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A ﬂuorescent derivative of trehalose with two dansyl groups (DAT) has been synthesized. It is characterised
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within the cells. Notably, in intestinal cells DAT is sequestered in vesicles induced by trehalose pre-
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treatment and colocalizes with lipid droplets.

by a large Stokes shift, good permeability in human living cells and a well detectable ﬂuorescent signal

Trehalose is a disaccharide formed by two molecules of Dglucose linked by an a,a-1,1 bond. It occurs in prokaryotes and
eukaryotes, but vertebrates lack the synthetic pathway for this
sugar. Trehalose has several important functions: for instance,
in insects, it represents an important energy source and the
target of diﬀerent signalling pathways mediated by nutrients; in
plants, it is widely present, and its synthetic pathway is a sensor
of the glucose availability. This sugar is also widely known for its
role in organisms, like yeast, rotifers, nematodes and tardigrades, which have to cope with harsh environmental conditions, such as extreme dryness or freezing.1 The interest for the
use of this sugar as a bioprotectant raised in the recent past,
and, in particular, trehalose-based protocols have been devised
aimed to the cryo- or lyo-preservation of mammalian cells.2–6
To exert its bioprotective eﬀects, trehalose has to be localized
both in extra- and intra-cellular compartments. In this regard,
its delivery within the cells represents a challenge, because
mammalian cells lack a specic transporter for this sugar. It has
been proposed that the glucose carrier GLUT8 could eﬃciently
transport this sugar, but this membrane protein has been reported to be scarcely present in mammalian cells.7 Several
strategies have been proposed to overcome this hurdle,
including
electropermeabilization,8
overexpression
in
mammalian cells of the trehalose transporter (TRET1) from the
anhydrobiotic larvae of the African chironomid Polypedilum
vanderplanki,9 and freezing-induced osmotic stress in the presence of trehalose.3 Recently the synthesis of an engineered
trehalose obtained by conjugating its hydroxyls with six acetyl
a
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groups has been reported.10 This molecule is signicantly more
permeable than trehalose in rat hepatocytes; furthermore, once
in the cells, intracellular esterases rapidly reconvert the acetylated form to trehalose, increasing its intracellular concentration to values ten-fold larger than the extracellular
concentration of the acetyl-trehalose.
In this context, the availability of uorescent derivatives
could represent an important tool to follow the intracellular fate
of trehalose. However, only few trehalose uorescent derivatives
have been published so far, mainly employed in microbiological
studies.11,12
The aromatic 1,1-dimethylaminonaphthalene-5-sulfonyl
chloride, or dansyl chloride (DNS-Cl), represents a uorophore with very favourable properties because of its high
uorescence quantum yield and large Stokes shi. It is widely
used in peptide chemistry, and in particular as a chromatographic derivatization reagent to identify several kinds of
analytes.13–18
In this paper, we describe the synthesis of dansyl acetyl
trehalose (DAT), examine its spectroscopic properties, and
demonstrate for the rst time that it can be successfully applied
to detect trehalose uptake and compartmentalization in human
intestinal cell lines in specic vesicles.
The rst step of our synthetic strategy (see Fig. 1) is the
protection of the two primary alcoholic functions with a trityl
group using triphenylmethyl chloride or trityl chloride (TrCl) as
described in the literature,19 to give compound 1. The trityl
group has been frequently used for the temporary protection of
primary hydroxyl groups for its easy removal by treatment with
weak acid.20 For the protection of secondary alcohols, it has
been decided to use acetyl groups instead of benzyl groups,
obtaining compound 2; the deprotection of the acetyl groups
results, in fact, in addition to be simpler, faster and more eﬃcient. Trityl deprotection of compound 2 was accomplished
with iron chloride hexahydrate (FeCl3$6H2O) in methylene
chloride to yield trehalose hexaacetate (compound 3). It has
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Fig. 1 Scheme of DAT synthesis. Reagents: (a) TrCl, py, 75  C; (b) Ac2O, TEA, DMAP, RT; (c) FeCl3$6H2O, CH2Cl2, RT; (d) DNS-Cl, TEA, DMAP, dry
CH2Cl2, RT.

