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Introduction

Turn-on fluorescent glucose transport bioprobe
enables wash-free real-time monitoring of
glucose uptake activity in live cells and small
organismsf

Monica S. Hensley,® David Hutchings,® Aldelrahman Ismail® and
Marina Tanasova () *@°

The direct link between sugar uptake and metabolic diseases highlights the iminent need for molecular tools
to detect and evaluate alterations in sugar uptake efficiency as approaches to identify disease-relevant
metabolic alterations. However, the strict requirements of facilitative glucose transporters regarding substrate
binding and translocation pose challenges for developing effective fluorescence molecular probes. Based on
the state-of-the-art understanding of glucose recognition by facilitative transporters (GLUTSs), we designed a
glucopyranoside mimic — GluRho - that delivers the "turn-on” rhodamine B to live cells via glucose
transport, including major transporters GLUTs 1-4. The high binding affinity achieved through the secondary
interaction between the fluorophore and a GLUT protein supports the delivery of the probe in nutrient-rich
conditions, facilitating its use as a tool for a direct assessment of glucose GLUT activity in live cells and
organisms and across various experimental settings, including uptake evaluation in the presence of sugars or
GLUT activity modulators. The lack of metabolic contribution to the probe uptake due to the elimination of
the phosphorylation site contributes to the high efficacy of the GluRho probe in reflecting alterations in
glucose uptake efficiency in live cells, between cell lines, and in multicellular model organisms, such as
Drosophila melanogaster. The molecular modeling analysis of GluRho complexes with GLUT1 and GLUT2
provided essential information on GLUT-probe interactions, highlighting the residues facilitating the effective
binding and translocation of the probe through transporters, thus setting the basis for developing glucose-
based glycoconjugates as a cargo-delivering platform.

ubiquitous glucose transporter, was the first to be character-
ized, setting a paradigm in the understanding of solute

Glucose is the primary energy source for most organisms,
playing a crucial role in supporting cellular functions through
aerobic and anaerobic respiration processes. Glucose, fructose,
and other sugars are transported in a gradient-dependent
manner into and out of cells through membrane proteins
known as facilitative glucose transporters (GLUTs).! The role
of GLUTs is pivotal in ensuring that cells have a consistent
supply of sugars to meet their nutritional needs, supporting
processes essential for cell growth and function.

Among the 14 human isoforms of GLUTs, GLUTs 1-4 are the
most rigorously characterized glucose transporters. GLUT1 - a
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transport.” GLUT2 represents the major hepatocyte isoform
that also mediates glucose transport in the intestinal tract,
liver, kidney, and B-pancreatic cells.> GLUT3 is predominantly
present in neurons, sperm, and circulating white blood cells.*>
GLUT4 is an insulin-dependent transporter present in adipo-
cytes and muscles.®

With GLUTs playing a crucial role in the movement of
glucose within the body, alterations in GLUT expression and
activity have been linked to a broad spectrum of metabolic
dysfunctions and diseases, including obesity, diabetes, and
cancer.” The apparent connection to disease has prompted
research into GLUTs as potential targets for developing thera-
pies and diagnostic tools aimed at detecting and treating
metabolic diseases. GLUT targeting has been successfully
entertained by using sugars and sugar analogs, yielding mole-
cular tools to investigate cellular glucose transport, transporter
activity, and glucose metabolism. The *H, or "*C radiolabeled
sugar analogs have been used for decades for the study of
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glucose uptake in the laboratory, providing high sensitivity in
glucose uptake measurements,®'° and the '®F-labeled glucose
has been clinically utilized as trackers for positron emission
tomography (PET)."!

With the development of fluorescence-based detection
methods, fluorescence labeling of sugars provided safer, more
accessible, and more cost-effective approaches to sugar uptake
analysis in laboratory settings. Fluorescent glucose conjugates
6-NBDG and 2-NBDG pioneered the development of fluorescent
glucose probes, with conjugates of coumarins, quinolinones,
and larger fluorochromes, including near-IR fluorophores,">
further approached for various research contexts, including
detecting differences in glucose uptake in live cells and screening
sugar uptake inhibitors."””'° However, most probes rely on inher-
ently fluorescent chromophores. The characteristic “always on”
emission of inherently fluorescent chromophores poses several
challenges for real-time activity analysis, requiring the presence
of controls for the interpretation of fluorescence results due to
background fluorescence and plausible off-target binding. The
weak fluorescence intensity is another challenge that can impact
the sensitivity of measurements. Compensating for weak fluores-
cence intensity by increasing probe concentration raises further
concerns about impacting normal cellular processes when study-
ing living organisms or cells. In addition, it is essential to note that
fluorophore hydrophobicity and H-bonding ability have been
found to affect substrate—protein interactions with outcomes ran-
ging from enhanced efficiency of GLUT-mediated uptake to the
departure to alternative uptake mechanisms.'****" For example,
the uptake of glucose probes 2-NBDG and 6-NBDG was established
to be independent of GLUT1,?® while the respective Cé-coumarin
analog of glucose showed a strong dependence on glucose-
transporting GLUTs.*

