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A B S T R A C T

The possibility to visually discriminate cells based on their metabolism and capability to uptake exogenous molecules is an important topic with exciting fallback on 
translational and precision medicine. To this end, probes that combine several complementary features are necessary. The ideal probe is selectively uptaken and 
activated in tumor cells compared with control ones and is not fluorescent in the extracellular medium. Fluorogenic compounds that combine enzyme-activated pH 
sensitivity and good cell uptake can be an ideal solution, provided that the sensed enzymes are dysregulated in tumor cells. Here, we present synthesis and in vitro 
evaluation of a new class of glyco-coumarin based probes that merge all these features. These probes show uptake ratio in tumor vs. control cells up to 3:1, with a cell 
to background ratio upon administration of the probe up to 5:1. These features make this new family of fluorogenic targeted probes a promising tool in life science.

1. Introduction

Tumor cells are characterized by aberrant metabolic state due to the 
need to comply with their replicative status.[1] In keeping with the high 
proliferative activity of tumor cells, metabolism is redirected towards a 
glycolytic mechanism that improves cell resistance to increased ROS 
production and provides a better metabolic balance for the synthesis of 
biomolecule building blocks. This phenomenon, referred to as “Warburg 
effect”, [2,3] is one of the bases for the increased glucose uptake in 
tumor sites (the other being the common, albeit not universal, hypoxic 
state of tumor microdomains). Regardless of the cause, switch to a 
glycolytic mechanism [4] and high proliferation rate cause significant 
increase in glucose uptake that is reflected in the common over-
expression of glucose transporters in tumor cells compared with physi-
ologic conditions.[5] This effect has been widely exploited in diagnostic 
medicine to evaluate the presence of tumors by PET scan with 18F-deox-
yglucose, whose accumulation provides a clear clinical indication of 
tumor site and dimensions.[6–8] Another immediate consequence of 
switch to a glycolytic metabolism is represented by the altered pH in 
tumor cells [9] and microenvironment,[10] due to altered metabolism 

excess production and excretion of lactic acid,[11,12] and functional 
alteration of key enzymes such as pyruvate kinase,[13,14] which further 
promotes metabolism shift towards glycolysis. Notably, most of these 
aspects are actually intertwined, with a major role played by altered 
redox level in cells,[15] giving rise to synergistic activity between 
different cell components. This feature led to the identification of 
intracellular and extracellular pH as a key parameter in the identifica-
tion of tumor cells,[16,17] and provided interesting hints for selective, 
or at least preferential, tumor treatment.[18]

