of enhancing the efficacy of 374 
GLUT5 interaction with the substrate through the stabilization of H-bonding and Van der 375 
Waals interactions [19]. Namely, derivatization of 2,5-AM with coumarins resulted in 376 
GLUT5-specific glycoconjugates that showed enhanced uptake efficacy [45] and com- 377 
peted with fructose at 1:1000 probe-to-fructose ratio. With the drastic improvement in the 378 
competitiveness for GLUT5, we envisioned the ManCou scaffold to support the develop- 379 
ment of higher affinity PET imaging agents. With the late-stage fluorination in mind, the 380 
probe design relied on introducing the fluoride-containing moiety at the last step of chem- 381 
ical synthesis through the click reaction. The final fluorination step between ManCou-N3 382 
and 5-fluoro-1-pentyne proceeded in 30% yield. 383 

The resulting fluoride-carrying ManCou-F probe was found to have Km values >30-fold 384 
higher than that of fructose (Km = 11 mM [33]), which allowed for the effective uptake of 385 
the probe in the complete culture media and elevated fructose concentrations. The de- 386 
pendence of probe uptake on cell incubation temperature supported considering GLUT- 387 
mediated uptake as a primary path for probe accumulation in cells. The following altera- 388 
tion in probe uptake upon changes in fructose levels in the incubation media and GLUT5 389 
levels in MCF7 cells delineated the uptake to be dependent on fructose GLUTs. The strong 390 
impact of GLUT5-specific inhibitor MSNBA highlighted the involvement of GLUT5 in the 391 
uptake of ManCou-F. Lastly, the lack of inhibition from cytochalasin B excluded non-spe- 392 
cific glucose and fructose GLUTs. In combination, the studies validated the GLUT5-spec- 393 
ificity of the probe and the feasibility of achieving the GLUT5-specific delivery of the flu- 394 
oride into the cell in the presence of nutrient fructose.  395 

The introduction of a radiolabel at the last stage of the synthesis of ManCou-F provides a 396 
possibility to use the described approach in the synthesis of a radiolabeled (18F)-ManCou- 397 
F analog. The 5-fluoro-1-pentyne utilized in the synthesis of ManCou-F was previously 398 
reported to be accessible in the 18F-labeled form. The synthetic approaches were reported 399 
to rely on the displacement of the OTs-group of 5-(p-toluenesulfonyl)-1-yne using DAST 400 
in dichloromethane over 50 min in ~50% radiochemical yield [46]). The synthesis of 5- 401 
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(18F)fluoro-1-pentyne was also reported using K222 in acetonitrile with ~86% radiochemi- 402 
cal yield [47]). Using the DAST-mediated fluorination, the 5-fluoro-1-pentyne is distilled 403 
out as a solution that is directly used in the subsequent “click” reaction. It is feasible that 404 
upon the immediate use of 5-(18F)fluoro-1-pentyne with ManCou-N3 (4), the overall radio- 405 
active yield of (18F)-ManCou-F could reach ~16% or ~25%, respectively, considering the 406 
reported 50% and 86% radioactive yields of 5-(18F)fluoro-1-pentyne. The estimated radio- 407 
active yield accounts for 120 min “click” reaction time and 30 min purification time using 408 
flash chromatography and solvent evaporation. Further optimization of the click reaction 409 
time could contribute to improving the radioactive yield of the conjugate. 410 

4. Materials and Methods 411 

4.1. Cell Culture and Plate Preparation 412 

For all fluorescence analyses, the adenocarcinoma MCF7 cell line (ATCC) was cultured 413 
using RPMI-1640. Complete RPMI-1640 medium contained 10% fetal bovine serum (FBS) 414 
and 1% penicillin/streptomycin. Fructose-reconditioned MCF7* cells were obtained by 415 
propagating MCF7 cells in RPMI, supplemented with dialyzed FBS (10%), 1% penicil- 416 
lin/streptomycin, and 11 mM fructose for 25 days. Cells were cultivated in 10 cm cell cul- 417 
ture dishes at 37 °C in 5% CO2 and under 65% relative humidity. MCF7 cells were collected 418 
at ~80% confluence of the 10 mm tissue culture plate using 0.25% Trypsin-EDTA (2 ml). 419 
The trypsin fraction was diluted with culture media to 5 mL; cells were pelleted by cen- 420 
trifuging (1600 rpm, 5 min.), reconstituted in the complete culture media (5 mL), and 421 
plated with a seeding density of 150,000 cells per 35 mm glass-bottom confocal dishes 422 
(MatTek). The total volume in the plate was brought to 2 mL by corresponding media 423 
when needed. After 12 h, the culture media was changed, and cells were allowed to grow 424 
for 48 hours from the moment of cultivation. 425 