In this study, we explored the feasibility of delivering a turn-
on fluorophore through glucose-transporting GLUTSs to miti-
gate the limitations in fluorescence imaging of ‘“‘always-on”
fluorophores. To enable real-time fluorescence monitoring, we
selected rhodamine B due to its fluorescence emission at long
(> 600 nm) wavelengths, high quantum yield, and high absorp-
tion coefficient. While the spirocyclic form of rhodamine B is
non-fluorescent and colorless, protons and metal ions promote
the spirolactam opening, stabilizing a strongly fluorescent and
pink-colored fluorochrome.”® Despite the relatively larger size
over the NBD or coumarins, the lack of interference with
substrate recognition observed upon delivery of rhodamine B
through GLUT5'® provided the feasibility for the effective
delivery of a rhodamine fluorophore through glucose-GLUTs,
owing to the compliance of the whole conjugate with substrate
requirements for GLUT binding and the following translocation.
We demonstrate that the conformationally-locked rhodamine-B
conjugate of o-p-glucopyranoside (GluRho) is effectively taken
up by live cells and small organisms and that the uptake
is facilitated by glucose-transporting GLUTSs, including major
glucose transporters GLUTs 1-4. GluRho uptake exhibits a
direct dependence on glucose transport activity, and the turn-
on fluorescence enables real-time monitoring of glucose
uptake dynamics in cells and small organisms using confocal
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microscopy and screening of glucose uptake efficiency in cells
through flow cytometry.

Results and discussion
Design, synthesis, and cellular uptake of GluRho

With sugars serving as convenient platforms for GLUT targeting,
we based the probe design on glucose while considering the
existing information on GLUT-mediated substrate selection for
conjugate design.>* Alterations in glucose structure through sub-
stitutions at each of the hydroxyl positions®>*® supported the
formation of hydrogen bonds between the C-1, C-3, and C-4
positions of glucose and polar residues within the transporter
protein and hydrophobic interactions with the C-6 position. With
glucose equilibrating o- (33%) and B-glucopyranose (66%) anom-
ers in solution, studies of Ci-fluoro glucoses explored the cap-
abilities of GLUTS to transport each of the two anomers.”” The
comparative analysis of uptake kinetics for the o and § anomers of
the C1 glucopyranosyl fluoride identified the ability of GLUTs to
pass both anomers of glucose, with the rate of transport at low
substrate concentrations faster for the « anomer. Furthermore,
the crystal structure of GLUT3 contains both o and  glucose
anomers, with o glucose being more abundant.?®

In our conjugate design, we envisioned locking the configu-
ration of glucose through methylation at C1-OH. This change
would provide the GLUT-preferred pyranoside while maintaining
the H-bonding site at C1. For conjugation to the fluorophore, the
C6 site of glucoside was targeted, as the presence of C6-OH was
found nonessential for the uptake of glucose. Moreover, the lack
of Cé6-hydroxyl eliminates the metabolic contribution to the
probe uptake, setting the probe accumulation to report a direct
activity of transport. Lastly, with effective uptake identified for o-
p-glucopyranoside, we explored rhodamine-B glycoconjugate
using a-p-glucopyranoside (GluRho).

The synthesis of GluRho relied on the oxidation of C6-OH of
methyl-a-p-glucopyranoside with TEMPO and TCC,>® followed
by the reductive amination of the resulting aldehyde with the
primary amine of the rhodamine B hydrazide (Fig. 1A, see ESL, T
for synthesis details). The rhodamine B hydrazide (Rho-Hz), in
turn, was derived from the rhodamine B through amidation/
cyclization with hydrazine hydrate. All intermediates and the
final products were characterized and confirmed by 'H and **C
nuclear magnetic resonance spectroscopy (NMR) and high-
resolution mass spectrometry (HRMS).

