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Trehalase is an important enzyme in the metabolic cascades of
many organisms, catalysing the hydrolysis of the disaccharide tre-
halose. Herein we describe the first examples of fluorometric
nanoprobes for detection of trehalase, based on trehalose-functio-
nalised quantum dots (QDs). QDs cross-linked with trehalose form
aggregates, which are released upon enzymatic cleavage of the
trehalose glycosidic bond proportionally to the enzyme concen-
tration, offering a unique and efficient approach for specific
sensing of this biologically important enzyme.

Trehalase or a,a-trehalose-1-C-glucohydrolase, is the major
enzyme involved in the hydrolysis of the biologically ubiqui-
tous disaccharide trehalose,”” a process that is essential for
numerous organisms, such as bacteria, fungi, plants and
invertebrates. Trehalose is a C,-symmetric, non-reducing disac-
charide composed of two glucose molecules linked by an
unusual a,a-1,1-glycosidic linkage. Trehalase is involved in the
production of glucose for cellular respiration, and for the res-
toration of cellular homeostasis following stress-induced over-
production of trehalose.>* In particular, trehalase is an essen-
tial enzyme in the survival of several bacteria, such as
Mycobacterium tuberculosis, which contain trehalose contain-
ing glycolipids in their outer ‘myco-membrane’.” Also, inhibi-
tors of trehalase such as the amino-sugar derivative trehazolin
are of considerable importance for the agri-food sector as
potent insecticides, due to the critical role of trehalose as an
energy source for insects.®®

Currently, there are extremely limited options available for
assaying trehalase activity and screening potential inhibitors.
The unusual non-reducing structure of the a,a-linked disac-
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charide makes molecular probe design especially challenging,
as typical approaches utilizing a reporter moiety at the anome-
ric site of a substrate carbohydrate are unsuitable.’ To date,
the most widely used method for determining trehalase
activity in biochemical and clinical experiments is the use of
the o-toluidine assay for glucose determination.'®'! This
method enables rapid detection and visual indication of the
presence of glucose, and thus relies on detection of the enzy-
matic hydrolysis product. However, a major limitation of this
approach is the complete lack of selectivity and consequently
the prevalence of false positive results, due to the presence of
other reducing sugars.

More recently, a cephalosporinase-dependent green treha-
lose fluorogenic probe has been reported that allows the label-
ing and tracking of phagocystosed M. tuberculosis."> This
probe relies on activation by BlaC, a f-lactamase uniquely
expressed by M. tuberculosis. A solvatochromic trehalose
probe has also been reported that allows rapid detection of
M. tuberculosis. The 4-N,N-dimethylamino-1,8-napthalimide
conjugated trehalose probe undergoes a large enhancement in
fluorescence when it undergoes metabolic conversion and is
incorporated into the mycomembrane of the bacteria.™

Although these methods allow detection of pathogenic
M. tuberculosis, they do not provide information or direct
quantification of trehalase activity in the bacteria. The develop-
ment of a more accurate and sensitive assay for trehalase
detection would enable facile and rapid screening for the pres-
ence of trehalase activity, and identification of novel
inhibitors.

Quantum dots (QDs) are fluorescent semiconductor nano-
particles, which exhibit unique optical and photophysical pro-
perties, such as high photoluminescence (PL), large absorp-
tion coefficients and exemplary photo- and chemical
stability."*"® This renders QDs excellent candidates for QD-
based bioassays and bio-probes.'®*® Research groups led by
Mauro, Medintz and Mattoussi have pioneered the develop-
ment of QDs for biological sensing.'**'">* Furthermore, glyco-
sylated QDs have been reported to assist intracellular delivery
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of non-internalisable glycans,** and as FRET probes for inves-
tigating multivalent protein-ligand interactions.>*">° However,
their application as sensors for glycosidase enzymes has not
previously been investigated. Herein we report a sensing
system for trehalase based on QD complexes modified with
synthetic trehalose analogues. A schematic representation of
the rationale behind our probe is shown in Fig. 1.

Surface functionalization of alloyed CdSe@ZnS/ZnS QDs
with a synthetic trehalose derivative possessing two thiol resi-
dues results in cross-linking of QDs, due to the binding of
thiols with Zn ions on the QDs surface. Enzymatic cleavage of
the trehalose results in disaggregation of the QDs and the
release of free QDs, the concentration of which can be deter-
mined by fluorescence methods.