4.2. General Protocol for Cell Imaging and Fluorescence Image Processing Using a Confocal Mi- 426 
croscope 427 

Cell images were taken with Olympus FluoViewTM FV1000 using the FluoView software. 428 
60X oil-suspended lens was used to observe fluorescent activity with the following con- 429 
ditions: DAPI; laser 405 nm (35% intensity); 20 μs/pixel. Images were taken at the same 430 
laser intensity and exposure time. The obtained fluorescence images were quantified us- 431 
ing ImageJ. Fluorescence was calculated as Corrected Total Cell Fluorescence (CTCF) 432 
(CTCF = Integrated Density − (Area of the selected cell * Mean fluorescence of background 433 
readings). Next, CTCF was normalized with consideration of the cell area – CTCF divided 434 
by the area of the selected cell (CTCF/area of the selected cell). This procedure was done 435 
for cells by selecting regions of interest in the single image. The finalized values represent 436 
the average fluorescence of 5-10 cells per image. Per every experiment, a minimum of 2 437 
images were analyzed.  438 

4.3. General Protocol for Fluorescence Analysis Using Flow Cytometry 439 

After the confocal microscopy imaging, the cells were then detached from the glass-bot- 440 
tom dish using trypsin (0.5 ml). Next, the trypsin fraction was diluted with culture media 441 
to 1mL and transferred into the microcentrifuge tube (1.5 ml) for cell fluorescence analysis 442 
by flow cytometry. Fluorescence data of 10,000 events was obtained using the VL1 filter 443 
of the Attune NxT Flow Cytometer. The obtained data were processed as MFIprobe (median 444 
of fluorescence intensity)-MFInegative (MFI of the cells with no treatment). MFI was derived 445 
excluding debris and doublets by FSC-SSC and FSC-H-FSC-W gating, respectively.  446 

4.4. Uptake Analysis 447 
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For all biological studies, ManCou-F of analytical purity was obtained by reverse-phase 448 
HPLC purification. Probe solutions (25, 50, 75, 100, 200, and 500 μM) were prepared from 449 
10 mM in 2 mL complete cell media using the stock solution. DMSO concentrations ranged 450 
0.25-5%. For treatment, cells seeded in glass-bottom confocal dishes were used. Cell cul- 451 
ture media was removed, and a probe-containing culture media solution (2 ml) was 452 
added. Cells were incubated with probes at 37 °C for 15 min. After incubation, the probe 453 
solution was removed, and cells were washed with the complete culture media (2 x 1 ml) 454 
and replenished with 2 ml of media for fluorescence analysis using a confocal microscope 455 
(4.2) and a flow cytometer (4.3). 456 

4.5. Temperature Studies 457 

To explore GLUT transporters' involvement in the probes’ uptake and exclude passive 458 
diffusion throughout the membrane, the uptake of probes was evaluated at 4 °C. For this, 459 
MCF7 cells were seeded in confocal plates as described in section 4.1. Before treatment 460 
with probes, confocal plates with the seeded cells were kept in a fridge at ~4 °C for 30 min. 461 
After that, the culture media was discarded and a cooled solution of a probe in the com- 462 
plete culture media was added. Cells were kept in the fridge at ~4 °C for another 15 min. 463 
After treatment, the probes solution was removed, and cells were washed with culture 464 
media (2 x 1 mL) and replenished with 2 mL media for imaging according to section 4.2 465 
and 4.3. 466 