The analysis of GluRho as a glucose uptake probe was
carried out in the MCF?7 cell line with the established expres-
sion of glucose-transporting GLUTS (1, 2, and 4,>>*! and 12°?).
The Initial evaluations focused on establishing the capability of
the probe to turn on fluorescence inside the cell. For this part,
MCF?7 cells were treated with a range of probe concentrations
(1-50 pM) in the complete culture media, and fluorescence was
imaged directly after 15 min incubation at 37 °C using confocal
microscopy. As a result, GluRho-induced red fluorescence was
clearly observable inside the cell at concentrations as low as
1 uM (Fig. 1C). The cell-mediated “‘turn-on” fluorescence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 GluRho synthesis (A), colorimetric change reflecting ion-depen-
dent opening of spirolactam and extension of conjugation (B), and uptake
in MCF7 cells (C). For (B), image present GluRho (10 uM in MeOH) in the
presence of 1 eq. of the respective ion. For (C), Probe was used at a 2 uM
concentration in complete cell culture media. Cells were imaged right
after probe addition (time O min) at room temperature and after 15 min
incubation with the probe at 37 °C. Images were acquired using a confocal
microscope, 60x objective, at exc. 559 nm/em. 603 nm under identical
imaging parameters. The scale bar is 20 pm.

GluRho was validated by the lack of fluorescence in cells
directly after probe addition (Fig. 1C, 0 min) and the culture
media in the absence of cells (Fig. S1A, ESIt). GluRho exhibited
a concentration-dependent uptake (Fig. S1B, ESIf) that satu-
rated at concentrations >20 uM. Analysis of GluRho uptake at
different incubation times (Fig. S2, ESIt) revealed effective
accumulation of the probe within 15 min and stability of probe
fluorescence for up to 70 min. Specifically, incubating MCF7
cells with GluRho (2 uM, 37 °C) for 10-, 15-, and 30-min resulted
in relatively similar fluorescence levels, reflecting the satura-
tion of the uptake within 15 min and the lack of probe efflux.
The fluorescence signal remained steady for up to 70 min,
reflecting that the equilibration of the probe in the fluorescent
open form was complete within the first 15 min of incubation.

We further explored potential initiators of GluRho fluores-
cence. Rho-Hz derivatives have been documented to turn on in
the presence of protons® and metal ions, including copper,
aluminum, and iron.***> Based on the reported evidence, to
identify potential inducers of GluRho fluorescence, the probe
was titrated with H*, Cu®*, AI**, and Fe®* ions. The colorimetric
change to pink (Fig. 1B) reflected an evident capability of
GluRho to be activated by different stimuli. Specifically, GluRho
fluorescence increased more than twofold in buffered solutions
when the pH changed from 7 to 4, indicating its ability to
exhibit fluorescence at physiologically relevant pH levels

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S3, ESIf). When we adjusted the pH of the cell culture
media (RPMI) from pH 6 to pH 4 using formic acid, we observed
a substantial colorimetric change, corresponding to a > 6-fold
difference in fluorescence intensity (Fig. S3C, ESIt). It is note-
worthy that lowering the pH to 2—whether in a buffered solution
or RPMI—resulted in a loss of probe fluorescence and a fading of
the pink color (Fig. S3, ESIf). This effect may be due to the
protonation of the rhodamine dye, as mass spectrometry analy-
sis revealed no degradation of GluRho (Fig. S4, ESIt).*®

Among the tested metal ions, at an equimolar concentration
(10 uM), Fe** caused > 10-fold enhancement of GluRho fluores-
cence in ACN and MeOH solutions, with fluorescence activation
observed at as low as 0.2 equiv. of Fe**. In an aqueous solution
of GluRho, Fe** produced greater than twofold enhancement of
fluorescence (Fig. S5, ESIf). Given the clear activation of
GluRho by H" at physiological pH and by Fe*" ions at low pM
concentrations, it is likely that these two stimuli could con-
tribute to the fluorescence activation of the probe in cells.
Additionally, GluRho fluorescence was also turned on by AI**
ions in water and Cu®*' ions in MeOH in a concentration-
dependent manner (Fig. S5, ESIT).