been reported that iron chloride hexahydrate is an eﬀective
reagent for detritylation.20 With this reagent, in fact, there were
no cases of acyl migrations, breakdown of glycosidic bonds, or
anomerizations. Finally, the dansylation reaction was carried
out, under nitrogen atmosphere, to obtain compound 4 (DAT).
We have assessed the spectrouorimetric properties of DAT,
by examining the eﬀect of solvent polarity on excitation and
emission spectra. In fact, it is well known that solvent polarity
(static dielectric constant) can heavily aﬀect uorescence,21 and
DNS-Cl in particular responds to diﬀerent environmental
conditions.17 The results are reported in Fig. 2, which compares
DAT (panels A and B) with DNS-Cl (panels C and D) spectra.
Table 1 summarizes the peak wavelengths (lEm and lEx) of the
emission and excitation spectra, respectively.
DNS-Cl uorescence is heavily modulated by the solvent
dielectric constant 3: upon increasing polarity, the emission
spectra exhibit a red shi, with the peak moving from 423 nm in
acetone to 495 nm in DPBS. Such an eﬀect is not observed in the
excitation spectra, the peaks of which range from 320 to
326 nm, with the exception of acetone, for which the excitation
maximum is at 333 nm.
Interestingly, chloroform completely turns oﬀ DNS-Cl uorescence. When dansyl is bound to acetyl trehalose, however, it
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loses this sensitivity to solvent polarity, as shown by the spectra
reported in Fig. 2A and B. The emission and excitation peaks lay
in a narrow range of wavelengths, from 500 to 526 nm, and from
350 to 356 nm, respectively. Both excitation and emission
spectra of DAT are signicantly red shied in comparison to
those of DNS-Cl.
In addition, the inuence of the tested solvents on the
uorescence intensity is quite diﬀerent in DNS-Cl and DAT: as
shown in Fig. 2, panel D, DNS-Cl uorescence emission is
higher in ethanol and methanol than in aqueous solution or in
acetone, being completely turned oﬀ in chloroform. On the
contrary, DAT shows the highest emission in water and in
chloroform and the ionic strength of the physiological saline
solution DPBS faints just a little bit the uorescence (Fig. 2,
panel B). Acetone, ethanol and methanol progressively decrease
the uorescence intensity. Because of these spectral characteristics, DAT can be considered a good uorescent dye suitable for
the study of trehalose uptake and compartmentalization in
cells. In aqueous solvents, as DPBS or culture medium, DAT
shows lEx centred around 350 nm and lEm around 500 nm,
features that allow designing applications in uorescence
microscopy or ow cytometry. Indeed, the broad emission
spectra allow detecting this dye both in blue and green emission
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Fluorescence spectra of DAT (A, B) and DNS-Cl (C, D) in diﬀerent solvents. (A) and (C): excitation spectra; (B) and (D): emission spectra.
10 mM stock solutions of DAT and DNS-Cl in DMSO were dissolved in the reported solvents to a 10 mM ﬁnal concentration. The spectra were
acquired as detailed under Materials and methods in the ESI.†

Fig. 2

Table 1 lEm and lEx of DAT and DNS-Cl in solvents characterized by
diﬀerent dielectric constant (3) values

DAT

DNS-Cl

Solvent

3

lEm (nm)

lEx (nm)

lEm (nm)

lEx (nm)

Chloroform
Acetone
Ethanol
Methanol
H2O
DPBS

4.8
21
24
33
80
80

500
521
526
520
500
501

353
350
350
350
356
354

—
423
451
455
488
495

—
333
321
326
320
321

elds. The weak inuence of polarity permit the detection of
DAT uorescence in all the compartments of the cell, independently from their hydrophobicity.
Furthermore, DAT exhibits a large Stokes shi between
excitation and emission wavelengths (see Fig. 2 and Table 1),
which makes it an excellent probe in uorescence microscopy,
especially when spectral separation is required to reduce uorescence overlap.
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When we examined the cellular uptake of DAT, it was
mandatory to reduce the concentration of the uorescent sugar
added to the cells, because in culture medium, at concentrations higher than 5 mM, the dye aggregates. Furthermore, to
ameliorate the dispersion of the dye in culture medium, the
solution was set in a sonication bath for 3 min immediately
before use. This treatment does not inuence the uorescence
performance of the dye (data not shown). Incubation of three
diﬀerent colon cancer cell lines (LoVo, RKO and HCT116) with 1
mM DAT for 30 minutes showed a dotted pattern, that was
mainly localized in body/vesicle-like structures, similar to those
described by Higuchi (Fig. 3A).22 On the contrary, cells incubated with 1 mM DNS-Cl showed a faint extracellular diﬀused
uorescence (Fig. 3B), indicating that only DAT is specically
compartmentalized into the cells. Interestingly, HCT116 displayed very few DAT-positive intracellular vesicles compared to
LoVo and RKO cells.
It has been reported that treatment with trehalose (likewise
with other non-hydrolysable sugars as sucrose) induces vesicle
formation in several cell lines, mainly but not exclusively
autophagosomes.22
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Fig. 3 DAT and DNS-Cl intracellular localization. Representative images of LoVo, RKO and HCT116 cells incubated with DAT (A) or DNS-Cl (B) 1
mM for 30 min and evaluated in phase contrast and epiﬂuorescence (60 magniﬁcation, exposure time 500 ms) microscopy. Overlay images
represent the merge between phase contrast and ﬂuorescence pictures.