Despite its exquisite sensitivity and widespread use in diagnostic 
medicine, glucose uptake imaging finds a bottleneck in the applicability 
to emerging techniques such as intra-operative monitoring of tumor 
cells and enhanced vision surgery.[19] Fluorescence-guided approaches 
are, in this context, the most promising ones due to the unique combi-
nation of sensitivity, spatial resolution, and low risks for surgical staff, 
with several examples emerging from base science [20,21] and clinical 
literature.[21–24] The high sensitivity of fluorescence-based tech-
niques, and the possibility to assemble probes which are sensitive to the 
external environment, make fluorescent solvatochromic dyes an excel-
lent candidate to allow precise localization of malignant cells. Despite 
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the availability of well suited fluorescent probes for image-guided sur-
gery, there is an increasing need to gain access to specific, bright, and 
metabolically orthogonal probes able to improve signal to noise ratio 
and, ultimately, overall efficiency.[25] In this view, the already dis-
cussed presence of multiple altered features in tumor cells could be 
exploited in triggering a more pronounced effect. In this view, over-
expression of glucose transporters,[5] altered extracellular and intra-
cellular pH,[26] and altered glucosidase expression and activity [27]
could be considered. Thus, it is not surprising that several activatable 
fluorescent probes have been developed and tested recently. Both pH 
sensitive probes [28] and glycoside-functionalized dyes have been 
exploited in current research. pH sensitive probes have been evaluated 
in vitro [29] and in vivo.[30] On the other end, glycosidase [31] and 
mannosidase [32] sensitive probes have recently described in the liter-
ature, in line with the more general strategy of using enzyme-activatable 
probes for tumor imaging.[33] This strategy is even more powerful 
when multiple orthogonal stimuli (photochromic activation) [34,35] are 
combined, as highlighted from recent literature reviews.[36] Obviously, 
the use of glucose-conjugated dyes would be a game-changer in such 
procedures, due to the possibility to match an optical readout with a 
metabolic fingerprint of tumor cells. Notably, the strategy of combining 
two stimuli (β-galactosidase sensitivity and pH-dependent fluorescence) 
was recently exploited in the development of a new activatable, tumor 
targeted probe,[37] and some exciting results have been obtained 
conjugating mannitol and fluorescent coumarins.[38] Conventional 
carbohydrate-dye conjugates are however poorly fit to address this 
issue, due to their constant fluorescence regardless of the environment, 
that would mask the contrast between cellular and extracellular envi-
ronment. Solvatochromic, enzyme activated probes, on the other hand, 
would exploit a double leverage effect due to preferential uptake in 
tumor cells and increased fluorescence readout only after enzymatic 
cleavage in the intracellular environment. Activatable glycoconjugate 
probes have been recently described that exploits pH changes in cells 
compared with the external medium.[39] In this view, contrast between 
physiologic and pathologic tissue can be maintained, and even 
increased, due to a signalling cascade from the exterior and intracellular 
part of the cell. Based on our long history on environmentally sensitive 
coumarin derivatives,[40–42] synthesis of fluorescent bioprobes,[43]
and on the in vitro evaluation of glycoconjugates,[44] we envisaged that 
a combination of these two components could provide exceptional 
sensitivity to distinguish between tumor and physiologic cells.

The experimental plan involved design and synthesis of three fluo-
rogenic probes to evaluate their: i) sensitivity to enzymatic digestion; ii) 
subcellular localization, and iii) ability to distinguish between tumoral 
and control cells with a simple no-wash optical assay.

2. Materials and Methods

2.1. Materials and methods

All solvents and chemicals were purchased from Merck and used 
without further purification. All reactions were performed in a flame- 
dried modified Schlenk (Kjeldahl shape) flask fitted with a glass stop-
per or rubber septum under a positive pressure of argon. Purifications 
were performed on silica gel columns by flash chromatography (Kie-
selgel 40, 0.040–0.063 mm; Merck) or by LC chromatographic Biotage 
Isolera Four (Biotage, Uppsala, Sweden) preparative purification sys-
tem. Reactions were followed by thin-layer chromatography (TLC) on 
Merck aluminum silica gel (60 F254) sheets that were visualized under a 
UV lamp. Evaporation was performed in vacuo (rotating evaporator). 
Sodium sulfate was used as drying agent. Yields refer to isolated and 
purified products. 1D and 2D-NMR were recorded with a Bruker Avance 
III 400 MHz spectrometer (Bruker, Billerica, MA, USA), using the indi-
cated deuterated solvents. Chemical shifts are given in parts per million 
(ppm) (δ relative to residual solvent peak for 1H and 13C). HPLC purity of 
compounds were determined using a Waters Alliance 2695 equipped 

with a 2420 dual wavelength detector (Waters, Milford, MA, USA) using 
the following parameters: column Phenomenex Luna C8 150 mm × 3 
mm × 5 µm (Phenomenex, Torrance, CA, USA), mobile phases water/ 
TFA 100/0.01 v/v and Acetonitrile 100 v/v. Retention times (HPLC, tR) 
are given in minutes. Compound HPLC purity was evaluated at 254 nm. 
The ESI-MS spectrum was recorded by direct injection at 7 µL min/1 
flow rate in an Orbitrap high-resolution mass spectrometer (Thermo, 
San Jose, CA, USA), equipped with H-ESI source. The working condi-
tions were as follows: negative polarity, spray voltage − 3.2 kV, capil-
lary temperature 290 ◦C, S-lens RF level 50. The sheath and the auxiliary 
gases were set at 28 and 4 (arbitrary units), respectively. For acquisition 
and analysis, Xcalibur 4.2 software (Thermo) was used. For spectra 
acquisition a nominal resolution (at m/z 200) of 140 000 was used.