It is important to note that Rho-Hz was similarly activated by
H', Fe**, and Cu®" (Fig. S6, ESIt). Rho-Hz fluorescence demon-
strated a significant increase at acidic pH, with more than a
sixfold enhancement at pH 4. Rho-Hz fluorescence was turned
on in a concentration-dependent manner by 0.2 to 1.8 equiv. of
Fe’". The fluorescence enhancement of Rho-Hz with Cu>* was
independent of metal ion concentration, consistent with
reports of Rho-Hz hydrolysis to rhodamine B due to Cu®"
complexation with the free amine of the hydrazide.*® Mass
spectrometry analysis of the Rho-Hz and Cu®* solution, taken
five minutes after the addition of Cu®" (0.4 equiv.), confirmed
the hydrolysis of Rho-Hz (Fig. S7, ESIt). In contrast, no signs of
hydrolysis were detected in equimolar mixtures of GluRho with
Cu** or Fe*" solutions within 30 minutes after the metal ion
addition (Fig. S8, ESIf). The hydrolytic stability of GluRho
suggests that the sugar moiety of the glycoconjugate may play
a more significant role than the hydrazide in co-chelation with
metal ions.

The GluRho conjugate combines a hydrophilic sugar with a
hydrophobic fluorophore, prompting us to investigate how the
sugar component affects the intracellular accumulation of the
probe. To achieve this, we conducted a comparative uptake
analysis between the aglycone Rho-Hz and GluRho. MCF7 cells
were treated with Rho-Hz for 15 min., and the fluorescence levels
were compared to those of GluRho. This analysis was performed
using confocal microscopy and flow cytometry (Fig. S9, ESIt).
The results showed a strong red fluorescence in the cells treated
with GluRho, while there was no detectable accumulation of the
aglycone, Rho-Hz, within the 15-min. incubation period. Given
the similarities in fluorescence activation between Rho-Hz and
GluRho, the absence of fluorescence in the Rho-Hz-treated cells
highlights the significant role of the glucose moiety in the
translocation of GluRho, implicating GLUT-mediated transport.

To establish the GLUT involvement in GluRho uptake, we
explored both the metabolic connection and the specific GLUT
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Fig. 2 Impact of metabolic activity on GluRho uptake. Fluorescence and
bright field images present probe-treated (2 uM) MCF7 cells precondi-
tioned at 37 °C vs. 4 °C for 15 min. Images were acquired using a confocal
microscope, 60x objective, and recorded at exc. 559 nm/em. 603 nm
under identical imaging parameters. Graph presents fluorescence quanti-
fied from the respective images using ImageJ as CTCF/Area: CTCF =
(Integrated Density — (Area of selected cell x Mean fluorescence of
background readings))/Area of the selected cell. Error bars represent the
standard deviation.

interactions associated with this process. We determined the
metabolic connection in live cells by assessing the temperature
dependence of cell metabolism®” and examining GluRho uptake
under conditions that reduced cellular metabolic activity. In this
experiment, MCF7 cells were pre-incubated at 4 °C (MCF7.01q)
and subsequently treated with GluRho at 4 °C for 15 min. The
uptake of GluRho in MCF7.,4 culture was completely abolished
(Fig. 2), confirming that the uptake of the probe is primarily
coupled to the metabolic activity of the cell and indicating a lack
of passive diffusion across the cellular membrane.

To determine the specific contributions of glucose transpor-
ters (GLUTSs), the uptake of GluRho was measured in the
presence of competitive substrates and GLUT inhibitors. Cyto-
chalasin B (CytB) is known as a broad GLUT inhibitor with
established inhibitory activity towards GLUTs 1-4, 6, 10, and
12.%339 Therefore, CytB was used to assess the broader involve-
ment of glucose-transporting GLUTs in GluRho uptake. To
assess the specific roles of individual GLUTs, we employed
available GLUT-specific competitors (substrates or inhibitors).
The contribution from the nonspecific glucose/fructose trans-
porter GLUT2 was assessed using glucosamine (GluAm) as a
high-affinity substrate (0.8 mM) and G2iA as a specific inhibitor
(ICso ~ 0.6 pM in the GLUT2-expressing yeast system®’).
Fasentin (ICso(giucose) ~ 68 tM*') was used to delineate GLUT1
and GLUT4 activity. WZB117 (ICso ~ 0.6 uM**™*%) and G3iA (K;
~ 3.5 UM in GLUT3-expressing yeast system*®) were used as
specific inhibitors of GLUT1 and GLUTS3, respectively.