4.6. Competitive Uptake Inhibition Studies 467 

For uptake inhibition analysis, the ollowing stock solutions were used: fructose (200 mM 468 
in the complete culture media); MSNBA (5 mM in DMSO), and CytB (500 µM in DMSO). 469 
For treatment, stock solutions of inhibitors were diluted with the complete culture media 470 
to reach the 2X of required concentration and further diluted by the probe-containing so- 471 
lution to reach the target probe an inhibitor concentration. For treatment, cells seeded in 472 
glass-bottom confocal dishes were used. Cell culture media was removed, and a probe+in- 473 
hibitor containing culture media solution (2 ml) was added. Cells were incubated at 37 °C 474 
for 15 min. After incubation, the probe+inhibitor solution was removed, and cells were 475 
washed with the complete culture media (2 x 1 mL), and replenished with 2 mL media for 476 
fluorescence imaging according to sections 4.2 and 4.3. Cells treated with 25 µM ManCou- 477 
F were used as a control. 478 

4.7. GLUT5 Immunofluorescence analysis 479 

Cells were grown in their respective media and harvested using 0.25% Trypsin. After cen- 480 
trifugation, trypsin was discarded, cells were reconstituted in the complete growth me- 481 
dium, seeded in confocal dishes, and allowed to adhere for 12 h. Then, the cells were fixed 482 
with 4 % PFA for 20 min. followed by washes with PBS (3 x 2 ml) for a total of 15 min. The 483 
cells were then protein blocked using bovine serum albumin, followed by overnight incu- 484 
bation at 4 °C with primary antibody at a dilution of 1:200. Next, the cells were washed 485 
with PBS (2 x 2 ml), and incubated for 2 h with the secondary antibody at a dilution of 486 
1:1000. After washing off the reagents, cells were imaged using confocal microscope, using 487 
60X objective and Alexa488 filter. Imaging and analysis were carried according to the gen- 488 
eral procedure described in section 4.2. 489 

4.8. Cell Viability Analysis (MTS Assay) 490 

The MCF7 cell pellet, obtained according to section 4.3., was reconstituted in the complete 491 
RPMI medium, seeded in 96-well flat-bottom opaque walled plates (10,000 cells/well), and 492 
allowed to grow for 24 h at 37 °C and 5% CO2. At the end of 24 h, the media was discarded, 493 
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and the cells were replenished with media supplemented with ManCou-F (concentrations 494 
varying from 0-300 µM) and incubated at 37 °C and 5% CO2 for 24 h. Then, 20 µL of 495 
CellTiter96 Aqueous one solution cell proliferation assay kit (Promega-G3582) reagent 496 
was added directly to each well, and the cells incubated in the incubator conditions for 4 497 
h. Wells with media only were used as the negative control. Untreated cells represent 498 
100% of cell viability. At the end of 4 h, the absorbance was immediately collected using 499 
an automated UV 96-well plate reader at 490 nm wavelength. Cell viability of treated cells 500 
was calculated as a relative decrease in the absorbance with respect to the untreated con- 501 
trol: Viability, % = (ATreatment - AControl) * 100 (where, A = absorbance). The results represent 502 
the mean ±SD of triplicate samples.  503 

4.9. Quantification, statistical, and kinetic analysis.  504 

Quantified fluorescence is reported as CTCF/cell area. Data is presented as ± standard 505 
deviation of the average fluorescence (calculated by Excel) between cells in two independ- 506 
ent experiments. Relative fluorescence is derived by dividing the average fluorescence 507 
(control or sample) by that of the control. Relative standard deviation is derived by divid- 508 
ing the individual standard deviation by the average standard deviation [48]. Statistical 509 
significance was calculated using 2-tail t-test and is indicated in figures using the follow- 510 
ing denotation: *p < 0.05. Probe uptake kinetic analysis was carried out using enzyme ki- 511 
netic, velocity as function of substrate models using GraphPad Prism 9.4.1.  512 

5. Conclusions  513 

Overall, we show that GLUT5-specific targeting and delivery of a radiolabeled fluoride is 514 
feasible by means of the ManCou scaffold. The application of the click reaction for the late- 515 
stage functionalization also allows assessing the 18F-labeled analog due to the availability 516 
of synthetic approaches to access the [18F]-5-fluoro-1-pentyne. While longer fluorinated 517 
alkynes are available, we restricted the studies to this shortest representative as GLUT5- 518 
mediated uptake was found to be sensitive to the overall size and hydrophobicity of the 519 
substrate. The selectivity and high efficacy of uptake measured for ManCou-F warrant 520 
further analysis of ManCou-F and the corresponding 18F analog in vivo. The outcomes of 521 
the studies will be reported in due course. 522 
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