Detailed description of synthetic procedures is provided in support-
ing information

2.2. Fluorescence measurements

Emission spectra were recorded by means of a Cary Eclipse fluo-
rometer (Varian, Palo Alto, CA). The temperature of the cell compart-
ment was controlled by a built-in Peltier cooler (Varian) and maintained 
at 37 ◦C. Excitation and emission band-pass of 10 nm was employed. All 
the compounds were excited at 405 nm and the fluorescence emission 
was recorded from 410 nm to 600 nm. A stock solution of each com-
pound (1 mM in DMSO) was diluted in the appropriate buffer solution 
for enzyme activity measurements to the final concentration of 10 µM. 
Buffer solution was made of 0.4 M disodium hydrogen phosphate and 
0.2 M citric acid (pH 6.5). The right amount of enzyme (α-glucosidase, 
β-glucosidase or α- mannosidase, all from Sigma-Merk) was added to the 
solution and the fluorescence signal was measured every 5 min.

2.3. Cell cultures and in vitro experiments

GL261 and MEF cell lines were cultured in Dulbecco’s modified 
Eagle medium (DMEM) high glucose (Gibco) with 10 % fetal bovine 
serum, 4 mM l-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 
and 100 mg/mL streptomycin (Invitrogen). Cells were maintained at 
37 ◦C with 5 % of CO2 until their use. Cells were trypsinized and then 
seeded in the appropriate plate according to the type of experiment. For 
confocal microscopy 2 × 105 cells were seeded in Willco dishes (35-mm 
diameter) for 24 h and then treated with 10 or 100 µM of compound 
(stock solution was properly diluted to obtain a maximum DMSO per-
centage of 1 %) and 100 nM of Lysotracker Deep-Red (LifeTechnologies) 
for 1 h. Then cells were washed twice with PBS and fresh medium was 
added before imaging. For quantitative uptake measurements, 1 × 104 

cells were seeded in a black 96-wells plate with a glass bottom for 
fluorescent measures (Thermo Fisher Scientific); after 24 h cells were 
treated with 10 or 100 µM of compounds. To better understand the rate 
of internalization of the compounds we treated both cell lines with 
DMEM with low or high glucose content. Internalization rate was 
measured with a microplate reader (Promega, GloMax discover Multi-
mode microplate reader) with excitation filter 405 nm and emission 
filter 415–445 nm, 415–485 nm and 500–550 nm.

2.4. Confocal microscopy

After incubation with each compound, cells were washed twice with 
PBS and imaged with a Zeiss LSM 880 microscope (Zeiss, Oberkochen, 
Germany), associated with a thermostated chamber at 37 ◦C (Zeiss). 
Cells were imaged with a 40X oil objective using 405 and 633 lasers for 
coumarin and lysosomes, respectively. At least 5 images with the same 
magnification were acquired for each condition and analyzed with Fiji 
ImageJ software (ImageJ, Wayne Rasband National Institutes of 
Health). A JACoP plugin was used for colocalization analysis and 
Pearson’s coefficient.
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3. Results and discussion

3.1. Synthesis and characterization of compounds

The stereoselective synthesis of three novels fluorescent glyco-
conjugates is realized following two different approaches: vinyl epox-
ides 10α and 9β were used as versatile glycosyl donors [45–48] to access 
D-Manno and D-Gulo configurations of the glycoconjugated coumarins 
17b and 18a respectively(Scheme 3), while 2,3,4,6-tetra-O-acetyl-α-D- 
glucopyranosyl bromide was chosen, for a more traditional process, to 
achieve the D-Gluco conjugate 8 (Scheme 2). The fluorescent scaffold 
consisted of the glycoconjugable coumarin-based fluorophore 4, bearing 
a hydroxyl group in C7 position of the coumarin core. This kind of 
structure determines a push–pull system, thanks to an appropriate 
functionalization of the coumarin core, realized by the insertion of an 
electron donor group (“push” portion) in C7 position and an electron 
attractor group (“pull” portion) in C3 position: this results in an increase 
of the excitation and emission wavelengths as reported in literature.
[49].