For the inhibition studies, MCF7 cells were incubated with
GluRho (0.5 pM) in the presence of the competitor in the
complete culture medium for 15 min. at 37 °C. To quantify
the degree of inhibition, the levels of probe uptake in the
absence and presence of competitors were compared (Fig. 3).
The results confirmed the involvement of glucose-transporting
GLUTs, as indicated by the reduced accumulation of GluRho in
the presence of glucose as a competitive substrate. The high
glucose concentration (50 mM) required to observe this com-
petition underscored the strong affinity of GluRho for the
GLUTs involved in uptake, explaining its effective accumulation
in the glucose-rich complete culture medium. The significant
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Fig. 3 GluRho (0.5 pM) uptake in MCF7 cells in the presence of inhibitors:
glucose (Glu, 50 mM), glucosamine (GluAm) (50 mM), CytB (10 pM),
fasentin (100 pM), G2iA (1 puM), G3iA (25 pM), and WZB117 (5 pM).
Fluorescence images were acquired using a confocal microscope, 60x
objective, and recorded at exc. 559 nm/em. 603 nm under identical
imaging parameters. Images were obtained directly after treating MCF7
cells (37 °C, 15 min) with the probe in the absence (cntrl.) or presence of
inhibitors. The scale bar is 20 um. The graph presents fluorescence
quantified from the respective images using ImageJ as CTCF/Area:
CTCF = (Integrated Density — (Area of selected cell x Mean fluorescence
of background readings))/Area of the selected cell. Error bars represent the
standard deviation. A two-tailed t-test assuming unequal variances was
used to detect statistically significant differences as p < 0.05: *p < 0.01,
**p < 0.001.

decrease in probe uptake induced by CytB (63% at 10 puM)
further highlighted the role of glucose-transporting GLUTs. The
specific involvement of GLUT1, GLUT2, and GLUT4 was
reflected by the significant reduction in GluRho uptake in the
presence of fasentin (55% at 100 puM). Additionally, uptake
inhibition by WZB117 (46% at 5 uM) pointed to the involve-
ment of GLUT1, while GluAm (50% at 50 mM) and G2iA (59% at
1 uM) indicated contributions from GLUT2. Conversely, G3iA
(10 uM) suggested that GLUT3 had little to no contribution to
GluRho uptake, likely due to limited or absent expression of
this transporter in MCF7 cells.

To further analyze GluRho as a glucose uptake reporter, we
investigated its relationship with GLUT activity enhancement.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Previous studies have shown that an increase in AMPK (AMP-
activated protein kinase) activity stimulates GLUT1 and GLUT4
expression, leading to increased GLUT-mediated glucose
uptake.*®?” Therefore, we assessed the relationship between
GluRho uptake and AMPK using ampkinone, an AMP kinase
activator and glucose uptake enhancer. Following treatment
with ampkinone, GluRho uptake increased threefold compared
to the untreated control (Fig. S10, ESIt). It is important to note
that while glucose uptake in cells is also influenced by changes
in the activity of metabolic kinases, the modification of gluco-
side at the C6-OH position—the phosphorylation site—pre-
vents the consideration of phosphorylation-driven GluRho
accumulation. Thus, the observed increase in GluRho uptake
indicates the probe’s sensitivity to changes in GLUT activity
within live cells.

To assess the probe distribution the cells, MCF7 cells were
co-treated with solutions containing GluRho and the organelle-
specific dyes. Fluorescence imaging was performed using non-
overlapping filters (Fig. S11, ESIT). Colocalization studies with
the mitochondrial dye MitoView™ revealed accumulation of
GluRho in the mitochondria, despite the presence of a sugar
moiety, with a Pearson’s correlation coefficient of approxi-
mately 0.98. Similarly, GluRho exhibited strong accumulation
in lysosomes, as assessed through co-incubation with Lysosen-
sor™ Green, yielding a correlation coefficient of around 0.83.
Earlier reports highlighted the ability of rhodamine dyes to
accumulate in the mitochondria and lysosomes.*® The observed
accumulation of GluRho in both mitochondria and lysosomes
suggests the ability of the glycoconjugate to pass through organelle
membranes, potentially via glucose transport mechanisms.*® The
acidic environment of lysosomes™ and the high concentration of
Fe*" in both lysosomes and mitochondria®~* could contribute to
the activation of the probe fluorescence in these organelles. The
accumulation of GluRho in mitochondria could also be facilitated
by its uptake in an open form following spirolactam opening in the
cytosol, triggered by H*, Fe**, and possibly other stimuli. The
mitochondrial accumulation could also be driven by the uptake of
GluRho in its open form after spirolactam opening within the
cytosol by H*, Fe**, and, potentially, other stimuli.>*

GluRho complexes with GLUTs 1 and 2 follow uptake-relevant
H-bonding requirements