Hence, to trigger vesicle formation, we treated colon cancer
cells with 100 mM trehalose for 16 hours before DAT addition
and then analysed the pattern of its accumulation by uorescence microscopy. Under these conditions, the accumulation of
DAT into intracellular vesicles became more evident in all cell
lines, including HCT116 (Fig. 4A). Moreover, when cells were
treated with 100 mM trehalose, DAT uorescence was retained
in these vesicles also following incubation with DAT for 16
hours rather than 30 minutes in all the analysed cell lines
(Fig. 4B). In order to identify these intracellular vesicles, we
incubated cells with 100 mM trehalose for 16 hours and then we
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stained cells for 30 minutes with DAT and with either LysoTracker Red (LTR), a uorescent dye specic for lysosomes, or
LipidTOX Red (LT), a probe that selectively binds neutral lipids
specically staining lipid droplets. No colocalization was
observed between DAT and LTR in all the analysed cell models,
indicating that DAT is not accumulated in lysosomes (Fig. 5A).
Conversely, the uorescent stain of DAT perfectly merged with
LT (Fig. 5B), indicating that DAT is preferentially accumulated in
lipid droplets in intestinal cells. Interestingly, HCT116 showed
less lipid droplets compared to LoVo and RKO cells and they were
all DAT-positive, suggesting that the reduced DAT staining found

RSC Adv., 2019, 9, 15350–15356 | 15353

View Article Online

Paper

Open Access Article. Published on 16 May 2019. Downloaded on 9/4/2019 2:02:19 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Advances

Fig. 4 DAT intracellular localization upon trehalose treatment. Representative images of LoVo, RKO and HCT116 cells upon pre-incubation of

16 h with 100 mM trehalose and subsequent incubation with DAT 1 mM for 30 min (A) or 16 h (B), evaluated in phase contrast and epiﬂuorescence
(60 magniﬁcation, exposure time 500 ms) microscopy. Overlay images represent the merge between phase contrast and ﬂuorescence
pictures.

in HCT116 cells was not determined by a diﬀerent uptake of DAT
but rather due to a natural propensity of these cells to accumulate
less lipid droplets compared to the other colon cancer models.
Moreover, compared to LT, DAT produced a clear staining of lipid
droplets with a very low intracellular diﬀuse uorescence. Overall, these data indicate that DAT is a highly selective dye for lipid
droplets and that trehalose internalized within the cell is stored
in the lipid droplets compartment.
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In conclusion, we report a reproducible synthetic strategy to
prepare a uorescent acetylated trehalose derivative, which
exhibits a good permeability in human living cells, maintaining
a well detectable intracellular uorescent signal. Furthermore,
this synthesis is cost eﬀective when compared to derivatization
with other uorochromes. The presence of acetyls facilitates the
cellular uptake, as shown by the staining pattern obtained in
few minutes; as proposed by Abazari,10 the cellular esterases are
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Fig. 5 Identiﬁcation of DAT-positive vesicles. Representative images of LoVo, RKO and HCT116 cells upon pre-incubation of 16 h with 100 mM
trehalose and incubation for 30 min with DAT and LysoTracker Red (LTR) (A) or LipidTOX Red (LT) (B). The treatments are detailed under Materials
and methods in the ESI.† Epiﬂuorescent images were acquired at 60 magniﬁcation with the following exposure times: 500 ms for DAT, 500 ms
for LTR and 200 ms for LT. Overlay images represent the merge of the two ﬂuorescence pictures and show in panel B colocalization between
DAT and LT.

expected to rapidly hydrolyze the acetyl groups, thus entrapping
the dansyl-trehalose within the cells. Due to the low solubility in
water, DAT can be added to cell cultures only at concentrations
lower than 5 mM. However its entrapment within the cells is
consistent with a prompt hydrolyzation of the acetyl ester bonds
by intracellular esterases, as pointed out by Abazari et al.10 The
ability of trehalose to rapidly induce the formation of intracellular vesicles is paralleled by the interaction of DAT with these

This journal is © The Royal Society of Chemistry 2019

structures, suggesting a common route for native and uorescent sugar. Finally, DAT uorescence oﬀers the advantage of
being only slightly inuenced by the cellular environment,
maintaining a good intensity in hydrophobic or hydrophilic
compartments.
This is evident from the staining of the tested intestinal cells,
were diﬀerent patterns are recognizable. Notably, DAT is always
sequestered in vesicles induced by the sugar treatment,
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indicating that this compound is a promising probe for lipid
droplets in living cells. Additionally, when considering that
trehalose is an important player in the assembly and architecture of mycobacterial cell envelope, DAT could be protably
used as a uorescent probe to investigate mycobacterial trehalose processing and trehalose-related mechanisms targeted by
novel tuberculosis therapeutics.23
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