The coumarin scaffold 4 was obtained from commercially available 
cyanuric chloride via a first monosubstitution reaction with ketene 
dimethyl acetal. The mono-substituted compound 1, treated with 
diethyl iminodiacetate in the presence of DIPEA, proceeded to the aro-
matic nucleophilic substitution of the two remaining chlorine atoms to 
obtain 2 in almost quantitative yield. Then, the acidic treatment with 
TFA in aqueous medium converted the ketene functionality into methyl 
ester 3. The design of the glyco-conjugable coumarin core was based on 
the condensation of compound 3 with commercial 2,4-dihydroxybenzal-
dehyde, through Knoevenagel condensation: the reaction was carried 
out in anhydrous DMSO and piperidine at 70 ◦C for 24 h. After acidifi-
cation of the solution to pH 6–7 and purification by flash chromatog-
raphy, the desired coumarin derivative 4 was obtained, bearing a 
glycoconjugable hydroxyl group on carbon C7. The ester functionalities 
in compound 4 were finally hydrolysed, to obtain the tetracarboxyl- 
derivative 5, which represents both the fluorescent coumarin scaffold 
and the hydrolysis product resulting from the glycolytic enzymes action 
(Scheme 1).

The D-Gluco derivative was prepared using a classic glycoconjugation 
protocol: 2,4-dihydroxybenzaldehyde acts as the glycosyl acceptor, 

while 2,3,4,6-tetra-O-acetyl-alpha-D-glycopyranosyl bromide is the 
glycosyl donor, under classic conditions according to literature.[19]
Thus, as reported in Scheme 1, α-D-glycopyranosyl bromide and 2,4- 
dihydroxybenzaldehyde reacted in a suspension of K2CO3 and acetone 
for 3 h at 45 ◦C to afford regio- and stereoselectively β-glycoside 6. The 
expected complete regioselectivity of the glycosylation uniquely on the 
hydroxyl group in position C4 of the glycosyl acceptor, which is not 
involved in hydrogen bond with the ortho aldeydic group in C1, was 
confirmed by ROESY map (see ESI). This compound was used for the 
subsequent addition of triazine derivative 3 in anhydrous DMSO and 
piperidine at 65 ◦C for 24 h to give the corresponding 2,3,4,6-tetra-O- 
acetyl-β-D-glucopyranoside coumarin 7. The final step involved the 
simultaneous cleavage of the ethyl esters and the fully deacetylation of 
the hydroxyl groups present in the glucose moiety of compound 7, to 
afford final compound 8, by treatment with a freshly prepared solution 
of MeONa in MeOH followed by acidic controlled quenching at pH 5.0 
with amberlite resin IR120.

The complete conversion was confirmed by ESI-MS and 1H NMR 
spectra (see ESI). However, while the increased hydrophilicity due to the 
conjugation with a fully deprotected monosaccharide helped the water 
solubility and facilitated the administration in cells experiments, it could 
affect its ability to interact with lipids in cell membranes and potentially 
limits its penetration and distribution in cells or tissues. In addition, the 
chance to investigate the effect of different configurations other than D- 
Glucose and the presence of a more lipophilic group on the carbohydrate 
moiety was rather appealing to us in order to evaluate the specificity of 
action of differently conjugated probes.

In order to control the lipophilicity and assess different absolute 
configurations, we decided to use the vinyl epoxides 10α and 9β, as 
glycosyl donors (Scheme 2) for the synthesis of glycoconjugates 17β e 
18α. The glycal building blocks, were extensively investigated by us in 
the last decades as efficient glycosyl donors.[50–54] In particular, the 
glycal derived glycosyl donor systems 10α and 9β are characterized by a 
unique reactivity: in the presence of nucleophiles such as alcohols, they 
are able to undergo a completely 1,4-regio- and stereoselective conju-
gate addition process, yielding 2,3-unsaturated glycosides with the same 
configuration as the starting epoxide (i.e. from epoxide 10α are obtained 
only 2,3-unsaturated α-glycosides).[14-17] Then, 2,4-dihydroxybenzal-
dehyde was added to a solution of vinyl epoxide 10α or 9β, prepared in 

Scheme 1. Synthetic pathway for compounds 5 and 8.
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Scheme 2. Synthetic pathway for compounds 15β and 16α.