To date, the molecular bases of glucose uptake via GLUTSs are
supported by the structural information on human GLUT1,
GLUT3,*®°>°% and bacterial xylose transporter XylE.>” Molecu-
lar docking studies of glucose complexes with a bacterial xylose
transporter XylE>” identified H-bonding of glucose with GIn282
and GIn283 in TM7, Glu384, Pro387, Trp388 in TM10, and
Ala407, and Asp411 in TM11. Among those, Glu282, Glu283,
and Asp411 were identified to form direct hydrogen bonds with
glucose. Successful reproduction of glucose uptake through
molecular dynamic simulations®® using the inward-open crystal
structure of human GLUT1,’® and the homology model of the
outward-open GLUT1 generated on the basis of XylE reflected
glucose entering the extracellular pocket between TM1, TM2,
and TM4, TM7, and TM11 in agreements with the XylE model.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the entry position, the structure revealed the formation of
strong hydrogen bonds with Val69, Arg126, Asn34, and Tyr292.
Equilibration in the binding site reflected the rotation of glucose,
leading to the formation of hydrogen bonds with Thr30 (TM1),
Ser73 (TM2), Tyr292 (TM7), and Asn415 (TM11), and the following
stabilization of the hydrogen bonds with Asn288, Asn411, and
GIn283. Further direction to the intracellular cavity revealed
interactions with Asn411, Asn288, GIn279, GIn282, GIn283, and
eventual interaction with Asn415 and Trp412. The structure of
human GLUT3 in complex with p-glucose®® identified polar
residues from the C-terminal domain, including Gln280 and
Gln281, Asn286, Asn315, Glu378, and Trp386, to coordinate with
glucose. The ring oxygen and C1-OH in both anomers are
hydrogen-bonded to the side group of GIn159. The o- and B-»-
glucose anomers were similarly coordinated by GLUT3 except for
the variation at C1-OH. The o- and B-C1-OH are recognized by
Trp386 and GIn280, respectively. The carbon backbone of the
sugar ring was surrounded by hydrophobic residues, including
Phe24, Ile162, 1le166, 1le285, Phe289, and Phe377.

Unlike GLUTSs 1 and 3, the understanding of glucose uptake
via GLUTs 2 and 4 is predominantly provided by experimental
studies with glucose analogs. Specifically, similarly to GLUTSs 1,
3, and 4, glucose uptake through GLUT2 was found to diminish
with alterations at C1, C3, and C4 positions, highlighting their
essential role in the recognition and uptake by the transporter.
The uptake was not affected by the removal of the Ce-
hydroxyl.>®

To obtain structural information about GLUT-GluRho inter-
actions, we proceeded with molecular modeling of GLUT-
GluRho complexes. With experimental data implicating GLUTSs
1 and 2 in the uptake of GluRho (Fig. 3), we explored the
respective models. For GLUT1, the analysis was carried out
using the human inward-open GLUT1 (GLUT1;,, PDB: 4PYP).>®
For GLUT2, we used the homology model generated based on
the crystal structure for the human outward-open GLUT3 (PDB:
47ZWC?®).%%%° The modeling was carried out using the MOE
platform; energy-refined structures for glucose and GluRho
were generated, and then the docking poses were generated
and refined using a simple scoring function. The GLUT struc-
ture was kept rigid during the docking step.

The GLUT1 complexes with glucose reflected the binding
interactions identified in prior studies. Namely, glucose binding
within the GLUT1;, was found to involve GIn283, Asn288,
GIn380, Trp388, Asn411, Trp412, and Asn415 (Fig. S12, ESIT).
Analysis of poses accommodated by glucose within the binding
site highlighted a predominant contribution of GIn283, Asn288,
and Trp388 to glucose-GLUT1 complexation. Docking analysis of
GluRho also revealed that the probe binds within the designated
site, despite its larger size (Fig. 4). However, compared to the
glucose-GLUT1 complex, GluRho orients the spirocyclic amide of
the rhodamine moiety towards the preferred glucose-binding
site (Fig. S12, ESIt). This orientation is stabilized by strong
hydrogen bonding with GIn282 (not present for glucose) and is
further enhanced by interactions with Trp388. In addition, the
hydrogen bonding network supported by Gln161 and GIn380
involves the glucose moiety. A summary of the interactions for
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Fig. 4 Docking of GluRho within GLUT1;, (A) and GLUT2,,: (B). For (A), the
human inward-open GLUT1 (PDB: 4PYP) structure was used. For (B), an
outward-open GLUT2 homology model was constructed based on the
human outward-open GLUT3 structure (PDB: 4ZWC). Docking performed
using MOE. Images generated using MOE.

each pose of GluRho within GLUT1 indicates that GIn282, GIn380,
and Trp388 are key amino acids contributing to the formation of the
complex via relevant hydrogen bonding interactions.