Overall, this process is somewhat analogous to the method-
ology developed for the detection of protease activity using
QD-peptide conjugates.>' The novel glycosylated nanoprobe
reported herein has the potential to function as a powerful
sensing tool for detection of trehalase activity in biological
samples and for screening novel trehalase inhibitors.*

To prepare our QD-based trehalase probe, we first syn-
thesised a suitably modified trehalose derivative that could
cross-link QDs while remaining susceptible to enzymatic
hydrolysis. The synthetic route for preparation of the required
trehalose glycoconjugate 7 is outlined in Scheme 1.

p-trehalose 1 was treated with trimethylsilylchloride
(TMSCI), in the presence of triethylamine to furnish 2 in a
high yield (85%). Regioselective removal of the O-trimethylsilyl
group at both C-6 positions was carried out according to a pro-
cedure reported by Kulkarni and co-workers, involving treat-
ment of 2 with catalytic K,COj3, furnishing the symmetrical
product 3.*! Subsequent treatment of 3 with pentenoic acid,
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Fig. 1 Schematic illustration of glycosylated QD nanoprobes for the
detection of trehalase activity.
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N,N‘-diisopropylcarbodiimide = (DIC) and  4-dimethyl-
aminopyridine (DMAP) in anhydrous conditions furnished
diester 4 in a modest yield (52%). The remaining O-TMS pro-
tecting groups were removed upon treatment of 4 with TFA/
anhydrous CH,Cl, (10% v/v) to furnish the unprotected diester
5 in quantitative yield. With this material in hand, the term-
inal alkene groups were modified to S-acetyl residues under
radical-mediated, thiol-ene ligation conditions. This involved
the treatment of 5 with thioacetic acid in DMF, in the presence
of the radical initiator 2,2-dimethoxy-2-phenylacetophenone
(DPAP) and the photosensitizer 4-methoxyacetophenone
(MAP), under UV irradiation. Following thiol-ene ligation, di-
thioester 6 was obtained in good yield (79%). Finally, the
S-acetyl protecting groups were removed via treatment with
N,H, in EtOH to furnish the desired trehalose derivative 7 in
excellent yield (>99%).

Quantitative deprotection of the thioesters was confirmed
by the disappearance of the S-acetyl peak at &y 2.33 ppm in
the "H NMR. Moreover, the presence of a peak at §¢ 173.7 ppm
in the "*C NMR, corresponding to C=0, confirmed that the
oxoester remained intact during the reaction (see ESIY).

To prime the glycosylated nanoprobe for trehalase sensing,
alloyed CdSe@ZnS/ZnS QDs were synthesised using the pre-
viously reported method.** The PL wavelength of the QDs was
525 nm and the average diameter 12.9 + 1.7 nm. More detailed
physical and optical characterization is provided in ESI,
Fig. S14A and S15A.1 Using ligand exchange methodology, the
QDs were cross-linked upon treatment with the symmetrical
trehalose derivative 7.>* The thiol residues of 7 enabled
effective binding to Zn ions onto the ZnS shell and leads to
binding of QDs to each other and to the formation of the
aggregates with a diameter of about 100 nm and a hydrodyn-
amic radius of about 600 nm (Fig. 2 and Fig. 3B).

In our initial experiments, the resultant QD-trehalose aggre-
gates were dissolved in aqueous buffered solution (140 mM
citric acid buffer, pH 4.5) with the QD concentration of 10~
M. Mildly acidic conditions were employed to ensure optimal
activity of the trehalase enzyme. The QD suspension was then
incubated with trehalase for 1 h at 37 °C with continuous stir-
ring. The trehalase concentration varied from 2.5 x 107° to
2.5 x 1072 unit per mL. A separate sample of the functionalised
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. Synthesis of trehalose glycoconjugate 7 for QD functionalisation.
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Fig. 2 DLS data and image under UV lamp (insert) of the trehalose
functionalised QDs after incubation with trehalase and centrifugation
during 5 min at 15000 R min~ (green line, corresponding to the left
eppendorf in insert), and negative control (blue line, corresponding to
the right eppendorf in insert).

Fig. 3 STEM images of (A) QDs after incubation with trehalase and cen-
trifugation during 5 min at 15 000 R min~* and (B) the trehalose functio-
nalized QDs in aggregates (negative control).

QD-trehalose aggregates in the absence of enzyme was
employed as a negative control. For the negative control tests,
the QDs were incubated with bovine serum albumin (BSA), a
close homolog of the most abundant physiological protein,
and p-galactosidase (another glycoside hydrolase enzyme,
inactive for trehalose) to confirm the selectivity of the
nanoprobe.

Following completion of the incubation period (1 h), the
samples were resuspended in aqueous alkaline solution (KOH,
pH 11) containing cysteine (0.2 mg mL™"), which binds to the
surface of the QDs with high affinity.>® The charged carboxy-
late groups of cysteine facilitates electrostatic repulsion
between the QDs, and thereby facilitates the colloidal stabilis-
ation of free QDs in solution.