Scheme 3. .Synthetic pathway for compounds 17β and 18α.
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situ by cyclization with t-BuOK of the corresponding trans-hydroxy 
mesylate,[14] obtaining the glycoconjugated derivatives 11β and 12α, 
in excellent yields (also in this case, the expected complete regiose-
lectivity of the glycosylation uniquely on the hydroxyl group in position 
C4 of the glycosyl acceptor was assessed by NMR, see ESI). Subse-
quently, the double bond present in 11β and 12α was dihydroxylated 
using OsO4/N-methylmorpholine N-oxide (NMMO) according to a pre-
viously optimised protocol[16] to give derivatives 13β and 14α. The 
final coumarin core (15β and 16α) was, then, obtained by Knoevenagel 
condensation with the triazine scaffold 3. The final step involved the 
cleavage of the ethyl esters on the triazine moiety to afford glyco-
conjugates 17β (β-D-Gulo configuration) and 18α (α-D-Manno configu-
ration) (Scheme 3), the identity and purity of these final compounds 
were confirmed by ESI-MS and by 1H NMR spectra (see ESI). While the 
gluco-derivative 8 had been obtained without protecting groups, we 
decided to avoid the final hydrogen-catalyzed deprotection step due to 
the sensitivity of these intermediates (especially of the coumarin unit) to 
hydrogenation conditions. Moreover, recent findings demonstrate that 
the energetic contribution of the hydroxyl group in position 6 to the 
stabilization of enzyme-substrate complex is only marginal.[55] Finally, 
we reasoned that the quite lipophilic benzyl group might enhance cell 
permeability contributing to overcome one potentially relevant hurdle 
to overall sensing efficiency. This increase in cell penetration capability 
has already demonstrated, for benzyl protected compounds, by some of 
us.[48].

3.2. Fluorescence studies

Fluorescence emission properties of the synthesized substrates were 
tested to assess their suitability as substrates for enzyme assays. We 
focused our attention on the spectral properties of 5, which represents 
the product deriving from enzymatic cleavage of all the synthesized 
glycocoumarins (Fig. 1), and the reporter of glycosidase activity. We 
found that 5 presents a complex response to pH. As shown in Fig. 1, 
absorption profile changes from acidic to basic pH with a nonlinear 
trend, giving rise to two different peaks centred around 400 and 450 nm. 
This is foreseeable in view of the multiple acid-base equilibrium present 
on triazine ring and that involve the hydroxyl group in position 7 on 
coumarin ring. Conversely, fluorescence emission upon excitation at 
400 nm is more conventional, with two emission peaks centered at 450 
and 475 nm. Intriguingly, there is a huge change in fluorescence emis-
sion at physiologic pH range (4.5–7.5), an attractive feature in view of 
the desired role as intracellular pH sensor with low spontaneous back-
ground emission. Appropriate choice of two channels (410–450 nm and 
460–600 nm) provides a ratiometric response to pH, a feature which is 
particularly interesting in view of its potential use in cells. Fluorescence 
quantum yield of compound 5, measured using quinine sulphate as a 
reference, is strongly pH-dependent. In physiologic range (4.5–8.5) it 
increases steadily with a sigmoidal curve (see supporting information) 
raising from 0.04 (pH 4) to 0.35 (pH 8.5), in line with the protonation 
equilibrium of compound 5.

The interesting spectroscopic features of 5 are not matched by its 
glycoconjugate derivatives, likely due to the lack of a mobile proton in 
position 7 on coumarin ring. This translates in negligible sensitivity to 
environmental pH. In all cases, glycoside derivatives were characterized 
by a 1–5 nm shift in absorption and emission (centred at 380 and 460 
nm, respectively). Thus, spectroscopic features of glycoside precursors 
were not further investigated.