For GLUT2, we identified that the glucose-GLUT2 complex is
stabilized by the contributions of GIn193, Gln315, GIn412,
Trp420, and Asn443 (Fig. S13, ESIt). When we docked GluRho
within the GLUT2,,, the probe was positioned in the glucose
binding site, allowing the sugar moiety to interact in a manner
similar to glucose (Fig. S13, ESIf). In addition to significant
hydrogen bonding with Gln315 and Asn443, the rhodamine
portion of the probe was oriented toward the hydrophobic
pocket within the substrate binding site. This complex was
further stabilized by aromatic interactions with Phe323, sup-
porting the higher affinity of GluRho over glucose.

Overall, the orientation and binding of GluRho, similar to
that of glucose, within the outward-open conformation indicate
that the probe can feasibly translocate through the transporter
during the relevant conformational change from GLUT,, to
GLUT;,. Conversely, the differing orientation and binding of
GluRho from glucose in the inward-open conformation suggest
that the conformational change from GLUT};, to GLUT, is less
likely to occur. This discrepancy helps explain the probe’s
stable uptake levels and its lack of efflux.
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GluRho as a glucose uptake reflector in live cells and organisms

In this study, we investigated the feasibility of detecting differ-
ences in GluRho uptake among cells with varying GLUT expres-
sion profiles. The uptake was carried out using flow cytometry
to facilitate the throughput of analysis. Initially, we compared
the uptake of GluRho in MCF7 cells using both confocal
microscopy and flow cytometry. After imaging GluRho accumu-
lation in MCF7 cells with a confocal microscope, probe-treated
cells were collected and analyzed with the flow cytometer. The
concentration-dependent analysis (ranging from 1 to 50 uM)
indicated that probe uptake reached saturation after 25 pM in
both imaging methods (Fig. S14A and B, ESIt). Subsequently,
we evaluated the probe uptake in HeLa cells (cervical cancer)
and MDA-MB-231 cells (triple-negative breast cancer). The
uptake of GluRho increased in both cell lines within the 1 to
25 uM concentration range (Fig. 5), with saturation also
observed after 25 uM (Fig. S14, ESIT).

The comparative analysis of probe uptake efficiency within a
concentration range 1-25 pM revealed an evident impact of
probe concentration on uptake. Since GluRho exhibits non-
specific uptake mediated by glucose transporters (GLUTs), the
observed differences in concentration-dependent uptake
among cells can be attributed to the involvement of GLUTSs
with varying affinities and transport capacities. For instance,
MCF?7 cells express GLUTS, 1, 2, and 4,>*** and 12,*? while HeLa and
MDA-MB-231 cells were identified to express GLUTs 1 and 3.*%%
The uptake kinetics analysis in oocytes suggested GLUT3 to be of
higher affinity to p-glucose than GLUT1 (Kmglucose) ~ 3 mM).%
Recent in vitro p-glucose kinetics studies in a reconstituted-liposome
system demonstrated that GLUT1 and GLUT3 have relatively similar
K, values (1.4 mM for GLUT3 and 2.0 mM for GLUT1), but GLUT3
exhibits a higher turnover.”> GLUT4 has a reported Kigiucose) ~
5 mM,**** which is higher than that of GLUT1, and it has a very
slow turnover,” likely to facilitate insulin-dependent uptake regula-
tion. GLUTZ, on the other hand, has a low affinity (Kmgiucose) ~
17 mM) but a high capacity for p-glucose uptake.®> Consequently, at
low GluRho concentrations, we would expect the predominant
involvement of higher-affinity transporters such as GLUT1 and

500 A MCF7
P . = MDA-MB-231
o 400 T e ® Hela
é _ s wweeeeee Linear (MCF7)
= 300 T pa - = = Linear (MDA-MB-231)
. : b
& e — - =Linear (Hela)
T 200 + K
= P
&
ez =-=--4 .
10 15 20 25 30