Gratifyingly, it was found that the trehalase enzyme cleaved
the glycosidic bond of the trehalose units linking the QDs,
releasing glucose. The resultant hydrolysis led to the release of
free QDs, in a ratio proportional to the concentration of
enzyme. Disaggregated QDs could be separated from the
remaining aggregates via centrifugation (5 min, 15000 R
min).

This journal is © The Royal Society of Chemistry 2023
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A sample of QDs exposed to trehalase is shown below
(Fig. 2, Insert), at a working concentration of 2.5 x 10> units
per mL. The supernatant of the sample contains free QDs fol-
lowing enzymatic treatment, which are stable in the solution.
The negative control precipitated completely (indicating no
colloidal stability) and, as expected, the samples incubated
with BSA and f-galactosidase also did not appear fluorescent,
as they do not contain free QDs in the supernatant (Fig. 2,
insert).

Dynamic light scattering (DLS) analysis revealed that after
centrifugation, the supernatant of the trehalase-exposed
samples possessed a small hydrodynamic diameter of around
10 nm, which corresponds to a non-aggregated QD system (as
indicated in Fig. 2). STEM (scanning transmission electron
microscopy) data confirmed that treatment with trehalase
resulted in disaggregation of QDs (Fig. 3A). QDs functionalised
with glucose were in the same range for hydrodynamic dia-
meter (see ESI Fig. S13t). On the other hand, the precipitate
from the negative control sample had a much larger hydrodyn-
amic diameter, demonstrating the presence of an aggregated
QD system. Aggregates of trehalose-functionalised QDs also
can be seen on the STEM image (Fig. 3B).

The concentration of free QDs in the supernatant can be
approximated via measurement of the PL intensity. A charac-
teristic PL spectrum of the samples (see ESI Fig. S15At) shows
a well-defined emission peak at 525 nm, which has been
assigned as the QDs PL.

In the course of this work, it was determined that free QD
concentration in supernatant is proportional to the concen-
tration of trehalase. A representative PL titration curve is
shown in Fig. 4, in which the limit of the detection was deter-
mined as 5 x 10~ units per mL. Admittedly, the PL intensity
of the sample with the trehalase concentration of 2.5 x 1073
units per mL appeared to be close to the measurement
limitation.

In the context of the commercially available test kits for tre-
halase (MyBioSource, Biorbyt, Arigo), which rely on calori-
metric measurements of glucose generated by cleavage of tre-
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Fig. 4 PL titration curve, which permits estimation of the concentration
of free QDs in solution. PL was measured at 525 nm.
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halose, the detection limit of glucose is approximately
0.5 mmol L™ (0.5 pmol mL ™). This corresponds to 0.075 unit
per mL of trehalase present in sample (reaction time 10 min,
sample volume 40 pL). Hence, the methodology outlined
herein can significantly increase the accuracy of determining
the concentration of trehalase in solution, with a small penalty
in terms of reaction time and sample volume.

We have adapted our method for the qualitative detection
of trehalase by the naked eye test. For this, we used QDs with
two different PL wavelengths (green and red) and FRET
between them. The different luminescence colours under the
UV lamp makes it possible to distinguish an aggregated
system from non-aggregated one. The method is described in
more detail in ESI Fig. S15B.F

As the direct application of this work is within the scope of
the large-scale agri-food sector, these caveats do not diminish
these promising results. This present work highlights the
immense potential of carbohydrate-functionalised QD systems
for accurate sensing applications. Our method can potentially
be adapted for measurements of intracellular trehalase. But in
that case, for colloidal stabilization of free QDs it would be
necessary to use biocompatible ligands, such as PEG, instead
of KOH and cysteine.

In conclusion, we have demonstrated that trehalase activity
can be detected using trehalose functionalized QDs as photo-
luminescent nanoprobes. A dithiol-functionalised trehalose
derivative was synthesised and fully characterised, enabling,
for the first time, binding to the alloyed CdSe@ZnS/ZnS QDs.
The resulting change in fluorescence intensity is readily per-
ceived by the naked eye. There are several potential valuable
applications for this nanoprobe design, including insecticide
screening and the discovery of antibiotics which function by
inhibiting trehalase activity. This work will contribute to
further developments in the applications of QD-based assays
for enzyme detection and the detailed monitoring of enzy-
matic processes. Ultimately, introducing QD-trehalose nano-
probes into live cells may facilitate real-time monitoring of
in vivo glycoside hydrolase activity.
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