Next, we tested the suitability of glyco-conjugated 8, 18α and 17β 
derivative towards different glycosidases (Fig. 2). Each substrate was 
tested with the enzyme which is known to be active on the sugar moiety. 
Additionally, degradation by α-glucosidase, which is assumed not to be 
active on these substrates, was evaluated as negative control. Progress of 
the cleavage reaction can be easily monitored by the fluorescence in-
crease occurring at 460 nm when the glycosidic portion is cleaved. 
Interestingly, both 8 and 18α are sensitive to enzymatic degradation 

with minimal or no trace of nonspecific cleavage. As expected on the 
basis of literature findings, the benzyl protecting groups does not inhibit 
cleavage of the substrate by − glucosidase. D-Gulo derivative showed no 
increase in fluorescence emission and was no further considered.

3.3. In vitro uptake assessment

Overall, spectrofluorimetric analysis of 8 and 18α clearly indicates 
that they can be considered convenient probes for in vitro sensing of 
enzymatic activity. It is widely reported that cancer cells show severely 
altered enzymatic activities, due to their hampered metabolism. In 
particular, for our experiments we used two cell lines: mouse embryonic 
fibroblasts (MEF) are normal cells widely used to make comparisons 
with other lines that are instead tumoral,[56,57] and GL261 a glio-
blastoma murine cell lines which is reported to overexpress glucose and 
mannose receptors.[58] In particular, we chose to test our probes on 
glioblastoma because in the future they could also be used for the 
diagnosis of brain cancers, which are notoriously difficult to reach due 
to the presence of the blood–brain barrier (BBB). This prompted us to 
further evaluate the suitability of these probes as real time intracellular 
sensors of cancer metabolism. Notably, use of glycosylated probes could 
enhance our capability to discriminate between tumor and control cells 
by synergistically acting at two levels. First, the reported greater avidity 
of cancer cells for glycosylated products would improve uptake of the 
probe, and second, increased glycosylase activity would further enhance 
conversion of the substrate in a fluorescent reporter. The two combined 
effects are expected to provide a significant selectivity towards tumor 
cells.

To validate this hypothesis, we set up two different assays. First, we 
determined subcellular localization of the administered probes by 
means of confocal fluorescence microscopy (Fig. 3). We observed that 
the probes accumulate in cells leading to a peculiar pattern that stains 
several cell organelles, in agreement with the reported intracellular 
distribution of analogous derivatives.[42] Interestingly, the pH sensing 
capability of the probes allowed selective staining of cell cytoplasm and 
intracellular organelles, in keeping with the pH-dependent brightness of 
the probe. When examining the pH at whole-cell level, no significant 
variations were observed between tumor and control cells, with a sensed 
pH centred around 6.5.[42] Co-localization of the signal from the probes 
with lysosome markers (Lysotracker) confirmed that lysosomes are 
stained by the probes, along with several other organelles of similar size 
that, based on the reported pH, could be tentatively ascribed to late 
endosomes. This observation was confirmed by high values of Person’s 
coefficient of 0.80 ± 0.06 and 0.65 ± 0.1 for cancer and control cells, 
respectively.

Similarity in the sensed pH at these organelles in cancer and control 
cells is reasonable in view of the reported literature on tumor meta-
bolism (Fig. 4). Interestingly, fluorescence increases due to the low, yet 
measurable, shift in pH between intracellular and external compart-
ments lead to an important signal ratio of 5:1 between cells and back-
ground even in unwashed media (i.e. in culture media that contain up to 
100 μM of the probe).

This measurement of intracellular pH proves also that the probe is 
effectively cleaved upon internalization in the cells. In fact, glycoside- 
derivatized precursors are pH insensitive and would not be able to 
provide a readout in terms of fluorescence change within the cells.