Concentration, pM

Fig. 5 Analysis of GluRho (1-25 uM) uptake in MCF7, MDA-MB-231, and
Hela cells. The uptake was evaluated using Attune NxT flow cytometer
after 10 min cell treatment with GluRho at 37 °C. Fluorescence was
quantified as the difference in MFI between cells treated with the probe
(MFIp) — untreated cells (MFInp). Measurements were carried out using a
YL2 filter for 1000 cells per concentration. Data represents the average
fluorescence for three repeats. Fluorescence is presented as dark markers.
Lines represent the linear fit (Excel).
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Fig. 6 GluRho uptake in Drosophila melanogaster larvae. (A) Probe
uptake over time and concentrations. (B) Probe uptake in the presence
of competitor glucose (Glucose) and glucosamine (GluAm), and glucose
uptake inducer ampkinone (Ampk.). Larvae were imaged using a confocal
microscope, 10x objective. Fluorescence recorded at exc. 559 nm/em.
603 nm. Graphs represent probe-induced fluorescence quantified from
the respective confocal images using Imaged as CTCF/Area: CTCF =
(Integrated Density — (Area of selected cell x Mean fluorescence of
background readings))/Area of the selected cell. Error bars represent the
standard deviation. A two-tailed t-test assuming unequal variances was
used to detect statistically significant differences as p < 0.05: p* < 0.001.

GLUT3 in the probe uptake. Once the uptake by GLUT1 and GLUT3
reaches saturation, an increase in probe concentration would likely
lead to the involvement of lower-affinity glucose transporters, such
as GLUT4 and then GLUT2, along with the potential participation of
other glucose transporters.

To determine whether GluRho can detect changes in glucose
uptake in multicellular organisms, we investigated its uptake in
Drosophila melanogaster larvae. Drosophila melanogaster has
been established to express Glutl (ubiquitous expression) and
Glut3 (expressed in testes),’® and has been successfully used as
a model for metabolic diseases.®’” In our study, larvae were
treated with a PBS-based GluRho solution over different time
intervals and concentrations. The probe-treated larvae were
mounted on a glass slide and imaged with a confocal micro-
scope. As shown in Fig. 6, probe-induced fluorescence was
observable at about 0.5 h with 10 uM concentration of GluRho,
and the fluorescence intensity increased with an extension of
incubation time from 0.5 h to 4 h. When the probe concen-
tration was raised to 25 uM, we observed substantially higher
levels of probe accumulation within the cells. However, at
higher concentrations of GluRho, the time-dependence of the
uptake between 0.5 and 2 h. diminished, likely due to the
simultaneous involvement of multiple GLUT transporters

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leading to uptake saturation. For both concentrations tested,
the uptake reached similar levels after 4 hours.

The dependence of probe uptake on sugar transporters in the
larvae was confirmed by reduction in fluorescence accumulation
when competitors were present (Fig. 6B). Specifically, fluorescence
accumulation decreased by over 80% when 50 mM glucose was
introduced, while glucosamine (GluAm) led to a greater than 50%
reduction in GluRho uptake. Additionally, ampkinone was found
to significantly enhance the uptake of the probe, underscoring the
relationship between GLUT activity and GluRho uptake.

Conclusions

In this study, we developed a turn-on bioprobe - GluRho - for
monitoring in vitro and in vivo GLUT-mediated transport.
Despite the large size of the fluorophore, the glucose conjugate
of rhodamine B hydrazide is effectively accumulated in live
cells via facilitative glucose transporters (GLUTS). Probe accu-
mulation was reflected by the appearance of red fluorescence
visible only inside the cell, reflecting the cell-mediated opening
of the rhodamine B spirolactam and the in-cell formation of the
conjugated fluorescence system. Importantly, the lack of probe
fluorescence in the culture media allows for analyses to be
conducted without the need for post-incubation washes, mak-
ing GluRho suitable for high-throughput screening of glucose
transport activity. The probe effectively competes for uptake
with glucose, and its accumulation is achievable even in
complete cell culture media. We observed the turn-on fluores-
cence develop rapidly, with the fluorescence signal equilibrat-
ing within 15 min. The effective response of the turn-on signal
also enabled comparative analysis of GLUT activity in MCF7
cells in the presence of GLUT inhibitors, confirming the roles of
GLUTs 1 and 2 in the accumulation of the probe. Molecular
modeling analysis of glucose and GluRho complexes with
GLUTs 1 and 2 showed that the probe-GLUT interaction is
stabilized by uptake-relevant residues, supporting the GLUT-
mediated passage of GluRho. The ability of GluRho to reflect
changes in glucose uptake efficiency in live cells was validated
by observing enhanced uptake in response to AMPK-mediated
changes in glucose transport activity. As a glucose uptake
reporter, GluRho effectively shows differences in glucose
uptake efficiency between various cell lines. Additionally, the
stability of the probe’s fluorescence for at least two hours
supports its use in assessing glucose uptake in smaller organ-
isms, such as Drosophila melanogaster larvae. Notable changes
in GluRho uptake levels in response to glucose, glucosamine,
and ampkinone further confirm GluRho as an effective reporter
of glucose uptake activity in vivo.
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