A quantitative evaluation of probe uptake was then performed in a 
plate-based assay. Derivatives 8 and 18α were incubated in the presence 
of tumor and control cells, both in high glucose and low glucose con-
ditions. Fluorescence increase was monitored quantitatively with a 
plate-reader, and results were normalized to the control cells (Fig. 5). 
Results clearly indicate a considerable fluorescence increase in tumor vs. 
control cells (fold change: 2.25 and 2.94 for 8 and 18α, respectively) in 
the case of low glucose incubation. Furthermore, all treatments in low 
glucose condition lead to statistically significant fold changes relative to 
1, indicating that the probes are preferentially internalized in tumor 
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Fig. 1. Fluorescence emission properties of all the synthesized substrates. A) Absorbance spectra of compound 5 at different pH. B) Fluorescent emission spectra of 
compound 5 at different pH. C) Inset of ratio at different pH of fluorescent spectra emission of 5 between 410–450 nm and 460–600 nm range.
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cells compared with control. This significance is maintained, in high 
glucose condition, only by manno-derivative, suggesting the presence of 
an internalization pathway different from glucose transporters. Fold 
change between tumor and control cell is markedly lowered when in-
cubation is performed in high glucose condition, in keeping with the 
competitive uptake of glucose from the medium (statistical significance 
at p < 0.01 between high glucose and low glucose conditions). It is in 
fact known that GLUT1 transporters are also effective on mannose de-
rivatives.[14] This proves that probe uptake is controlled by cell uptake 
mechanisms, and it is not a nonspecific process. For the same reason, 

administration of high concentration of probe (100 μM) lowers the 
difference between probe uptake in tumor and control cells, in line with 
the possibility that cell transport mechanisms are saturated. Note that, in 
these conditions, the effect of glucose concentration in the medium is 
negligible, as testified by the loss of significance between experiments 
conducted in high glucose and low glucose conditions (Fig. 5).

A comparison of our results with those already described in the 
literature highlights that uses fluorescent or fluorogenic probes to 
discriminate between physiologic and tumor cells. Carbohydrate- 
functionalized coumarins have been used to distinguish between phys-
iologic, pre-tumoral, and tumoral cells. The proposed mechanism ex-
ploits the reported overexpression of GLUT5 transporters, specific for 
fructose, in tumor cells compared with physiologic ones. This translates 
in a huge increase in fluorescence emission of more than 20 folds be-
tween control and tumor cells.[38] The same strategy was later applied 
to mannitol-functionalized activatable rhodamine B derivatives.[39]
Our strategy does not reach the response factor of these fructose- 
functionalized probes; however, we our approach opens the way to 
exploiting different transporters to further increase the number of 
deliverable probes. The effect of glycoside identity in steering probe 
internalization selectivity has in fact received considerably less attention 
compared to that devoted to the engineering of novel fluorophores.

4. Conclusion

In conclusion, we designed a new family of glycoconjugates which 
have the double feature of allowing preferential uptake in tumor cells 
compared with control fibroblasts, joined with pH sensitive fluorescence 
emission and strong solvatochromism. These features act synergistically 
in improving signal to contrast ratio when the probe is administered to 
living cells, making possible to distinguish tumor cells without time- 

Fig. 2. Fold change in fluorescence emission upon incubation of substrates 
with the corresponding enzymes. β-glucosidase was used for 8 and 17β, man-
nosidase for 18α. In all cases, α–glucosidase was considered as negative control 
(n = 3 for all measurements). The fluorescence was measured at 37 ◦C for 1 h 
and the fold change was measured respect to the initial fluorescence measured 
at time 0 h before adding the substrate to the reaction mixture.

Fig. 3. Cellular localization of 8 (top) and 18α (bottom) in tumoral (GL261) and control (MEF) cell lines. Cells were seeded and treated with fluorogenic derivatives 
at a final concentration of 10 µM and lysotracker for 1 h at 37 ◦C. Cells were then washed with PBS and imaged. At least 10 images were acquired for each sample. 
Scale bar: 50 µm.
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consuming washing procedures. Compared with other conceptually 
similar probes, our structures are distinct in that they are based on 
glucose residue as internalization driver, and to the possibility to report 
on intracellular physico-chemical proterties (such as pH), potentially 
providing new insights in tumor cell biochemistry. In perspective, this 
could be exploited in the engineering of fluorogenic systems for image- 
guided surgical procedures.
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